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Preface 

The genomic DNA of the cell is constantly under attack by the damaging agents from 
variety of sources. Ultraviolet light, ionizing radiation and environmental chemicals, 
as well as reactive oxygen species originating from the cellular metabolic processes, 
stochastic breakage of bonds within the DNA molecules and programmed cleavage of 
the DNA strands during differentiation all threaten the stability and integrity of the 
genome.  

Changes in the DNA sequence, be it single nucleotide substitutions, small deletions or 
insertions, or rearrangements of large chromosomal fragments may disrupt the finely 
tuned network of interactions within the cell. Such changes can result in cell death, or 
in alterations in cellular growth and differentiation program. To prevent this, there is a 
complex network of DNA repair pathways, which exists to ensure that the damage is 
promptly detected and correctly repaired. 

Over the last decades, great advances have been made in identifying the components 
and dissecting interactions within the cellular DNA repair pathways. At the same 
time, a wealth of descriptive knowledge of human diseases has been accumulated. 
Now, the basic research into the mechanisms of DNA repair is merging with clinical 
research, in particular with a fast developing field of clinical genetics, which has been 
aided by the advancement of genome sequencing techniques. As a result, a new 
picture is emerging, placing the action of the DNA repair pathways in the context of 
the whole organism. Such integrative approach provides understanding of the disease 
mechanisms and is invaluable for improving diagnostics and prevention, as well as 
designing better therapies.  

The central role of DNA repair in human health and well-being is illustrated by the 
reviews presented in this book. Detailed descriptions of DNA repair pathways can be 
found in several chapters. A large body of evidence addressing the link between DNA 
damage repair and a number of diseases, such as cancers, Fanconi Anemia, Xeroderma 
pigmentosa and Alzheimer’s is analysed. In addition, the role of DNA repair processes 
in ageing, viral infection and the link between inflammation and DNA repair is 
reviewed. 
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DNA Repair, Human Diseases and Aging 
Vaidehi Krishnan, Baohua Liu and Zhongjun Zhou 

Department of Biochemistry, The University of Hong Kong 
Hong Kong 

1. Introduction 
One of the most fundamental functions of a cell is the transmission of genetic information to 
the next generation, with high fidelity. On the face of it, this seems a challenging task given 
that cells in the human body are constantly exposed to thousands of DNA lesions every day 
both from endogenous and exogenous sources. Yet, for long periods of time, the DNA 
sequences are one of the most invariable and stable components of a cell, a task achieved by 
an arsenal of DNA damage detection and repair machinery that detects and fixes DNA 
lesions with high fidelity at each and every round of cell division.  In this chapter, we 
describe how normal cells cope with DNA damage and the manner in which a defective 
DNA damage response can lead to human disease and aging. 

2. The types and sources of DNA damage 
All livings cells of the human body have to constantly contend with DNA damage. Due to 
its chemical structure itself, the DNA is sensitive to spontaneous hydrolysis which leads to 
damage in the form of abasic sites and base deamination. Single strand breaks (SSBs) and 
oxidative damage such as 8-oxoguanine lesions in DNA are generated by endogenous by-
products of metabolism like reactive oxygen species (ROS) and their highly reactive 
intermediates. For example, it is estimated that about 100-500 8-oxoguanine lesions form per 
day in a human cell (Lindahl, 1993). The formamidopyrimidine lesions, 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyG) and 4,6-diamino-5-formamidopyrimidine are 
also formed at similar rates as 8-oxoG after oxidative stress.  Spontaneous DNA alterations 
may also arise due to dNTP misincorporation during DNA replication. Put together, it is 
estimated that each human cell can face up to 105 spontaneous DNA lesions per day 
(Maynard et al., 2009). 
Apart from endogenous sources, DNA can also be damaged by exogenous agents from the 
environment. These include physical genotoxic stresses such as the ultraviolet light (mainly 
UV-B: 280-315 nm) from sunlight which can induce a variety of mutagenic and cytotoxic 
DNA lesions such as cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts (6-
4PPs) (Rastogi et al., 2010). DNA damage in the form of double strand breaks (DSBs) can be 
incurred as a result of medical treatments like radiotherapy, ionising radiation (IR) exposure 
from cosmic radiation or as a result of the natural decay of radioactive compounds. For 
example, uranium decay produces radioactive radon gas, which accumulates in some 
houses to cause an increased incidence of lung cancer (Jackson and Bartek, 2009).  Nuclear 
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disasters like the Chernobyl nuclear disaster, nuclear detonations during World War II or 
more recently, the radiation leakage from the Fukushima power plant in Japan are examples 
of other sources of severe exposure to exogenous radiation. Chemical sources of DNA 
damage include chemotherapeutic drugs used in cancer therapy or for other medical 
conditions.  Alkylating agents such as methyl methanesulfonate (MMS) induce alkylation of 
bases, whereas drugs such as mitomycin C, cisplatin and nitrogen mustard cause DNA 
interstrand cross links (ICLs), and DNA intrastrand cross links.  Chemotherapeutic drugs 
like camptothecin and etoposide are topoisomerse I and II inhibitors respectively, and give 
rise to SSBs or DSBs by trapping topoisomerase–DNA complexes. Other exogenous DNA-
damaging sources, that are carcinogenic as well, are foods contaminated with fungal toxins 
such as the aflatoxin and overcooked meat products containing heterocyclic amines. 
Another common source of environmental mutagen is tobacco smoke, which generates 
DNA lesions in the form of aromatic adducts on DNA and SSBs (Jackson and Bartek, 2009). 

3. DNA repair pathways 
To maintain genomic integrity, a cellular machinery composed of multi-protein complexes 
that are capable of detecting and signalling the presence of DNA lesions and delaying cell 
cycle progression to promote DNA repair is activated, called as the DNA damage response 
(DDR) (Harper and Elledge, 2007). To accomplish DNA repair, cells utilise biochemically 
distinct pathways specific of the DNA lesion, which are integrated with appropriate 
signalling systems to delay cell division until the completion of repair (Figure.1). Small 
chemical alterations caused by the oxidation of bases is detected and repaired by the base 
excision repair system (BER), through the direct excision of the damaged base. DNA 
replication errors or polymerase slippage errors that commonly result in single base 
mismatches and insertion-deletion loops are corrected by the mismatch repair system 
(MMR). Lesions such as pyrimidine dimers and intrastrand cross links are corrected by the 
nucleotide excision repair (NER) pathway. SSBs are removed by the SSB repair pathway 
whereas DSBs are repaired by the DSB repair systems, which itself could be either by 
homologous recombination (HR) or non-homologous end joining (NHEJ) pathway (Ciccia 
and Elledge, 2010). 
 

 
Fig. 1. Summary of DNA repair pathways 

3.1 Base excision repair and single strand break repair 
Base excision repair (BER) is the major pathway responsible for handling the mutagenic and 
cytotoxic effects of DNA damage that can arise due to spontaneous hydrolytic, oxidative, 
and non-enzymatic alkylation reactions. (Wilson and Bohr, 2007). This pathway focuses on 
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DNA lesions that do not tend to cause structural distortions of the DNA double helix. The 
BER target lesions can be classified as oxidised/reduced bases such as 8-oxo-G/FapyG, 
methylated bases, deaminated bases or bases mismatches. There are two types of BER: short 
patch and long patch. During short patch BER, only the damaged nucleotide is replaced, 
whereas in long patch BER, 2-6 new nucleotides are incorporated. 
The very first step in BER involves the use of DNA glycosylases that cleave the N-glycosyl 
bond between the damaged base and sugar to generate an abasic site, called as the AP 
(apurinic/apyrimidinic) site. Similar AP sites may also arise due to the spontaneous 
depurination or depyrimidination of bases. The DNA glycosylases that perform this 
function are classified as monofunctional or bifunctional, depending on their mode of 
action. Monofunctional glycosylases such as UNG only possess the glycosylase activity and 
therefore a second enzyme called the APE1 lyase is required to cut base-free deoxyribose to 
generate the 5’-deoxyribose phosphate termini (dRP). The next step involves the action of 
DNA polymerase β (polβ) which removes the dRP group left behind by APE1 incision in the 
short-patch pathway. However, if the 5’ terminal is refractory to polβ activity, strand 
displacement synthesis is required in order to incorporate multiple nucleotides by long-
patch pathway. In this case, several enzymes such as proliferating cell nuclear antigen 
(PCNA), FEN1 and polβ and/or polδ/ε act together to remove the blocking terminus. The 
final step of BER consists of ligation of the remaining nick, by either Lig1 alone or Lig3–
XRCC1 complex (Maynard et al., 2009). 
SSB repair pathway is a major pathway responsible for the repair of SSBs that arise directly 
as a result of ROS-induced disintegration of oxidized deoxyribose or genotoxic stresses such 
as IR. SSBs may also arise spontaneously due to the erroneous activity of DNA 
topoisomerase 1 (TOP1). TOP1 creates a cleavage complex intermediate which contains a 
DNA nick to allow DNA relaxation during DNA replication and transcription. Usually, the 
nick generation is transient and is rapidly sealed by TOP1. However, if the nick 
inadvertently collides with RNA polymerase, SSBs may be generated in the process. In 
addition to the above scenarios where SSBs are generated directly within cells, SSBs may 
also arise indirectly as BER intermediates due to the lyase activity of bifunctional 
glycosylases such as OGG1 and NEIL1.   
Single strand break repair (SSB) involves the activation of PARP (poly ADP ribose 
polymerase) family members PARP1 and PARP2, which act as sensors of SSBs, through the 
two PARP1 zinc finger motifs (Caldecott, 2008).  Upon activation of PARP1 and PARP2, 
poly (ADP-ribose) chains are synthesized within seconds, and assembled on target proteins 
such as histone H1 and H2B and PARP1 itself (Schreiber et al., 2006). Histone PARylation 
contributes to chromatin reorganization and helps in the recruitment of DNA repair and 
chromatin remodelling proteins to DNA damage sites. Three types of PAR-binding motifs 
have been identified: the PBZ (PAR-binding zinc finger), the macrodomain and an 8 amino 
acid basic residue-rich cluster. Many DDR factors such as p53, XRCC1, Lig3, MRE11 and 
ATM have the 8 amino acid basic residue-rich cluster, whereas macrodomains containing 
proteins include PARP9, PARP14, PARP15, the histone variant macroH2A1.1, and the 
chromatin remodeling factor ALC1. PBZ motifs have been identified in the nucleases APLF 
and SNM1 and in the cell cycle protein CHFR.  
Once SSBs are detected, they undergo end processing, where the 3’ and/or 5’ termini of 
SSBs are restored to conventional 3’hydroxyl and 5’ phosphate moieties for gap filling and 
DNA ligation to occur. XRCC1 has a particularly important role during DNA end 
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disasters like the Chernobyl nuclear disaster, nuclear detonations during World War II or 
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damaging sources, that are carcinogenic as well, are foods contaminated with fungal toxins 
such as the aflatoxin and overcooked meat products containing heterocyclic amines. 
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and Elledge, 2010). 
 

 
Fig. 1. Summary of DNA repair pathways 

3.1 Base excision repair and single strand break repair 
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cytotoxic effects of DNA damage that can arise due to spontaneous hydrolytic, oxidative, 
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short-patch pathway. However, if the 5’ terminal is refractory to polβ activity, strand 
displacement synthesis is required in order to incorporate multiple nucleotides by long-
patch pathway. In this case, several enzymes such as proliferating cell nuclear antigen 
(PCNA), FEN1 and polβ and/or polδ/ε act together to remove the blocking terminus. The 
final step of BER consists of ligation of the remaining nick, by either Lig1 alone or Lig3–
XRCC1 complex (Maynard et al., 2009). 
SSB repair pathway is a major pathway responsible for the repair of SSBs that arise directly 
as a result of ROS-induced disintegration of oxidized deoxyribose or genotoxic stresses such 
as IR. SSBs may also arise spontaneously due to the erroneous activity of DNA 
topoisomerase 1 (TOP1). TOP1 creates a cleavage complex intermediate which contains a 
DNA nick to allow DNA relaxation during DNA replication and transcription. Usually, the 
nick generation is transient and is rapidly sealed by TOP1. However, if the nick 
inadvertently collides with RNA polymerase, SSBs may be generated in the process. In 
addition to the above scenarios where SSBs are generated directly within cells, SSBs may 
also arise indirectly as BER intermediates due to the lyase activity of bifunctional 
glycosylases such as OGG1 and NEIL1.   
Single strand break repair (SSB) involves the activation of PARP (poly ADP ribose 
polymerase) family members PARP1 and PARP2, which act as sensors of SSBs, through the 
two PARP1 zinc finger motifs (Caldecott, 2008).  Upon activation of PARP1 and PARP2, 
poly (ADP-ribose) chains are synthesized within seconds, and assembled on target proteins 
such as histone H1 and H2B and PARP1 itself (Schreiber et al., 2006). Histone PARylation 
contributes to chromatin reorganization and helps in the recruitment of DNA repair and 
chromatin remodelling proteins to DNA damage sites. Three types of PAR-binding motifs 
have been identified: the PBZ (PAR-binding zinc finger), the macrodomain and an 8 amino 
acid basic residue-rich cluster. Many DDR factors such as p53, XRCC1, Lig3, MRE11 and 
ATM have the 8 amino acid basic residue-rich cluster, whereas macrodomains containing 
proteins include PARP9, PARP14, PARP15, the histone variant macroH2A1.1, and the 
chromatin remodeling factor ALC1. PBZ motifs have been identified in the nucleases APLF 
and SNM1 and in the cell cycle protein CHFR.  
Once SSBs are detected, they undergo end processing, where the 3’ and/or 5’ termini of 
SSBs are restored to conventional 3’hydroxyl and 5’ phosphate moieties for gap filling and 
DNA ligation to occur. XRCC1 has a particularly important role during DNA end 
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processing step, since XRCC1 directly interacts with enzymes such as  pol β, PNK 
(polynucleotide kinase) and the nucleases  APTX  and indirectly with DNA ligase III α and 
TDP1 (tyrosyl-DNA phosphodiesterase) to facilitate end processing. Damage termini 
present at indirect BER-induced SSB are repaired by APE1, Pol β, PNKP and APTX. Direct 
sugar damage-induced SSBs are repaired by APE1, PNKP and APTX. SSBs generated by 
TOP1 are repaired by TDP1. Finally, end processing is followed by gap filling and ligation, 
and the enzymes utilized during these two steps overlap with BER (as described above). 
It is interesting that ~30% of all human tumors examined express a variant form of DNA 
polymerase β (Starcevic et al., 2004) Moreover, at least two proteins, TDP1 and APTX, 
involved in SSB repair are mutated in an inherited form of human neurodegenerative 
disease (discussed in Section 5.1). 

3.2 Mismatch repair 
The replication of DNA sequences in the S phase of cell cycle is subjected to a low but 
significant level of error that includes the inadvertent incorporation of chemically altered 
nucleotides in place of the normal counterparts.  The cell has two main strategies to detect 
and remove the miscopied nucleotides. In a ‘proofreading’ type of monitoring executed by 
the DNA polymerase δ (pol- δ), the stretch of DNA that has been newly synthesized is 
scanned, and if misincorporation of nucleotides is detected, the enzyme uses it 3’-5’ 
exonuclease activity to remove the aberrant nucleotide and resynthesize the DNA stretch. 
However, if the miscopied DNA sequence is overlooked by DNA pol-δ, the MMR pathway 
is activated that detects and corrects misincorporated nucleotides. The action of this 
pathway becomes especially critical in regions of DNA that carry repetitive sequences such 
as mono or dinucleotide repeats. The resulting base substitution mismatches and insertion-
deletion mismatches (IDLs) may escape correction by the proofreading mechanism 
described above, making the repair of such defects the prime function of the MMR 
machinery (Kunkel and Erie, 2005). 
The ‘Mut’ proteins are the principle active components of the mismatch repair pathway 
(Kolodner and Marsischky, 1999). The main function of the Mut proteins lies in the ability to 
detect bulges and loops in the newly formed DNA and in being able to distinguish between 
recently synthesized DNA from the complementary parent strand. In mammalian cells, two 
components of the MMR apparatus, MutS and MutL collaborate to correct mismatched 
DNA. MutS homologs form two major heterodimers, Msh2/Msh6 (MutSα) and Msh2/Msh3 
(MutSβ) which scan for the mismatched base on the newly formed daughter strand and 
bind directly to the mutated DNA. The main difference between the two MutS complexes is 
that MutSα pathway is mainly involved in the repair of base substitution and small loop 
mismatches, while the MutSβ pathway is also involved in large loop repair. After the 
recruitment of MutS, MutL dimer is loaded to the mutated site through its binding to the 
MutS-DNA complex. MutL has three forms designated as MutLα, MutLβ, and MutLγ. The 
MutLα complex is made of two subunits MLH1 and PMS2, the MutLβ heterodimer is made 
of MLH1 and PMS1, while MutLγ is made of MLH1 and MLH3. MutLα is an endonuclease 
that facilitates strand-discrimination and nicks the discontinuous strand of the mismatched 
duplex in a PCNA, RFC and ATP-dependent manner. Lastly, the excision reaction is 
performed by the 5′–3′ single-stranded exonuclease EXO1, whose exonuclease activity is 
increased by its direct interaction with MutSα. The resulting fragment is excised and a fresh 
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attempt at resynthesizing DNA using DNA pol-δ is made using the parent strand as the 
template (Fukui, 2010; Larrea et al., 2010). 
The MMR pathway is particularly important in mammals, where the mutator phenotype 
conferred by loss of MMR activity contributes to the initiation and promotion of multistage-
carcinogenesis (Venkatesan et al., 2006) 

3.3 Nucleotide excision repair 
The activation of NER pathway seems to require two distinct structural changes in DNA: a 
significant distortion to the native conformation of DNA and the presence of a chemically 
altered base. NER is accomplished by a large multisubunit complex composed of almost two 
dozen subunits. NER comprises of two distinct subpathways that mainly differ in the 
molecular mechanism used to identify the damaged base. Global genome repair (GGR) 
repairs DNA damage throughout the genome, whereas transcription-coupled repair (TCR) 
repairs lesions in regions that are undergoing transcription (Nouspikel, 2009). 
Historically, the NER pathway was discovered through the study of a human syndrome 
involving a severe burning of the skin after only a minimal exposure to sun light. These 
individuals show dry, parchment like skin (Xeroderma) and freckles (pigmentosa). 
Individuals suffering from Xeroderma Pigmentosa (XP) have a 1000-fold greater risk of 
developing skin cancers and inherited defects in any of the so-called XP genes cause this 
syndrome. Subsequently, elegant somatic cell genetic experiments were performed and 
seven genetic complementation groups of the human XP, designated XPA to XPG were 
identified in mammalian cells. According to current understanding, two independent 
complexes, one composed of the DDB1/DDB2 heterodimer, and the other containing the 
XPC/HR23B/Centrin 2 proteins are required for the early steps of base damage recognition 
during NER (Guo et al., 2010; Nouspikel, 2009). 
UV-damaged DNA-binding protein (UV-DDB) is a heterodimeric complex composed of 
DDB1 and DDB2 which upon binding to UV-damaged sites activates a UV-DDB-associated 
ubiquitin ligase complex that recruits XPC protein to the lesion and promotes ubiquitination 
of DDB2 and XPC proteins (Sugasawa et al., 2005). Upon polyubiquitination, DDB2 loses its 
ability to bind to UV-irradiated DNA, whereas XPC upon ubiquitination shows increased 
DNA binding. In turn, XPC recruits the multiprotein transcription-repair complex called as 
the TFIIH (transcription factor IIH). Subsequent recruitment of RPA and XPA drive 
detachment of cyclin-dependent kinase activating (CAK) subcomplex of TFIIH which is 
essential for GGR. The two helicases within the TFIIH complex (XPB and XPD) unwind the 
DNA by about 20 bp around the damage to form a stable complex called pre-incision 
complex 1 (PIC1). Localized unwinding around the damaged base then leads to the exit of 
XPC-HR23 and the entry of XPG to form PIC2. Finally, XPF-ERCC1 is recruited to form 
PIC3. At each of these steps ATP is hydrolyzed, and the free energy of ATP hydrolysis is 
used to unwind the helix as well as to amplify the damage recognition specificity of the 
enzyme system. Within PIC3, XPG and the ERCC1/XPF complex are both structure-specific 
endonucleases that carry out dual excision and cut the damaged strand of DNA 3′ and 5′ to 
the lesion, respectively. This generates a single-stranded oligonucleotide 24–32 nucleotides 
in length. The incisions are asymmetrical, such that the 3′ incision occurs 2 to 8 nucleotides 
from the damaged base and the 5′ incision occurs 15 to 24 nucleotides from the damaged 
base. The resulting gap is filled in by the combined actions of DNA polymerase δ or ε, 
proliferating cell nuclear antigen (PCNA), RPA, and DNA ligase I (or a complex of 
XRCC1and DNA ligase III) (Hanawalt and Spivak, 2008). 
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processing step, since XRCC1 directly interacts with enzymes such as  pol β, PNK 
(polynucleotide kinase) and the nucleases  APTX  and indirectly with DNA ligase III α and 
TDP1 (tyrosyl-DNA phosphodiesterase) to facilitate end processing. Damage termini 
present at indirect BER-induced SSB are repaired by APE1, Pol β, PNKP and APTX. Direct 
sugar damage-induced SSBs are repaired by APE1, PNKP and APTX. SSBs generated by 
TOP1 are repaired by TDP1. Finally, end processing is followed by gap filling and ligation, 
and the enzymes utilized during these two steps overlap with BER (as described above). 
It is interesting that ~30% of all human tumors examined express a variant form of DNA 
polymerase β (Starcevic et al., 2004) Moreover, at least two proteins, TDP1 and APTX, 
involved in SSB repair are mutated in an inherited form of human neurodegenerative 
disease (discussed in Section 5.1). 

3.2 Mismatch repair 
The replication of DNA sequences in the S phase of cell cycle is subjected to a low but 
significant level of error that includes the inadvertent incorporation of chemically altered 
nucleotides in place of the normal counterparts.  The cell has two main strategies to detect 
and remove the miscopied nucleotides. In a ‘proofreading’ type of monitoring executed by 
the DNA polymerase δ (pol- δ), the stretch of DNA that has been newly synthesized is 
scanned, and if misincorporation of nucleotides is detected, the enzyme uses it 3’-5’ 
exonuclease activity to remove the aberrant nucleotide and resynthesize the DNA stretch. 
However, if the miscopied DNA sequence is overlooked by DNA pol-δ, the MMR pathway 
is activated that detects and corrects misincorporated nucleotides. The action of this 
pathway becomes especially critical in regions of DNA that carry repetitive sequences such 
as mono or dinucleotide repeats. The resulting base substitution mismatches and insertion-
deletion mismatches (IDLs) may escape correction by the proofreading mechanism 
described above, making the repair of such defects the prime function of the MMR 
machinery (Kunkel and Erie, 2005). 
The ‘Mut’ proteins are the principle active components of the mismatch repair pathway 
(Kolodner and Marsischky, 1999). The main function of the Mut proteins lies in the ability to 
detect bulges and loops in the newly formed DNA and in being able to distinguish between 
recently synthesized DNA from the complementary parent strand. In mammalian cells, two 
components of the MMR apparatus, MutS and MutL collaborate to correct mismatched 
DNA. MutS homologs form two major heterodimers, Msh2/Msh6 (MutSα) and Msh2/Msh3 
(MutSβ) which scan for the mismatched base on the newly formed daughter strand and 
bind directly to the mutated DNA. The main difference between the two MutS complexes is 
that MutSα pathway is mainly involved in the repair of base substitution and small loop 
mismatches, while the MutSβ pathway is also involved in large loop repair. After the 
recruitment of MutS, MutL dimer is loaded to the mutated site through its binding to the 
MutS-DNA complex. MutL has three forms designated as MutLα, MutLβ, and MutLγ. The 
MutLα complex is made of two subunits MLH1 and PMS2, the MutLβ heterodimer is made 
of MLH1 and PMS1, while MutLγ is made of MLH1 and MLH3. MutLα is an endonuclease 
that facilitates strand-discrimination and nicks the discontinuous strand of the mismatched 
duplex in a PCNA, RFC and ATP-dependent manner. Lastly, the excision reaction is 
performed by the 5′–3′ single-stranded exonuclease EXO1, whose exonuclease activity is 
increased by its direct interaction with MutSα. The resulting fragment is excised and a fresh 
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attempt at resynthesizing DNA using DNA pol-δ is made using the parent strand as the 
template (Fukui, 2010; Larrea et al., 2010). 
The MMR pathway is particularly important in mammals, where the mutator phenotype 
conferred by loss of MMR activity contributes to the initiation and promotion of multistage-
carcinogenesis (Venkatesan et al., 2006) 

3.3 Nucleotide excision repair 
The activation of NER pathway seems to require two distinct structural changes in DNA: a 
significant distortion to the native conformation of DNA and the presence of a chemically 
altered base. NER is accomplished by a large multisubunit complex composed of almost two 
dozen subunits. NER comprises of two distinct subpathways that mainly differ in the 
molecular mechanism used to identify the damaged base. Global genome repair (GGR) 
repairs DNA damage throughout the genome, whereas transcription-coupled repair (TCR) 
repairs lesions in regions that are undergoing transcription (Nouspikel, 2009). 
Historically, the NER pathway was discovered through the study of a human syndrome 
involving a severe burning of the skin after only a minimal exposure to sun light. These 
individuals show dry, parchment like skin (Xeroderma) and freckles (pigmentosa). 
Individuals suffering from Xeroderma Pigmentosa (XP) have a 1000-fold greater risk of 
developing skin cancers and inherited defects in any of the so-called XP genes cause this 
syndrome. Subsequently, elegant somatic cell genetic experiments were performed and 
seven genetic complementation groups of the human XP, designated XPA to XPG were 
identified in mammalian cells. According to current understanding, two independent 
complexes, one composed of the DDB1/DDB2 heterodimer, and the other containing the 
XPC/HR23B/Centrin 2 proteins are required for the early steps of base damage recognition 
during NER (Guo et al., 2010; Nouspikel, 2009). 
UV-damaged DNA-binding protein (UV-DDB) is a heterodimeric complex composed of 
DDB1 and DDB2 which upon binding to UV-damaged sites activates a UV-DDB-associated 
ubiquitin ligase complex that recruits XPC protein to the lesion and promotes ubiquitination 
of DDB2 and XPC proteins (Sugasawa et al., 2005). Upon polyubiquitination, DDB2 loses its 
ability to bind to UV-irradiated DNA, whereas XPC upon ubiquitination shows increased 
DNA binding. In turn, XPC recruits the multiprotein transcription-repair complex called as 
the TFIIH (transcription factor IIH). Subsequent recruitment of RPA and XPA drive 
detachment of cyclin-dependent kinase activating (CAK) subcomplex of TFIIH which is 
essential for GGR. The two helicases within the TFIIH complex (XPB and XPD) unwind the 
DNA by about 20 bp around the damage to form a stable complex called pre-incision 
complex 1 (PIC1). Localized unwinding around the damaged base then leads to the exit of 
XPC-HR23 and the entry of XPG to form PIC2. Finally, XPF-ERCC1 is recruited to form 
PIC3. At each of these steps ATP is hydrolyzed, and the free energy of ATP hydrolysis is 
used to unwind the helix as well as to amplify the damage recognition specificity of the 
enzyme system. Within PIC3, XPG and the ERCC1/XPF complex are both structure-specific 
endonucleases that carry out dual excision and cut the damaged strand of DNA 3′ and 5′ to 
the lesion, respectively. This generates a single-stranded oligonucleotide 24–32 nucleotides 
in length. The incisions are asymmetrical, such that the 3′ incision occurs 2 to 8 nucleotides 
from the damaged base and the 5′ incision occurs 15 to 24 nucleotides from the damaged 
base. The resulting gap is filled in by the combined actions of DNA polymerase δ or ε, 
proliferating cell nuclear antigen (PCNA), RPA, and DNA ligase I (or a complex of 
XRCC1and DNA ligase III) (Hanawalt and Spivak, 2008). 
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Bulky lesions consisting of UV-induced pyrimidine dimers in transcribed regions can lead to 
RNA polymerase II stalling, evoking the activation of TCR. In TCR, the stalled RNA 
polymerase is removed and DNA damage is repaired, through a process initiated by the 
Cockayne syndrome proteins, CSA and CSB. The CSA protein belongs to the ‘WD repeat’ 
family of proteins and exhibits structural and regulatory roles while CSB protein which is an 
ATP-dependent chromatin remodelling factor in the SWI/SNF family. CSB, in turn recruits 
additional factors such as the histone acetytransferase p300, the CSA-DDB1 E3 
ubiquitin/COP9 signalosome complex (O'Connell and Harper, 2007). Similar to GGR, the 
subsequent steps involve the binding of TFIIH and XPA/RPA to the lesion and the 
nucleases XPG and XPF/ERCC1 carry out the incision 3’and 5’ to the damaged lesion. The 
generated oligonucleotide is removed and the gap is filled in by the combined action of 
DNA polymerases δ or ε, PCNA, RPA, and DNA ligase I or XRCC1/ DNA ligase III. 

3.4 DNA replication stress and ATR 
Replication stress is a unifying term used to denote large unprotected regions of ssDNA 
generated during the course of DNA replication or formed at the resected region of DSBs 
(Lopez-Contreras and Fernandez-Capetillo, 2010). Both situations converge with the 
generation of a RPA-coated ssDNA intermediate which is the triggering signal for the DNA 
replication checkpoint. The ssDNA-RPA complex plays two critical roles: it recruits ATR by 
directly binding to the ATR partner, ATRIP. Secondly, it recruits and activates the Rad17 
clamp loader which then loads the PCNA-like heterotrimeric ring 9-1-1 (Rad9-Hus1-Rad1) 
complex to DNA.  The 911 complex binds to the ATR activator TopBP1, thus bringing it in 
close proximity to ATR-ATRIP, leading to ATR activation. Once activated, ATR initiates the 
DNA replication checkpoint through the phosphorylation of its downstream substrates. In 
addition to replication checkpoint signalling, ATR is also required for stabilization of stalled 
replication forks. In the absence of ATR, forks undergo a ‘collapse’ and are unable to resume 
replication upon the withdrawal of replication stress (Friedel et al., 2009). The absence of 
ATR also results in a specific type of genomic instability, named as DNA Fragile site 
expression. DNA fragile sites (DFS) are large (>100 Kb) genomic regions that exhibit breaks 
under conditions of replication stress. DFS sites are ‘hot spots’ for sister chromatid 
exchanges and are involved in gene amplification events via a breakage-fusion-bridge cycle. 
Breakage at DFS is associated with several cancers (Dillon et al., 2010). 

3.5 Interstrand cross link repair (ICL repair) 
ICLs are generated by cross linking agents like mitomycin C and these lesions covalently 
connect the two strands of DNA to form a barrier to replication fork progression. Important 
components of the ICL repair pathway are 13 genes mutated in the genetic syndrome, 
Fanconi anemia (FA). FA is an autosomal recessive cancer predisposition disorder 
characterized by progressive bone marrow failure, congenital developmental defects, 
chromosomal abnormalities and hypersensitivity to ICL agents (Kitao and Takata, 2011). 
The gene products of FA constitute a common pathway called the FA pathway, whose main 
role is in the repair of ICL lesions to maintain genomic integrity (Moldovan and D'Andrea, 
2009). Eight of the FA proteins (FANCA, B, C, E, F, G, L and M) form the so-called FA core 
complex, an E3 ubiquitin ligase that monoubiquitinates downstream FANCD2-FANCI 
dimer. The core complex also incorporates FAAP100 and FAAP24 and the heterodimer 
MHF1/MHF2 as crucial components. Upon monoubiquitination, the ID complex 
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accumulates at the sites of crosslinks and co-localizes with three additional FA proteins, 
Brca2 (FANCD), PALB2 (FANCN), and BACH1 (FANCJ). Monoubiquitinated ID complex is 
required for the incision and translesion synthesis steps of ICL repair by promoting the 
recruitment of DDR factors required for ICL repair (Moldovan and D'Andrea, 2009).  
Recently, another level of regulation was revealed in the FA pathway, in that ID complex is 
phosphorylated first by ATR and this step was shown to be critical for further 
monoubiquitination by the core complex.  Subsequently, factors required for HR are also 
recruited to repair the DSBs generated during the repair process. Thus, ICL repair requires 
the coordinated recruitment and concerted action of several DNA repair pathways. 

3.6 Double strand break repair 
DNA double strand breaks are the most deleterious type of DNA damage and cells have 
evolved at least four types of repair pathways to detect and correct DSBs. These pathways 
include homologous recombination (HR), non-homologous end joining (NHEJ), alternative 
NHEJ pathway.  The main factor influencing pathway choice is the extent of DNA 
processing. While NHEJ does not require DNA end resection, HR and  alternative NHEJ 
pathways are  dependent on end resection (Ciccia and Elledge, 2010). 
NHEJ is an error-prone process, where broken ends are recognised and sealed together and 
mainly occurs in G0, G1 and early S phase of the cell cycle and requires the DNA-PK (DNA 
protein kinase) complex and the Lig4 complex (Lieber, 2010). The DNA-PK complex consists 
of the Ku70 and Ku80 heterodimer which recognises and binds to the DSB and recruits 
DNA-PKcs, the catalytic subunit of DNA-PK. Following DSB binding, DNA-PKcs 
autophosphorylation on the six-residue ABCDE cluster (T2609) causes destabilization of the 
DNA-PKcs interaction with DNA thus providing access to end processing enzymes such as 
ARTEMIS (Goodarzi et al., 2006). On the other hand, to prevent excessive end processing, 
DNA-PKcs is also autophosphorylated at the five-residue cluster called as the PQR cluster at 
S2056, which helps protect DNA ends. Thus, two reciprocally acting phosphorylation 
clusters regulate end processing by DNA-PKcs (Cui et al., 2005).  
Following the recognition of DSBs, ends must be transformed into 5’phosphorylated 
ligatable ends to complete repair. One key enzyme required for end processing is ARTEMIS, 
which might be recruited to DSBs through its ability to interact with DNA-PKcs. End 
processing is also carried out by APLF nucleases and the PNK kinase/phosphatase prior to 
ligation (Mahaney et al., 2009). Next, the end processing of complex lesions might lead to the 
generation of gaps which are filled in by DNA polymerase μ, polymerase λ and terminal 
deoxyribonucleotidyltransferase. The final step involves the ligation of DNA ends, a step 
carried out by X4-L4 (a complex containing XRCC4, DNA ligase IV and XLF) (Hartlerode 
and Scully, 2009). 
Interestingly, when the classical NHEJ pathway is inhibited, an alternative end-joining 
pathway operates in cells. This substitution is called as alternative end joining (alt-EJ), 
backup NHEJ (B-NHEJ) or microhomology mediated end joining (MMEJ) (Lieber and 
Wilson, 2010). This pathway functions even in the absence of classical NHEJ factors such as 
Ku, XRCC4 or DNA ligase IV.  For example, the alt-NHEJ pathway is robustly activated in 
mice lacking X4-L4. Alt-NHEJ is mediated by the annealing of ssDNA microhomology 
regions followed by LIG3-dependent DNA end ligation (Ciccia and Elledge, 2010; 
Hartlerode and Scully, 2009). Microhomologies are short stretches of complementary 
“microhomology” sequences (1–10 base pairs) that often appear at repair junctions. This 
suggests that even limited base pairing between two ends of a double-strand break is 
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exploited during alt-NHEJ repair (Lieber and Wilson, 2010). Alt-NHEJ pathway is error-
prone and frequently results in small deletions/insertions around the region of double 
strand breaks or could even result in deleterious translocations (Zhang and Jasin, 2011). 
Unlike NHEJ, HR is an error-free process that involves the use of the undamaged 
homologous sister chromatid as the template to facilitate DNA repair of the damaged strand 
and is carried out in cells that are in the late S and G2 phases of cell cycle (Moynahan and 
Jasin, 2010). Homologous recombination (HR) provides an important mechanism to repair 
double strand breaks during mitosis and meiosis. Defective HR can potentially transform 
cells by disrupting their genomic integrity. HR involves the detection of DSB by the MRN 
(MRE11-Rad50-NBS1) complex which promotes activation of ATM (Ataxia-telangiectasia 
mutated). In addition to stabilizing DNA ends, MRE11 has endonuclease and exonuclease 
activities which are important to mediate 5’-3’ resection along with CtIP to generate single 
strand DNA (ssDNA). ssDNA is coated by the ssDNA-binding protein, RPA which is a 
heterotrimeric complex (RPA1, RPA2, RPA3) that stabilizes ssDNA regions generated 
during both DNA replication, repair and recombination. At the double strand break, the 
RPA-coated ssDNA recruits ATR-ATRIP to chromatin, an event critical for the activation of 
the ATR-chk1 pathway. Similar to the trimeric RPA complex, the newly identified human 
ssDNA binding protein, hSSB1 is thought play a role in checkpoint activation and repair 
(Richard et al., 2008). The next critical step in HR is the assimilation of Rad51 to ssDNA in a 
Brca2 and PALB2 (Partner and localizer of Brca2) dependent manner to form the Rad51-
coated nucleoprotein filament. Rad51-mediated homology search and strand invasion 
follows where the Rad51 recombinase utilizes the sister chromatid as the homologous 
template and together with Rad51 paralogs (Xrcc2, Xrcc3, Rad51L1, Rad51L2 and Rad51L3), 
Rad52 and Rad54 promotes strand invasion and recombination. Strand invasion and 
migration involve the formation of a structure termed as the Holliday junction. Following 
DNA polymerase δ-mediated DNA synthesis, resolution of Holliday junction occurs via 
Rad54/Mus81/Emc1 and Rad51C/Xrcc3 (San Filippo et al., 2008). 
It is now becoming increasingly clear that the choice between the various DNA repair 
pathways is dictated by negative regulation of on one pathway by another. For example, 
DSB resection promoted by CtIP is inhibited by 53BP1 (Bunting et al., 2010). 53BP1 itself 
promotes NHEJ by increasing the stability of DSBs during ligation. Another example of this 
regulation was highlighted by a recent study where defective DSB resection in Brca1 mutant 
cells results in NHEJ-dependent chromosomal rearrangements which could be overcome by 
53BP1 loss, suggesting that Brca1 might somehow overcome 53BP1 function at DSBs to 
promote HR (Bunting et al., 2010). Also, abnormal activity of alt-NHEJ in the absence of 
NHEJ induces chromosomal translocation in mammalian cells (Simsek and Jasin, 2010). 
Thus, the right choice of DSB repair pathways can be a critical determinant of genomic 
stability and alterations in the appropriate repair pathway choice can lead to DSB repair 
defects with deleterious consequences. 

3.7 Double strand break signalling 
Amongst the various classes of DNA repair, perhaps the best studied pathway with respect 
to DNA lesion sensing and signalling is the DSB repair signalling response. The response to 
DSBs has been characterised by the rapid localization of repair factors to DSB sites into 
subnuclear foci called ionizing radiation-induced foci (IRIF) (Bekker-Jensen and Mailand, 
2010). At a more mechanistic level, the DDR proteins can be divided into three major classes 
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of proteins that act together to translate the DNA damage signal into an appropriate 
response. These consist of (a) sensor proteins that recognize abnormal DNA lesions and 
initiate the signalling cascade (b) transducers that amplify the damage signal and (c) 
effectors proteins that participate in a number of downstream pathways such as cell cycle, 
apoptosis and senescence (Figure 2: DNA damage signalling and response) (Jackson and 
Bartek, 2009). 
 

 
Fig. 2. Basic organization of the DNA damage response: Sensors, transducers and effectors 

3.7.1 Sensing the damage 
The efficient sensing of DSBs is achieved by Mre11-Rad50-Nbs1 (MRN) protein complex 
(Stracker and Petrini, 2011). The MRE11 (Meiotic Recombination 11) protein is an 
evolutionarily conserved protein that is involved in HR, NHEJ, meiosis and in the 
maintenance of telomeres. RAD50 is a homolog of S.cerevisiae Rad50 and is a member of the 
structural maintenance of chromosome (SMC) protein family. The third protein in the MRN 
complex is NBS1 (Nijmegen breakage syndrome 1) protein also known as Nibrin and p95. 
Structural and biochemical studies have elucidated the architecture of the MRN complex 
and have proposed the biochemical events that lead to the activation of the DDR. The key 
protein in the MRN complex is the Mre11 homodimer. This protein has the ability to bind 
free DSBs and also has an intrinsic 3’-5’ exonuclease activity that can help in the resection of 
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broken ends. The Mre11 dimer can interact with two molecules of Rad50 and with the 
scaffolding protein Nbs1. The extended coiled-coil domains of Rad50 permit it to extend out 
from DNA breaks and bridge with another Rad50 protein through the Zn2+-binding CXXC 
motif, like a ‘hook’. Thus, Rad50 might act as a molecular tether to bridge the DSBs. 
The MRN complex interacts with the N-terminal of ATM and recruits it to DSBs (Lee and 
Paull, 2004). ATM belongs to the phosphatidylinositol-3-like kinase-related kinases (PIKK) 
family and plays an important role in the propagation of the initial DSB lesion by 
phosphorylating a number of downstream substrates. The PIKK family of proteins have a 
conserved kinase domain and three other domains: FAT (FRAP-ATM-TRRAP) domain, 
FATC domain (FRAP-ATM-TRRAP-C-terminal) and the PIKK regulatory domain that 
regulate the kinase activity of the protein. Apart from ATM, the other two PIKK proteins 
essential for DNA damage signalling are ATR (ATM and Rad3 related) and DNA-PKcs. 
ATM and DNA-PKcs are primarily involved in the signalling of DSBs and ATR is mainly 
required in response to stalled DNA replication forks. The interaction between the C-
terminus of NBS1 and ATM leads to the recruitment of ATM to DSBs leading to its 
activation. In undamaged cells, ATM forms inactive dimers or multimers. However, upon 
the induction of DSBs, ATM is autophosphorylated at serine 1981, leading to its dissociation 
into activated monomers (Bakkenist and Kastan, 2003).  Apart from ser1981, ATM is also 
autophosphorylated at serine 367 and serine 1983 and mutations at these sites reduce ATM 
activity. However, observations that transgenic mice carrying alanine substituted 
autophosphorylation serine sites 1987, 367 and 1899 of ATM (corresponding to human ATM 
serine 1981, 367 and 1893) display normal ATM-dependent responses, brought into question 
the function of ATM autophosphorylation in vivo (Daniel et al., 2008). This issue has been 
reconciled with the observation that autophosporylation of ATM at 1981 is not needed for 
the initial recruitment of ATM to DSBs, but for the stable association of activated ATM with 
the damaged chromatin (So et al., 2009). The regulation of ATM autophosphorylation is 
under the control of three serine/threonine phosphatases, PP2A, PP5 and Wip1, so that 
ATM is not activated in an untimely manner in the absence of DSBs. Interestingly, defects in 
the activity of these phosphatases also lead to disease phenotypes in knock-out mice (Peng 
and Maller, 2010). 

3.7.2 Amplification of the signal 
Activated ATM rapidly phosphorylates and activates several DNA repair factors to directly 
promote their recruitment to sites of DNA damage. Perhaps, the most important event is the 
ATM-dependent phosphorylation of the histone variant, H2AX at the C-terminal of the 
protein, corresponding to Ser139 (γ-H2AX) (Rogakou et al., 1998). Remarkably, in 
mammalian cells, this phosphorylation spreads over a 2 Mb domain of chromatin 
surrounding the DSB. γ-H2AX flanked DSB creates a specialized chromatin compartment 
capable of recruiting and retaining DNA repair factors. Indeed, mice deficient for H2AX 
develop genomic instability and cancers (Celeste et al., 2002). A large number of proteins 
have been identified as substrates for activated ATM and this list includes the proteins 
SMC1, NBS1, CHK2, p53, BRCA1 and MDC1 (Harper and Elledge, 2007). Key amongst these 
substrates are the Chk2 kinase and p53 which act to reduce cyclin-dependent kinase (CDK) 
activity. The direct consequence of reduced Cdk activity is that cells arrest in the various 
stages of cell cycle to allow time of the completion of DNA repair. Amongst the various 
ATM substrates, MDC1, in particular, is an important mediator of DSB signalling because it 
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recognizes and binds γ-H2AX via its tandem BRCA1 C-terminal (BRCT) domains. The 
MDC1 C-terminal domain has been crystallized with γ-H2AX and the importance of this 
interaction was shown by experiments where mutations either in the phospho-acceptor site 
or in the conserved residues of BRCT domain impaired repair foci recruitment after DSB 
induction. Moreover, accumulation of several other repair factors such as NBS1, 53BP1 and 
the phosphorylation of ATM were reduced when MDC1-γ-H2AX interaction was abrogated. 
The serine-aspartic acid-threonine (SDT) repeats near the N-terminus of MDC1 are 
phosphorylated by Casein kinase 2, and this enables the interaction of MDC1 with NBS1. 
This interaction is not controlled by DNA damage, and MDC1 and MRN already exist as a 
complex in undamaged cells. Upon the generation of γ-H2AX, MDC1 together with MRN is 
recruited via the BRCT domain of MDC1. The concentrated binding of ATM to MDC1 and 
MRN further promotes the phosphorylation of H2AX, resulting in the amplification of the 
DDR. Thus, MDC1 is an important mediator of the DDR that regulates both the recruitment 
and retention of several downstream proteins (Huen and Chen, 2010).  
Elegant work from the Misteli laboratory has established that the stable tethering of MDC1, 
MRN or ATM to DNA is sufficient to induce the DDR, even in the absence of DSBs. Upon 
targeted binding of MRN to a repetitive array, MDC1 and 53BP1 were recruited in an 
H2AX-dependent manner (Soutoglou and Misteli, 2008).  These and other studies have 
given rise to the current model that MRN binding causes ATM recruitment and activation 
which initiates γ-H2AX formation. When MDC1 interacts with γ-H2AX, it provides a 
platform for the recruitment of MRN and ATM resulting in further propagation and 
spreading of γ-H2AX. Interestingly, when the kinetics of recruitment of DDR factors to DSBs 
was studied by live-cell imaging, NBS1 and MDC1 were the first factors to get recruited, 
seconds after DSB induction. The appearance of 53BP1 and BRCA1 was significantly slower 
that the MDC1 and NBS1 and more significantly, 53BP1 and Brca1 recruitment were 
abolished in MDC-null cells. This gave rise to a hierarchical model that the recruitment of 
53BP1 and Brca1 was dependent on the stable recruitment of MDC1 through its interaction 
with γ-H2AX (Bekker-Jensen et al., 2006).  

3.7.3 Recruitment of 53BP1 and Brca1 
How exactly are Brca1 and 53BP1 recruited to DSB sites? A flurry of papers in recent years 
solved this conundrum through the identification of a ubiquitination cascade at DSB lesions. 
The product of the tumor suppressor gene BRCA1 plays a central role in the maintenance of 
genomic integrity. Brca1 has been shown to regulate several cellular processes including 
transcriptional regulation, centrosome duplication, HR, NHEJ and checkpoint control. 
BRCA1 encodes a large protein of 1863 amino acids and contains tandem BRCT domains in 
its C-terminal region (Huen et al., 2010). In its N-terminus, it harbours a RING finger 
domain that specifically interacts with the structurally related protein Bard1 (BRCA1-
associated ring domain protein 1) to heterodimerize and form a functional E3 ubiquitin 
ligase which forms a complex with E2 UBCH5C to promote the formation of K6-linked 
ubiquitin chains, an unusual chain linkage. The Brca1-Bard1 heterodimer form three non-
overlapping complexes with distinct functions. The complexes are formed between Brca1 
and phosphorylated proteins through the BRCT domain. The complexes include Brca1-
BRIP, Brca1-CtIP and Brca1-Abraxas-Rap80-BRCC36 complexes. The Brca1-Abraxas-Rap80 
complex mainly accumulates at DSBs and promotes the G2/M checkpoint. BRCC36 is a 
deubiquitinating enzyme and it is speculated that it might regulate Brca1-Bard1 
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ubquitination activity.  The key mediator of Brca1 recruitment to DSB sites is Rap80. It was 
found that Rap80 depletion abolished Brca1 focus formation, whereas Brca1 depletion did 
not affect Rap80 focus formation. This strongly suggested that Rap80 controlled Brca1 focus 
formation. Upon mapping the site required for focus formation, it was found that the UIM 
motifs of Rap80 are required. The ubiquitin-binding function of the UIM motif is important 
to facilitate BRCA1-Rap80 recruitment to DNA lesions and the introduction of mutations 
that reduce ubiquitin binding also impair Brca1 and Rap80 focus formation. These studies 
led to the idea that a ubiquitin-dependent signalling system is important for Brca1 
recruitment to sites of DSBs (Al-Hakim et al., 2010). 
An important breakthrough in this area of research was made upon the identification of 
RNF8, the first of the three E3 ubiquitin ligases that catalyze regulatory ubiquitination at 
DNA lesions (Mailand et al., 2007). Importantly, the ubiquitin ligase activity of RNF8 was 
found to be absolutely essential for the recruitment of both Brca1 and 53BP1 to DSBs.  RNF8 
contains an FHA domain at its N-terminus and a RING finger motif at its C-terminus. The 
FHA domain of RNF8 recognises the ATM phosphorylated site of MDC1, leading to its 
recruitment to IRIF. The FHA domain of RNF8 also interacts with the HECT domain of the 
second E3 ligase HERC2, thus recruiting HERC2 to DSB sites. RNF8 together with HERC2 
facilitates the assembly of the E2 ubiquitin conjugating enzyme Ubc13 to initiate K63-linked 
ubiquitin chains on H2A and its variants. The third E3 RING domain ubiquitin E3 ligase 
RNF168 recognizes and binds to K63-linked ubiquitin chains on H2A and H2AX through its 
two MIUs ((Motif Interacting with Ubiquitin). This amplifies the local concentration of K63-
linked ubiquitin resulting in the recruitment and retention of 53BP1 and BRCA1 at the sites 
of lesions. Interestingly RNF168 was first identified as the gene mutated in RIDDLE 
syndrome (Stewart et al., 2009). RIDDLE (Radiosensitivity, immunodeficiency, dysmorphic 
features and learning difficulties) is a novel human immunodeficiency disorder associated 
with defects in DSB repair and Brca1/53BP1 recruitment defects. 
Recently, another layer of complexity has emerged in the scenario of post translational 
modifications occurring following DSB induction. DSB-induced ubiquitylation and the 
recruitment of BRCA1 and other repair proteins to the sites of damage are also regulated by 
SUMOylation, placing SUMOylation as a critical post-translational modification necessary 
for optimal ubiquitylation at DSBs (Tang and Greenberg, 2010). Apart of ubiquitination and 
sumoylation, methylation of histones is also important for 53BP1 recruitment. According to 
a recent study, the loading of 53BP1 to DNA lesions is enabled by a local increase in H4K20 
dimethylation surrounding the DSBs and this step is catalysed by the histone 
methyltransferase MMSET (Pei et al., 2011). 

3.8 Coordinating DDR with cell cycle transitions 
One important cellular consequence of DNA damage is the activation of cell cycle 
checkpoints which are surveillance mechanisms that arrest the cell cycle until repair is 
satisfactorily accomplished. The cell cycle is regulated through oscillations in cyclin 
dependent kinase activity (CDK) whose activity is upregulated by cyclins and inhibited by 
cyclin-dependent kinase inhibitors (CKI) and inhibitory phosphorylation of CDKs 
(Guardavaccaro and Pagano, 2006). At the molecular level, the DNA damage checkpoint 
arrests cell cycle transitions by directly reducing CDK activity through various mechanisms 
mainly initiated by ATM and ATR.  Two ATM-dependent G/S checkpoints have been 
described. ATM activation by DSBs in G1 leads to Chk2 phosphorylation and consequent 
phosphorylation of the phosphatase CDC25A.  This results in the formation of a 
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phosphodegron which marks CDC25A for ubiquitin-mediated degradation and prevents 
the Thr14/Tyr15 dephosphorylation-mediated activation of CDK2. A second mechanism 
underlying the G1/S checkpoint involves the phosphorylation and stabilization of p53, 
either directly by ATM or indirectly by Chk2, which in turn acts as the transcription factor 
for the CKI, p21. This results in delayed G1/S transition after DNA damage. Together, 
CDC25A degradation and p21 upregulation form the basis for G1/S checkpoint 
maintenance (Bartek and Lukas, 2007). 
During the S phase checkpoint, ATR is activated in response to stalled replication forks 
leading to the phosphorylation of Chk1 and the subsequent phosphorylation mediated 
degradation of Cdc25A by the SCF (Skp1-Cullin-F-box) β-TRCP ubiquitin ligase 
(Guardavaccaro and Pagano, 2006). This causes the inhibition of CDK2-Cyclin E/A activity 
preventing the initiation of new replication origins to slow down DNA replication.  The 
failure to regulate Cdc25 leads to hyperactive Cdk activity and defective intra-S phase 
checkpoint.  Yet another regulatory circuit to prevent DNA replication during repair 
involves the targeted degradation of Cdt1 which loads the replicative helicases MCM2-7 to 
form the pre-replication complex (Arias and Walter, 2007). 
The G2/M checkpoint is initiated by the phosphorylation of checkpoint kinases, Chk1 and 
Chk2, which phosphorylate and inactivate CDC25C phosphatase by promoting its 
inhibitory sequestration by 14-3-3 proteins. This prevents the dephosphorylation-mediated 
activation of CDK1-Cyclin B complex required for mitotic progression (Lukas et al., 2004). 
Another target of the G2/M checkpoint are the Wee1 kinases. During a normal G2/M 
transition, Polo kinase 1(Plk1) phosphorylates Wee1 to create a phosphodegron that targets 
Wee1 for ubiquitin-mediated proteolysis. In the wake of G2/M checkpoint activation, Plk1 
is negatively regulated by ATM/ATR and Wee1 accumulates in the cell to maintain CDKs in 
their inhibited form.  Together, these mechanisms act in concert to halt cell cycle progression 
until the completion of DNA repair (Harper and Elledge, 2007). 

3.9 Identification of novel ATM/ATR substrates using proteomic approaches 
Recently, it has become apparent that DNA damage-activated kinases do not simply contact 
key individual proteins in a process, but phosphorylate multiple proteins of individual 
pathways. Importantly, understanding such linkages could have tremendous implications 
for human disease. In a large scale proteomic study, about 900 phosphorylation sites 
containing a consensus ATM and ATR phosphorylation motif were identified in 700 
substrates that were inducibly phosphorylated after irradiation (Matsuoka et al., 2007). 
Based on the rationale that ATM and ATR phosphorylate substrates at the consensus 
SQ/TQ motifs, a phospho-antibody specific directed against this consensus site was used to 
immunoprecipitate peptides and mass spectrometric analyses was performed. The 
identified proteins were clustered into modules based on their known function.  Multiple 
modules involved in DNA replication were identified such as the Orc module consisting of 
Orc3 and Or6, MCM module, including Mcm2, Mcm3, Mcm6, Mcm7 and Mcm10, RFC 
clamp-loader module consisting of Rfc1 and Rfc3 and the DNA polymerase module 
composed of the catalytic subunit of DNA polymerase epsilon, its interacting protein PolE4 
and two translesion polymerases PolL and PolQ. Other modules included the mismatch 
repair module consisting of the proteins, Msh2, Msh3 and Msh6 and Exo1, excision repair 
module included XPA, XPC, RPA1, CSB, components of the transcription factor IIH, a 
fanconi anaemia module and a HR module. Interestingly, three components of the COP9 
signalosome involved in the regulation of SCF (Skp1-Cullin-F-box) E3 ligase function and a 
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novel cell cycle module comprising Cyclin E and its negative regulators FBW7, p27kip1 and 
CIZ1 were also identified as ATM/ATR substrates.  Other proteins included components 
of the spindle checkpoint pathway comprising of Bub1, Mad1, Sgo1 and Mad2BP, Cdc26, 
separase, and cohesion subunits SMC1 and SMC3. Perhaps, the most interesting group of 
substrates were proteins in the insulin−IGF-1 (insulin-like growth factor)−PI3K 
(phosphatidylinositol 3-kinase)−AKT pathway, including the adaptor molecule IRS2 
(insulin receptor substrate 2), the kinase AKT3, two regulators of AKT, HSP90 (heat shock 
protein 90), and PP2A (protein phosphatase 2A), and several downstream effectors of 
AKT such as FOXO1, and proteins involved in translation control such as TSC1 (tuberous 
sclerosis 1), 4E-BP1 (eIF4E binding protein 1), and p70S6K (ribosomal protein S6 kinase). 
This indicates that the DDR is likely to control the insulin-IGF pathway in multiple ways 
and further studies in this direction will shed light on the role of ATM/ATR pathway in 
human metabolic syndromes such as diabetes and other age-associated metabolic 
disorders. 

4. Physiological roles of DDR 
It has now become apparent that the DDR pathway is not just activated in response to 
genotoxic stress, but that it is essential for several physiological processes. Examples where 
genome alterations are induced in a programmed manner are V(D)J recombination (Bassing 
and Alt, 2004), class switch recombination (CSR) (Stavnezer et al., 2008) and somatic 
hypermutation (SHM) (Di Noia and Neuberger, 2007). These processes occur in developing 
T and B lymphocytes to generate T-cell receptor and immunoglobulin diversity, to allow the 
recognition of pathogens (Jackson and Bartek, 2009).  In the meiotic cells, the DDR plays an 
important role when homologous chromosomes align and exchange genetic information by 
recombination.  Meiotic HR is generated by the topoisomerase II-like enzyme Spo11, which 
generates DSBs. In subsequent steps that require MRN complex, HR recombination occurs 
which requires all mitotic HR proteins along with a Rad51-like protein, DMC (Richardson et 
al., 2004).  In the developing nervous system, high levels of oxidative and metabolic stress 
are effectively repaired by the DDR.  During infections with pathogens such as the avian 
influenza virus, the DDR proteins modulate the virulence properties of the virus through 
recombination (Jackson and Bartek, 2009). During bacterial infections, bacterial pathogens 
with defects in MMR, termed mutators or hypermutators, are overrepresented and are 
hypothesized to be advantageous for the establishment of chronic infections (Sundin and 
Weigand, 2007). DDR proteins also play important roles at normal telomeres and thus their 
defects cause telomere shortening and/or telomere dysfunction associated with 
chromosome fusions and instability (Jackson and Bartek, 2009). Telomeres are recognized by 
DDR proteins such as Mre11 (DSB repair), XPF/Ercc1 (NER), Ku70/Ku80 (NHEJ repair), 
Bloom and WRN RecQ helicases and Rad51D (HR repair) (Denchi, 2009).  These factors are 
recruited to the telomeres through their direct interaction with protein of the shelterin 
complex, a complex of six telomere binding proteins that promote telomere homeostasis. 
Recent studies have also established a relationship between DDR and another physiological 
phenomenon, the circadian rhythm, a process controlled by light stimuli (Sancar et al., 2010). 
The circadian rhythm regulator clk-2 has been shown to affect radiation sensitivity in 
C.elegans and S phase checkpoint in response to replication stress in mammalian cells.  NER 
has also been shown to be regulated by the circadian clock and there is strong evidence that 
the clock protein Cry participates in the maintenance of genomic integrity against DNA 
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damage induced by UV and UV mimetics. It has been proposed that such linkages between 
light cycle and DNA repair can allow cells to respond appropriately to environmentally-
induced DNA damage ((Jackson and Bartek, 2009)). Described in greater detail below are 
the physiological roles of DDR in the immune system, meiosis and in the maintenance of 
genome integrity of stem cells. 

4.1 V(D)J recombination and class switch recombination 
One of the cell types where programmed DSBs are generated are B and T lymphocytes. B 
and T cells are the main components of the adaptive immune system and responsible for the 
generation of B cell receptors (BCRs, also known as immunoglobulins) and T cell receptors 
(TCRs), which together recognize a large repertoire of antigens. During the development of 
antigen receptor genes, a large number of variable (V), diversity (D), joining (J) and constant 
(C) segments undergo rearrangement by processes termed as V(D)J recombination and class 
switch recombination (CSR) (Bassing and Alt, 2004; Stavnezer et al., 2008). Immunoglobulin 
(Ig) contains a heavy chain and either a κ or λ light chain. TCRs are composed of either αβ or 
γδ dimers. In humans, Ig heavy chain loci contain 51 VH, 27 DH, 6 JH and 9 CH segments and 
Ig light chain loci contain 40 Vκ, 31 Vλ, 5 Jκ and 4 Jλ segments; TCR loci consist of 54 Vα, 61 
Jα, 67 Vβ, 14 Jβ, 2 Dβ, 14 Vγ, 5 Jγ, 3 Vδ, 3 Jδ and 3 Dδ segments. Roughly, 107 Igs and TCRs 
can be generated by V(D)J recombination. In response to antigens, antigen receptors are 
further diversified by CSR and somatic hypermutation (SHM). In the following section, 
V(D)J recombination and CSR during B cell development will be reviewed. 
B cell development begins in the fetal liver during development and continues in the bone 
marrow shortly after birth. It is a highly ordered process, mediated by cytokines secreted by 
bone marrow stromal cells and lineage-specific transcription factors. In response to 
cytokines such as IL-7, common lymphoid progenitors are committed to B cell lineage. 
Subsequently, cells undergo DH-JH joining at the Ig heavy chain locus and begin expressing 
CD45 (B220) and class II MHC (major histocompatibility complex), which is followed by the 
joining of a V segment to the completed DJH. After successful V(D)J recombination, pro-B 
cells become pre-B cells, which undergo V-J joining on one L chain locus and further 
develop into mature B cells. V(D)J recombination is regulated at three levels: chromatin 
remodelling, DSB generation mediated by lymphoid-specific recombinases (Rag-1/2) and 
recombination via NHEJ and microhomology-mediated end joining (MMEJ, also called 
alternative NHEJ) machinery. 
In eukaryotic cells, DNA is wrapped into a compact chromatic structure, which needs to be 
‘opened’ to allow accessibility for further processing. Increasing evidence in genetically 
modified mouse models shows that covalent histone modifications, such as methylation on 
histone H3 at lysines 4, 9 and 27  (K4, K9 and K27) positions, mediate chromatin 
remodelling and subsequently V(D)J recombination. Enhancer of Zeste 2 (Ezh2) is a 
methyltransferase which trimethylates K27 of histone H3 (H3K27me3). Conditional deletion 
of Ezh2 in B lymphocytes leads to reduced H3K27me3 levels and defective VH-DJH 
recombination at the most distal V segments (Su et al., 2003). Di- and tri-methylation of 
histone H3K4 are also found to be associated with the active segments in V(D)J 
recombination (Liu et al., 2007). Rag-2 binds to H3K4me3 via the PHD motif and mutations 
that abolish the interaction impair V(D)J recombination. In contrast, H3K9me2, a silent 
chromatin mark, inhibits distal VH-DJH recombination (Osipovich et al., 2004), while Pax5, a 
transcriptional factor required for early B cell commitment, regulates the removal of 
H3K9me2 and promotes VH-DJH recombination (Johnson et al., 2004). 
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that abolish the interaction impair V(D)J recombination. In contrast, H3K9me2, a silent 
chromatin mark, inhibits distal VH-DJH recombination (Osipovich et al., 2004), while Pax5, a 
transcriptional factor required for early B cell commitment, regulates the removal of 
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The coding sequences of IgH are separated by recombination signal sequences (RSSs). RSSs 
are conserved heptamers (CACTGTG) and nonamers (GGTTTTTGT) flanking either 12 base 
pairs (bp) or 23±1 bp non-conserved DNA, called the spacer. The recombination of DH to  
JH, VL to JL or VH to DJH occurs only between the 12 bp- and 23 bp-spacers, known as  
12/23 spacer rule. Rag-1 and Rag-2 recognize RSSs and generate DSBs between the 
heptamers and its adjacent coding segment. Rag-1/2 first introduces a nick on one strand 
and then the nicked free coding end attacks the opposite strand, creating a closed hairpin 
structure. Disruption of either Rag-1 or Rag-2 in mice causes severely impaired V(D)J 
recombination, defective B cell development and immunodeficiency (Mombaerts et al., 1992; 
Shinkai et al., 1992). 
The final step of V(D)J recombination involves NHEJ and MMEJ machineries where the two 
coding segments are ligated together. The proteins involved in NHEJ are not all known and 
new proteins are constantly being uncovered. Here, in this section we discuss those that are 
well-studied, including DNA-PK, Artemis endonuclease, and XLF (Xrcc4-like factor, also 
known as Cernunnos)-Xrcc4-DNA ligase IV complex. Deficiency in any of these proteins 
compromises B and/or T cell development. DNA-PK consists of catalytic subunit DNA-
PKcs and regulatory subunits Ku70 and Ku80. As mentioned earlier, DNA-PKcs 
phosphorylates H2AX at DSB to transduce signalling, while Ku70 and Ku80 form a 
heterodimer to process the broken ends. DNA-PKcs deficiency is the main cause of murine 
severe combined immunodeficiency (SCID), where both B and T cells are depleted (Blunt et 
al., 1995). Any defects in Ku protein also impair V(D)J recombination (Gu et al., 1997; 
Taccioli et al., 1993). Artemis is thought to open the closed hairpin at the coding ends 
generated by Rag-1/2. Null mutants of Artemis also give rise to the severe combined 
immunodeficiency (SCID) phenotype (Li et al., 2005). Xrcc4 together with XLF and DNA 
ligase IV ligates the broken ends together. Cells deficient for either Xrcc4, XLF or DNA 
ligase IV are sensitive to γ-irradiation and compromised in V(D)J recombination (Ahnesorg 
et al., 2006; Gao et al., 1998). 
Upon antigen or humoral stimulation, CSR further diversifies antibodies by switching their 
isotypes. Human BCR heavy chain gene contains 9 CH segments: 1 μ (IgM), 1 δ (IgD), 4 γ 
(IgG), 1 ε (IgE) and 2 α (IgA). CSR occurs between two switch (S) regions located upstream 
of each CH segment, except for Cδ; the switch between Cμ (IgM) and Cδ (IgD) is achieved by 
alternate splicing before complete maturation of B cells. Similar to V(D)J recombination, CSR 
also involves DSB generation and NHEJ. DSBs are created by dC deamination, BER and 
MMR machinery within or near S regions. In response to humoral stimulation, activation-
induced cytidine deaminase (AID) deaminates dC resulting in dU bases on both strands of 
two transcriptionally active S regions (Chaudhuri et al., 2003). The dU is excised by the 
uracil DNA glycosylases (UNG) and the resultant abasic site is further cut by 
apurinic/apyrimidinic endonuclease 1/2 (APE-1/2), generating SSBs. Either two adjacent 
SSBs on opposite strands spontaneously lead to one DSB, or the MMR machinery is 
triggered to convert SSB to DSB (Schrader et al., 2007). Deficiency of AID, UNG, APE  or any 
of the MMR components, including Msh2, Msh6, Mlh1, Pms2 and Exo1, leads to  loss or 
reduction of CSR in B cells (Stavnezer et al., 2008). After DSB formation, NHEJ rather than 
HR pathway is activated. Components of classical NHEJ (C-NHEJ) pathway are important 
but not essential for CSR in B cells. Ku70-Ku80 heterodimers bind to the DNA ends and 
recruit necessary proteins to process the DNA ends to facilitate the ligation mediated by 
Xrcc4-DNA ligase IV complex (Nick McElhinny et al., 2000). CSR in Ku70−/− and Ku80−/− B 
cells is nearly ablated (Casellas et al., 1998; Manis et al., 1998). Either Xrcc4 or DNA ligase IV 
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deficiency causes significant reduction in CSR (Soulas-Sprauel et al., 2007; Yan et al., 2007). 
While compatible ends are joined rapidly by canonical NHEJ components, complex lesions 
need substantial processing and are re-ligated slowly. In the later case, ATM, 53BP1 and 
MRM complex cooperate with canonical NHEJ components to mediate end-joining 
recombination. Disruption of ATM (Bredemeyer et al., 2006; Reina-San-Martin et al., 2004), 
53BP1 (Manis et al., 2004) or MRN complex (Kracker et al., 2005) in mice leads to defects in 
either V(D)J recombination or CSR or both. Recent studies in mouse models deficient for 
NHEJ core components revealed a robust alternative NHEJ pathway (A-NHEJ) that utilizes 
microhomology to mediate the end joining in CSR (Soulas-Sprauel et al., 2007; Yan et al., 
2007). A-NHEJ leads to Ig locus deletion and translocation. The molecular mechanisms 
underlying A-NHEJ are not well elucidated so far. 

4.2 Meiosis 
Meiosis is a form of cell division occurring in sexually reproducing organisms by which 
maternal and paternal chromosomes are distributed between cells to generate genetic 
diversity. Prior to meiosis, each chromosome duplicates and creates two sister chromatids, 
which stay connected at the centromere. During meiosis, the homologous chromosomes 
align in parallel and chromosomal crossovers are induced by recombination. DSBs are 
generated by meiosis-specific topoisomerase-like enzyme Spo11 (Keeney et al., 1997), 
together with Mei1. Mice lacking Spo11 or Mei1 fail in the generation of DSBs, leading to 
absence of Rad51 foci, faulty synapsis, meiotic failure and eventually infertility (Baudat et 
al., 2000; Libby et al., 2003; Munroe et al., 2000; Romanienko and Camerini-Otero, 2000). The 
generation of DSB on meiotic chromosomes is not entirely random but occurs preferentially 
on specific chromosomal locations, known as hot spots. Recombination regulator 1 (RCR1) 
and double strand break control 1 (DSBC1) regulate the activities of recombination hot spots 
(Grey et al., 2009; Parvanov et al., 2009). Although the molecular mechanisms underlying 
the selection of hot spots for DSB induction are still under investigation, it has been found 
that high-order chromatin structure could be an important factor (Buard et al., 2009). Of 
particular interest is the methylation of histone H3K4me3 by the methyltransferase Prdm9 
(also known as Meisetz), which is enriched at meiotic recombination hot spots (Baudat et al., 
2010; Borde et al., 2009; Buard et al., 2009). Prdm9 null mice are sterile owing to defective 
chromosome paring and impaired sex body formation (Hayashi et al., 2005; Mihola et al., 
2009). 
Many components of the HR pathway are of particular importance for proper strand 
exchange and meiosis. As mentioned earlier, MRN complex is recruited to the DSBs to 
remove Spo11 and degrade the 5’ of DNA, generating long 3’ ssDNA overhangs. ATM is 
activated by MRN and further amplifies the signaling via phosphorylation of many 
downstream transducers and effectors, such as H2AX and Chk2 (Shiloh, 2003). Finally, 
ubiquitously expressed Rad51 and meiosis-specific Dmc1 recognize and bind to the resected 
3’ ssDNA overhangs and form nucleoprotein filaments, which mediate the search for 
homologous template and subsequent strand exchange. As they are all essential for 
development, disruption of either Rad51 or any component of MRN complex causes 
embryonic lethality (Buis et al., 2008; Luo et al., 1999; Zhu et al., 2001). Loss of ATM in mice 
causes general defects in DSB repair and mislocalization of Rad51 and Dmc1 in 
spermatocytes (Barlow et al., 1996; Barlow et al., 1998). During meiosis, Dmc1−/− germ cells 
arrest at the early zygotene stage due to the failure of homologous chromosome synapsis 
(Yoshida et al., 1998).  
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apurinic/apyrimidinic endonuclease 1/2 (APE-1/2), generating SSBs. Either two adjacent 
SSBs on opposite strands spontaneously lead to one DSB, or the MMR machinery is 
triggered to convert SSB to DSB (Schrader et al., 2007). Deficiency of AID, UNG, APE  or any 
of the MMR components, including Msh2, Msh6, Mlh1, Pms2 and Exo1, leads to  loss or 
reduction of CSR in B cells (Stavnezer et al., 2008). After DSB formation, NHEJ rather than 
HR pathway is activated. Components of classical NHEJ (C-NHEJ) pathway are important 
but not essential for CSR in B cells. Ku70-Ku80 heterodimers bind to the DNA ends and 
recruit necessary proteins to process the DNA ends to facilitate the ligation mediated by 
Xrcc4-DNA ligase IV complex (Nick McElhinny et al., 2000). CSR in Ku70−/− and Ku80−/− B 
cells is nearly ablated (Casellas et al., 1998; Manis et al., 1998). Either Xrcc4 or DNA ligase IV 

 
DNA Repair, Human Diseases and Aging 

 

19 

deficiency causes significant reduction in CSR (Soulas-Sprauel et al., 2007; Yan et al., 2007). 
While compatible ends are joined rapidly by canonical NHEJ components, complex lesions 
need substantial processing and are re-ligated slowly. In the later case, ATM, 53BP1 and 
MRM complex cooperate with canonical NHEJ components to mediate end-joining 
recombination. Disruption of ATM (Bredemeyer et al., 2006; Reina-San-Martin et al., 2004), 
53BP1 (Manis et al., 2004) or MRN complex (Kracker et al., 2005) in mice leads to defects in 
either V(D)J recombination or CSR or both. Recent studies in mouse models deficient for 
NHEJ core components revealed a robust alternative NHEJ pathway (A-NHEJ) that utilizes 
microhomology to mediate the end joining in CSR (Soulas-Sprauel et al., 2007; Yan et al., 
2007). A-NHEJ leads to Ig locus deletion and translocation. The molecular mechanisms 
underlying A-NHEJ are not well elucidated so far. 

4.2 Meiosis 
Meiosis is a form of cell division occurring in sexually reproducing organisms by which 
maternal and paternal chromosomes are distributed between cells to generate genetic 
diversity. Prior to meiosis, each chromosome duplicates and creates two sister chromatids, 
which stay connected at the centromere. During meiosis, the homologous chromosomes 
align in parallel and chromosomal crossovers are induced by recombination. DSBs are 
generated by meiosis-specific topoisomerase-like enzyme Spo11 (Keeney et al., 1997), 
together with Mei1. Mice lacking Spo11 or Mei1 fail in the generation of DSBs, leading to 
absence of Rad51 foci, faulty synapsis, meiotic failure and eventually infertility (Baudat et 
al., 2000; Libby et al., 2003; Munroe et al., 2000; Romanienko and Camerini-Otero, 2000). The 
generation of DSB on meiotic chromosomes is not entirely random but occurs preferentially 
on specific chromosomal locations, known as hot spots. Recombination regulator 1 (RCR1) 
and double strand break control 1 (DSBC1) regulate the activities of recombination hot spots 
(Grey et al., 2009; Parvanov et al., 2009). Although the molecular mechanisms underlying 
the selection of hot spots for DSB induction are still under investigation, it has been found 
that high-order chromatin structure could be an important factor (Buard et al., 2009). Of 
particular interest is the methylation of histone H3K4me3 by the methyltransferase Prdm9 
(also known as Meisetz), which is enriched at meiotic recombination hot spots (Baudat et al., 
2010; Borde et al., 2009; Buard et al., 2009). Prdm9 null mice are sterile owing to defective 
chromosome paring and impaired sex body formation (Hayashi et al., 2005; Mihola et al., 
2009). 
Many components of the HR pathway are of particular importance for proper strand 
exchange and meiosis. As mentioned earlier, MRN complex is recruited to the DSBs to 
remove Spo11 and degrade the 5’ of DNA, generating long 3’ ssDNA overhangs. ATM is 
activated by MRN and further amplifies the signaling via phosphorylation of many 
downstream transducers and effectors, such as H2AX and Chk2 (Shiloh, 2003). Finally, 
ubiquitously expressed Rad51 and meiosis-specific Dmc1 recognize and bind to the resected 
3’ ssDNA overhangs and form nucleoprotein filaments, which mediate the search for 
homologous template and subsequent strand exchange. As they are all essential for 
development, disruption of either Rad51 or any component of MRN complex causes 
embryonic lethality (Buis et al., 2008; Luo et al., 1999; Zhu et al., 2001). Loss of ATM in mice 
causes general defects in DSB repair and mislocalization of Rad51 and Dmc1 in 
spermatocytes (Barlow et al., 1996; Barlow et al., 1998). During meiosis, Dmc1−/− germ cells 
arrest at the early zygotene stage due to the failure of homologous chromosome synapsis 
(Yoshida et al., 1998).  
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In contrast to mitotic recombination in which Rad51-mediated HR utilizes the identical 
sister chromatid as homologous template (reviewed earlier in Section 2.6), Rad51 and Dmc1-
mediated strand invasion prefers the chromatids from the homologous chromosome in 
meiotic recombination. This preference is achieved with the help of other factors such as 
chromosome-associated kinase Mek1, which excludes identical sister chromatid from being 
selected as a homologous template for further meiotic recombination. As a byproduct, this 
generates a heteroduplex DNA (hDNA) if there are heterologies between the two 
homologous chromosomes (maternal and paternal). In this case, MMR pathway is activated 
to repair the hDNA, resulting in either gene conversion (GC) or restoration of original 
sequences (Kramer et al., 1989). Two recombination pathways are employed, i.e. cross-over 
(CO) and non-cross-over (NCO). CO occurs when double Holiday junctions (dHJs), which 
are visualized as chiasmata, are formed and subsequently cut by resolvases. NCO is also 
known as synthesis-dependent strand annealing (SDSA), leading to gene conversion. MMR 
pathways are not only restricted to resolving hDNA because Mlh1−/− mice exhibit defective 
gametogenesis due to reduction of chiasmata, recombination and COs, and deficiency in 
Pms2 leads to disrupted synapsis (Baker et al., 1995; Baker et al., 1996; Edelmann et al., 1996). 
Msh4 and Msh5 are two meiosis-specific homologues of MutS, which interact with Rad51 to 
stabilize the synaptonemal complex (SC) mediated chromosome paring. Targeted mutations 
of Msh4 and Msh5 in mice give rise to meiotic-specific phenotypes, including meiotic arrest 
at zygotene stage and defective synapsis (de Vries et al., 1999; Edelmann et al., 1999; Kneitz 
et al., 2000). Mlh3 and Exo1 null mice are also infertile, attributed to meiotic failure and 
apoptosis (Lipkin et al., 2002; Wei et al., 2003). 

4.3 DNA damage signaling in stem cells 
Recently, it has become apparent that tissue stem cells possess an elaborate DDR to maintain 
organ homeostasis, although the mechanistic details seem to vary greatly between different 
tissues. The DDR in response to radiation exposure has been studied in detail in at least four 
adult stem cell types: epidermal stem cells, hematopoietic stem cells, mammary stem cells 
and intestinal stem cells. By comparing the response of haematopoietic stem cells (HSCs) 
with their differentiated progeny at low doses of IR, it has become clear that different DNA 
repair and signalling mechanisms exist within the stem cell compartment.  Using fetal 
human umbilical cord blood derived HSCs and by comparing them with their more mature 
progenitors, it was found that stem cells had greater level of apoptosis, due to the ASPP1 
protein, and the phenotype could be rescued by the down regulation of p53 (Milyavsky et 
al., 2010). In contrast, when a similar experiment was performed using adult mouse HSCs, 
low doses of IR showed a greater degree of protection in stem cells as compared to their 
differentiated counterparts. The underlying mechanism was proposed to be the increased 
expression of anti-apoptotic Bcl2, Bcl-xl which inhibited p53-mediated cell death, while 
allowing p53-dependent increase in p21 expression (Mohrin et al., 2010). Interestingly, 
quiescent HSCs mostly preferred NHEJ pathway for DNA repair, and as a consequence 
their progeny often showed increased levels of genomic instability due to misrepaired DNA. 
Recent investigations using multipotent hair follicle bulge stem cells (BSC) also revealed that 
BSCs were more resistant to DNA damage-induced cell death as compared to other cells of 
the epidermis (Blanpain and Fuchs, 2009). The underlying mechanism was shown to be the 
increased expression levels of anti-apoptotic Bcl2 and the transient and reduced duration of 
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p53 up regulation. BSCs also displayed accelerated repair by the error-prone NHEJ pathway 
and this result suggested that both HSCs and BSCs show short term survival in the wake of 
DNA damage at the expense of a compromise on their genomic integrity. 
Irradiation experiments have also been performed on intestinal stem cells (ISC) to 
understand their DDR.  The intestinal stem cells are localized at the bottom of the crypt, 
where they proliferate and generate the transit amplifying cells, which divide and migrate 
to the upper part of the crypt. At least two distinct stem cell populations have been isolated 
from the intestine corresponding to the +4 position from the bottom of the crypt, which are 
positive for the stem cell marker Bmi1+ and quiescent and the cycling Lgr5+ fraction located 
in between the paneth cells at the base of the intestinal crypt (Barker et al., 2010). Radiation 
sensitivity experiments have revealed that the quiescent stem cells at the +4 position are 
extremely radiosensitive, followed by the more active Lgr5+ve cells, whereas the rapidly 
cycling transit amplifying cells were the most radioresistant.  Different mechanisms have 
been proposed for the extreme sensitivity of the Bmi1+ve ISCs to DNA damage, such as 
enhanced activation of the p53 pathway, lower expression of anti-apoptotic protein Bcl2. 
However, based on the observation that IR-induced stem cell apoptosis is blocked in 
PUMA-deficient mice, it is accepted that Puma is the main mediator of DDR in ISCs (Qiu et 
al., 2008). The DDR has also been studied in germ stem cells (GSC) since the inability to 
repair DNA damage in the germ line can be extremely dangerous and can directly lead to 
infertility or the transmission of genetic diseases. The main source of DNA damage in the 
germ-line could be from teratogenic chemicals or from normal metabolic activity and ROS 
production. In studies using human male GSCs, it was found that these cells are mostly kept 
in the G0/G1 phase of the cell cycle, and preferentially use NHEJ as their repair of choice. 
On the other hand, the female GSCs are located in the oogonia where the homologous 
chromosomes are close to each other and hence HR is the preferred pathway for DNA repair 
(Forand et al., 2009). Interestingly, in contrast to other stem cell populations, the female 
GSCs do not depend on p53 for their genomic integrity. Instead, TAp63, an isoform of the 
p63 gene, is constitutively expressed in oocytes and is the primary mediator of DDR. 
Consistently, TAp63 deletion in mice results in an increase in oocyte radioresistance (Suh et 
al., 2006). The study of DNA repair in another stem cell type, namely the mammary stem 
cells (MSCs), is clinically very relevant because, mutations in Brca1 and Brca2 are found in a 
majority of patients with hereditary breast cancers, demonstrating the importance of HR in 
preventing the onset of mammary tumors. The MSCs are responsible for the homeostasis of 
the breast tissue, and represent multipotent stem cells that self-renew and differentiate into 
the various lineages. Mouse MSCs are more radioresistant than their differentiated progeny. 
MSCs present less DNA damage and following IR exposure, activate the Wnt/beta-catenin 
pathway and increase the survival of MSCs through the upregulation of survivin, a direct 
Wnt target gene (Woodward et al., 2007). 

5. DNA damage response and human diseases 
Congenital or acquired defects in genes involved in the DDR give rise to disease phenotypes 
such as neurodegeneration, infertility, immune deficiencies, growth retardation, cancer and 
premature aging. In the following sections, human diseases caused due to impaired DDR 
are described in greater detail and summarized in Figure 3 and Table 1. 
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p53 up regulation. BSCs also displayed accelerated repair by the error-prone NHEJ pathway 
and this result suggested that both HSCs and BSCs show short term survival in the wake of 
DNA damage at the expense of a compromise on their genomic integrity. 
Irradiation experiments have also been performed on intestinal stem cells (ISC) to 
understand their DDR.  The intestinal stem cells are localized at the bottom of the crypt, 
where they proliferate and generate the transit amplifying cells, which divide and migrate 
to the upper part of the crypt. At least two distinct stem cell populations have been isolated 
from the intestine corresponding to the +4 position from the bottom of the crypt, which are 
positive for the stem cell marker Bmi1+ and quiescent and the cycling Lgr5+ fraction located 
in between the paneth cells at the base of the intestinal crypt (Barker et al., 2010). Radiation 
sensitivity experiments have revealed that the quiescent stem cells at the +4 position are 
extremely radiosensitive, followed by the more active Lgr5+ve cells, whereas the rapidly 
cycling transit amplifying cells were the most radioresistant.  Different mechanisms have 
been proposed for the extreme sensitivity of the Bmi1+ve ISCs to DNA damage, such as 
enhanced activation of the p53 pathway, lower expression of anti-apoptotic protein Bcl2. 
However, based on the observation that IR-induced stem cell apoptosis is blocked in 
PUMA-deficient mice, it is accepted that Puma is the main mediator of DDR in ISCs (Qiu et 
al., 2008). The DDR has also been studied in germ stem cells (GSC) since the inability to 
repair DNA damage in the germ line can be extremely dangerous and can directly lead to 
infertility or the transmission of genetic diseases. The main source of DNA damage in the 
germ-line could be from teratogenic chemicals or from normal metabolic activity and ROS 
production. In studies using human male GSCs, it was found that these cells are mostly kept 
in the G0/G1 phase of the cell cycle, and preferentially use NHEJ as their repair of choice. 
On the other hand, the female GSCs are located in the oogonia where the homologous 
chromosomes are close to each other and hence HR is the preferred pathway for DNA repair 
(Forand et al., 2009). Interestingly, in contrast to other stem cell populations, the female 
GSCs do not depend on p53 for their genomic integrity. Instead, TAp63, an isoform of the 
p63 gene, is constitutively expressed in oocytes and is the primary mediator of DDR. 
Consistently, TAp63 deletion in mice results in an increase in oocyte radioresistance (Suh et 
al., 2006). The study of DNA repair in another stem cell type, namely the mammary stem 
cells (MSCs), is clinically very relevant because, mutations in Brca1 and Brca2 are found in a 
majority of patients with hereditary breast cancers, demonstrating the importance of HR in 
preventing the onset of mammary tumors. The MSCs are responsible for the homeostasis of 
the breast tissue, and represent multipotent stem cells that self-renew and differentiate into 
the various lineages. Mouse MSCs are more radioresistant than their differentiated progeny. 
MSCs present less DNA damage and following IR exposure, activate the Wnt/beta-catenin 
pathway and increase the survival of MSCs through the upregulation of survivin, a direct 
Wnt target gene (Woodward et al., 2007). 

5. DNA damage response and human diseases 
Congenital or acquired defects in genes involved in the DDR give rise to disease phenotypes 
such as neurodegeneration, infertility, immune deficiencies, growth retardation, cancer and 
premature aging. In the following sections, human diseases caused due to impaired DDR 
are described in greater detail and summarized in Figure 3 and Table 1. 
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Fig. 3. Physiological roles of DDR and disease phenotypes caused by defective DNA repair 

5.1 Neurodegeneration 
The mammalian nervous system is generated through consecutive cycles of proliferation, 
differentiation and maturation that eventually give rise to the various cell types of the brain.  
Two main classes of cells make up the nervous system: the glia and the neurons, and these 
contain many specialized sub-types.  These cells exit the cell cycle, migrate and differentiate 
to form the nervous system.  In general, neurons display high rates of transcription and 
translation which are associated with high rates of mitochondrial and metabolic activity. 
Thus, the neural cells are more susceptible to DNA damage than other adult tissue cell types 
because they face high levels of oxidative and metabolic stress during their life time. The 
DNA damage takes the form of both SSBs and DSBs that have to be efficiently repaired to 
maintain neural homeostasis. Indeed, one of the most commonly observed symptoms in 
both DNA repair-deficient mice and in humans is that of neurodegeneration. This is mainly 
because individuals possessing mutations in DNA repair pathways are incapable of 
handling DNA damage in the neurons, resulting in neuronal cell death that is manifested as 
neurodegeneration (Katyal and McKinnon, 2008).  
The DNA strand breaks in the nervous system may arise due to reactive oxygen species (ROS) 
that arise as a by-product of cellular metabolism. ROS, in turn carries out nucleophilic attack 
on DNA to generate single strand breaks. Due to the high levels of oxygen consumption in the 
brain, ROS levels are very high in the neurons compared to other adult cell types. In fact, tens 
to thousands of SSBs are generated by ROS in neuronal cells, and these constitute the single 
largest source of DNA damage in the nervous system (Katyal and McKinnon, 2008). As 
discussed earlier (Section 3.1), SSBs are efficiently detected by PARP which recruits the 
scaffolding protein XRCC1 so that the DNA lesions can be resolved by enzymes involved in 
DNA processing. Unrepaired SSBs can cause a block in transcription, or replication forks can 
collide with SSBs resulting in DSBs that have to be then repaired by the DSB repair pathway. 
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Human monogenic neurodegenerative defects associated with DDR defects can be broadly 
classified as those associated with DSB repair or SSB repair. Defective DSB repair associated 
neuropathologies include A-T, Nijmegen breakage syndrome (NBS), ATLD (A-T like 
disorder), Seckel syndrome, Primary microcephaly (PM), and the Lig4 syndrome.  In most 
DNA repair-associated syndromes, cerebellum is often the primary target of 
neurodegeneration which then spreads to the remaining parts of the brain. A-T syndrome 
arises as a result of mutations in ATM.  Since cerebellum is mainly responsible for sensory 
motor coordination, individuals with A-T often present with profound ataxia (defective 
motor coordination) and are wheelchair-bound within the first decade of life. The DDR 
pathway in A-T strongly affects the cerebellum and widespread loss of cerebellar purkinje 
cells and granule neurons is seen in A-T brains and is later accompanied by widespread 
cerebral and spinal defects.  Additionally, A-T patients develop other neurological defects 
such as defective eye movement, speech defects (dysarthria) and non-neurological 
symptoms such as the absence or the rudimentary appearance of a thymus, 
immunodeficiency, insulin-resistant diabetes, clinical and cellular radiosensitivity, cell cycle 
checkpoint defects, chromosomal instability and predisposition to lymphoid malignancies 
(Biton et al., 2008). Because of the central role of the MRN complex in the ATM-dependent 
DDR, human syndromes caused by defects in the MRN complex have been regarded as AT-
like disorders. Very similar to AT, NBS is characterized by growth retardation, frequent 
infections, microcephaly (described below), ovarian dysgenesis (defective development), 
primary amenorrhoea and lymphoma predisposition.  However, NBS cells also appear to be 
defective in some aspects of the ATR pathway and exhibit phenotypes like microcephaly 
(described below), not usually seen in A-T patients.  Patients suffering from ATLD (A-T like 
disorder) have hypomorphic mutations of MRE11 and show neurological symptoms very 
similar to A-T such as dysarthria, oculomotor apraxia and ataxia. Interestingly, a cancer 
predisposition phenotype has not been observed with ATLD. Also, in contrast to NBS 
patients, ATLD subjects do not have microcephaly (Katyal and McKinnon, 2008). 
In addition to neurodegeneration, defective DSB repair can cause developmental defects in 
the brain, resulting in the development of a smaller brain, called microcephaly where the 
brain size is at least two standard deviations smaller than the normal brain. This phenotype 
probably arises as a result of brain cell loss due to the inability to cope with DNA damage in 
the developing brain. For example, patients harbouring germ-line mutations in ATR, suffer 
from the Seckel syndrome, an autosomal recessive disorder characterized by severe 
intrauterine growth retardation, profound microcephaly, a ‘bird-like’ facial profile, mental 
retardation and isolated skeletal abnormalities (O'Driscoll et al., 2009). Patients harbouring 
mutations in the centrosomal protein pericentrin also show pronounced microcephaly as a 
result of DNA replication fork defects and defective DNA repair. Patients bearing 
hypomorphic mutations in Lig4, the DNA ligase in the NHEJ pathway also present with 
microcephaly, developmental and growth delay, immunodeficiency and lymphoid 
malignancies. Mutation in another NHEJ protein XLF, causes a disorder called as HIM 
(Human immunodeficiency and microcephaly), primarily characterised by growth delay, 
recurrent infections, autoimmunity and microcephaly (Katyal and McKinnon, 2008). 
Unlike defective DSB pathway, where the associated defects are more wide spread across 
tissues, defective SSB repair pathway often results in phenotypes restricted to the nervous 
system. For example, defective SSB repair pathway result in spinocerebellar ataxia and 
axonal neuropathy (SCAN1) and ataxia with oculomotor apraxia (AOA1), which are caused 
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symptoms such as the absence or the rudimentary appearance of a thymus, 
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checkpoint defects, chromosomal instability and predisposition to lymphoid malignancies 
(Biton et al., 2008). Because of the central role of the MRN complex in the ATM-dependent 
DDR, human syndromes caused by defects in the MRN complex have been regarded as AT-
like disorders. Very similar to AT, NBS is characterized by growth retardation, frequent 
infections, microcephaly (described below), ovarian dysgenesis (defective development), 
primary amenorrhoea and lymphoma predisposition.  However, NBS cells also appear to be 
defective in some aspects of the ATR pathway and exhibit phenotypes like microcephaly 
(described below), not usually seen in A-T patients.  Patients suffering from ATLD (A-T like 
disorder) have hypomorphic mutations of MRE11 and show neurological symptoms very 
similar to A-T such as dysarthria, oculomotor apraxia and ataxia. Interestingly, a cancer 
predisposition phenotype has not been observed with ATLD. Also, in contrast to NBS 
patients, ATLD subjects do not have microcephaly (Katyal and McKinnon, 2008). 
In addition to neurodegeneration, defective DSB repair can cause developmental defects in 
the brain, resulting in the development of a smaller brain, called microcephaly where the 
brain size is at least two standard deviations smaller than the normal brain. This phenotype 
probably arises as a result of brain cell loss due to the inability to cope with DNA damage in 
the developing brain. For example, patients harbouring germ-line mutations in ATR, suffer 
from the Seckel syndrome, an autosomal recessive disorder characterized by severe 
intrauterine growth retardation, profound microcephaly, a ‘bird-like’ facial profile, mental 
retardation and isolated skeletal abnormalities (O'Driscoll et al., 2009). Patients harbouring 
mutations in the centrosomal protein pericentrin also show pronounced microcephaly as a 
result of DNA replication fork defects and defective DNA repair. Patients bearing 
hypomorphic mutations in Lig4, the DNA ligase in the NHEJ pathway also present with 
microcephaly, developmental and growth delay, immunodeficiency and lymphoid 
malignancies. Mutation in another NHEJ protein XLF, causes a disorder called as HIM 
(Human immunodeficiency and microcephaly), primarily characterised by growth delay, 
recurrent infections, autoimmunity and microcephaly (Katyal and McKinnon, 2008). 
Unlike defective DSB pathway, where the associated defects are more wide spread across 
tissues, defective SSB repair pathway often results in phenotypes restricted to the nervous 
system. For example, defective SSB repair pathway result in spinocerebellar ataxia and 
axonal neuropathy (SCAN1) and ataxia with oculomotor apraxia (AOA1), which are caused 
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by  mutations in the 3’-endprocessing enzyme tyrosyl DNA phosphodiesterase 1 (TDP1) 
and the 5’-end-processing enzyme aprataxin (APTX), respectively (McKinnon, 2009).  As 
mentioned earlier, TDP1 is an enzyme involved in the processing of damaged DNA ends, 
such as 3’-phosphoglycolate and 3’ Top1 and other non-ligatable termini generated after 
DNA oxidation, DNA replication and other types of genotoxic stress. APTX, on the other 
hand, is a nucleotide hydrolase that cleaves the 5’ adenylate intermediate prior to sealing the 
nick after the generation of SSB. Similar to A-T patients, SCAN1 and AOA1 patients show 
ataxia, oculomotor apraxia, cerebellar atrophy and dysarthria. Cockayne’s syndrome and 
XP/CS are associated with defects in CSA, CSB, XPB, XPD and is associated with 
neurological symptoms such as microcephaly, progressive neurodegeneration, cerebral and 
cerebellar atrophy and sensorineural deafness (Weidenheim et al., 2009). In another SSR-
associated syndrome called as trichothiodystrophy (TTD), the proteins XPB, XPD, TTDA are 
found defective (Stefanini et al., 2010). This syndrome is associated with cerebral cortex 
microcephaly, hypomyelination and psychomotoric abnormalities. 
Recent studies have also highlighted the role of defective DNA repair in late-onset chronic 
neuropathologies such as Alzheimer’s disease and Parkinson’s disease.  For instance, 
decreased levels of NHEJ factor DNA-PKcs and of MRN proteins and reduced BER capacity 
has been documented in Alzheimer’s disease patients, whereas increased DNA damage 
accumulation has been observed in the substantia nigra neurons, a population of neurons 
often depleted in Parkinson’s disease patients (Katyal and McKinnon, 2008).  

5.2 Infertility 
Human infertility is primarily defined as the inability to conceive after 12 months’ 
intercourse and is often underdiagnosed (Thonneau et al., 1991). However the investigation 
of human infertility is hampered by the fact that defective meiotic recombination usually 
leads to either germ cell arrest or abnormal gametes. Some candidate genes such as PRDM9 
and MEI1 have been found to contain mutations/polymorphisms in patients suffering from 
infertility (Miyamoto et al., 2008; Sato et al., 2006). MSH4 and DMC1 mutations have also 
been found in patients suffering from testis vanishing syndrome and premature ovarian 
failure (Mandon-Pepin et al., 2002). 

5.3 Immune deficiency 
As reviewed earlier in this chapter (Section 4.1), NHEJ machinery is used for V(D)J 
recombination, CSR and SHM in order to generate antigen receptor diversity. Defects in 
DSB generation and NHEJ components usually compromise V(D)J recombination, CSR 
and/or SHM, thereby leading to primary inherited immunodeficiency. Severe combined 
immunodeficiency (SCID) is a severe form of inheritable immunodeficiency. In SCID, both B 
and T adaptive immune systems are impaired and the patients are extremely vulnerable to 
various infectious diseases. Defects in V(D)J recombination usually lead to SCID in humans 
because it is required for both B and T antigen receptor generation. During V(D)J 
recombination, RAG-1 and RAG-2 are responsible for DSB generation and mutations of 
either of them in humans are reported in some cases of SCID (Schwarz et al., 1996; Villa et 
al., 1998; Villa et al., 2001). Recently the first missense mutation of DNA-PKcs was reported 
in a human patient suffering from pronounced immunodeficiency. Strikingly, the mutation 
doesn’t affect the kinase activity of DNA-PKcs but rather compromises the activity of 
Artemis (van der Burg et al., 2009). After DSB generation, Artemis processes the hairpin 
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intermediates for end-joining. Mutations in Artermis arrest B and T cells at very early stage 
in some cases of SCID, owing to the defective V(D)J recombination (Ege et al., 2005; 
Moshous et al., 2001). Hypomorphic mutations of DNA ligase IV have been identified in 
individuals with SCID or combined immunodeficiency (CID) displaying microcephaly and 
delayed growth (Enders et al., 2006; O'Driscoll et al., 2001; Riballo et al., 1999; van der Burg 
et al., 2006). Similarly, patients with XLF mutations develop severe B-T lymphocytopenia, 
microcephaly and growth retardation (Ahnesorg et al., 2006; Buck et al., 2006). 
In addition to the essential components of V(D)J recombination, mutations in other DSB 
repair factors also cause a less profound immunodeficiency characterized by defective 
lymphocyte development and IgG CSR defects. As described earlier (Section 5.1), Ataxia 
telangiectasia (AT) is a progressive genetic disorder caused by mutated ATM and is 
characterized with cerebellar ataxia, oculocutaneous telangiectasia, growth retardation, 
infertility, immunodeficiency and increased carcinogenesis mainly lymphoid tumours 
(Chun and Gatti, 2004). In AT patients, V(D)J recombination is not affected, but both B and T 
lymphocytes are restricted and skewed by diffused oligoclonal expansions (Giovannetti et 
al., 2002). While dispensable for SHM, ATM-deficient cells are compromised in diversifying 
IgM to other classes (Reina-San-Martin et al., 2004). Immunodeficiency is also manifested in 
NBS patients who are found more susceptible to infectious diseases (Digweed and Sperling, 
2004). Similar to ATM, deficiency of either NBS1 or MRE11 doesn’t affect normal V(D)J 
recombination although CSR is impaired (Lahdesmaki et al., 2004; van Engelen et al., 2001). 

5.4 Cancer 
Loss of genomic integrity and accumulation of mutations is a fundamental property of 
cancerous cells. In that context, the DDR influences cancer progression in multiple ways, as 
discussed below. 

5.4.1 DNA repair defect and familial cancers 
The concept that cancers could be acquired by DNA repair defects was first obtained by the 
study of patients suffering from familial hereditary cancers. Xeroderma pigmentosa (XP) 
was one of the first of many human cancers discovered to be acquired due to defective DNA 
repair (Cleaver, 2005). XP patients are defective in the NER of UV-induced DNA damage 
and have a 1000-fold greater risk of developing skin cancers and a 100,000 fold greater risk 
for developing squamous cell carcinoma of the tip of the tongue when compared to the 
general population. HNPCC (Hereditary non-polyposis colon cancer, also called as Lynch 
syndrome) is another inherited cancer syndrome where patients show an increased 
susceptibility to colon cancers. While the adenoma to carcinoma progression requires 8-10 
years in the general population, this process is accelerated to 2-3 years in HNPCC patients. 
The majority of HNPCC cases result from germ-line mutations in genes encoding for the 
MMR proteins MSH2 and MLH1 (Fishel et al., 1993; Leach et al., 1993). Mutations in two 
other MMR genes MSH6 and PMS2 were also detected in a small proportion of cases. The 
resulting inability to detect and repair mismatches can lead to mutations of genes possessing 
microsatellite repeats in their sequences, causing a phenotype referred to as microsatellite 
instability. In addition to hereditary cases, MMR defects have also been detected in about 
15% of sporadic gastric, endometrial and colon tumors owing to promoter 
hypermethylation and the consequent silencing of MLH1. In many of the tumors showing 
MMR defects and microsatellite instability, it is likely that hundreds of genes are 



 
DNA Repair and Human Health 

 

24

by  mutations in the 3’-endprocessing enzyme tyrosyl DNA phosphodiesterase 1 (TDP1) 
and the 5’-end-processing enzyme aprataxin (APTX), respectively (McKinnon, 2009).  As 
mentioned earlier, TDP1 is an enzyme involved in the processing of damaged DNA ends, 
such as 3’-phosphoglycolate and 3’ Top1 and other non-ligatable termini generated after 
DNA oxidation, DNA replication and other types of genotoxic stress. APTX, on the other 
hand, is a nucleotide hydrolase that cleaves the 5’ adenylate intermediate prior to sealing the 
nick after the generation of SSB. Similar to A-T patients, SCAN1 and AOA1 patients show 
ataxia, oculomotor apraxia, cerebellar atrophy and dysarthria. Cockayne’s syndrome and 
XP/CS are associated with defects in CSA, CSB, XPB, XPD and is associated with 
neurological symptoms such as microcephaly, progressive neurodegeneration, cerebral and 
cerebellar atrophy and sensorineural deafness (Weidenheim et al., 2009). In another SSR-
associated syndrome called as trichothiodystrophy (TTD), the proteins XPB, XPD, TTDA are 
found defective (Stefanini et al., 2010). This syndrome is associated with cerebral cortex 
microcephaly, hypomyelination and psychomotoric abnormalities. 
Recent studies have also highlighted the role of defective DNA repair in late-onset chronic 
neuropathologies such as Alzheimer’s disease and Parkinson’s disease.  For instance, 
decreased levels of NHEJ factor DNA-PKcs and of MRN proteins and reduced BER capacity 
has been documented in Alzheimer’s disease patients, whereas increased DNA damage 
accumulation has been observed in the substantia nigra neurons, a population of neurons 
often depleted in Parkinson’s disease patients (Katyal and McKinnon, 2008).  

5.2 Infertility 
Human infertility is primarily defined as the inability to conceive after 12 months’ 
intercourse and is often underdiagnosed (Thonneau et al., 1991). However the investigation 
of human infertility is hampered by the fact that defective meiotic recombination usually 
leads to either germ cell arrest or abnormal gametes. Some candidate genes such as PRDM9 
and MEI1 have been found to contain mutations/polymorphisms in patients suffering from 
infertility (Miyamoto et al., 2008; Sato et al., 2006). MSH4 and DMC1 mutations have also 
been found in patients suffering from testis vanishing syndrome and premature ovarian 
failure (Mandon-Pepin et al., 2002). 

5.3 Immune deficiency 
As reviewed earlier in this chapter (Section 4.1), NHEJ machinery is used for V(D)J 
recombination, CSR and SHM in order to generate antigen receptor diversity. Defects in 
DSB generation and NHEJ components usually compromise V(D)J recombination, CSR 
and/or SHM, thereby leading to primary inherited immunodeficiency. Severe combined 
immunodeficiency (SCID) is a severe form of inheritable immunodeficiency. In SCID, both B 
and T adaptive immune systems are impaired and the patients are extremely vulnerable to 
various infectious diseases. Defects in V(D)J recombination usually lead to SCID in humans 
because it is required for both B and T antigen receptor generation. During V(D)J 
recombination, RAG-1 and RAG-2 are responsible for DSB generation and mutations of 
either of them in humans are reported in some cases of SCID (Schwarz et al., 1996; Villa et 
al., 1998; Villa et al., 2001). Recently the first missense mutation of DNA-PKcs was reported 
in a human patient suffering from pronounced immunodeficiency. Strikingly, the mutation 
doesn’t affect the kinase activity of DNA-PKcs but rather compromises the activity of 
Artemis (van der Burg et al., 2009). After DSB generation, Artemis processes the hairpin 

 
DNA Repair, Human Diseases and Aging 

 

25 

intermediates for end-joining. Mutations in Artermis arrest B and T cells at very early stage 
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hypermethylation and the consequent silencing of MLH1. In many of the tumors showing 
MMR defects and microsatellite instability, it is likely that hundreds of genes are 



 
DNA Repair and Human Health 

 

26

concomitantly mutated and some of them such as the commonly studied type II TGF-β 
receptor may confer a proliferative advantage to incipient cancer cells and drive tumor 
progression. Another example is hereditary MYH-associated polyposis, in which biallelic 
germ-line mutations in MYH, a BER gene, result in increased GC to TA transversion and 
predisposition to colon cancer (Al-Tassan et al., 2002).  Defective DSB repair attributed to 
germ-line transmission of mutant BRCA1 and BRCA2 alleles also confer enhanced 
susceptibility to breast and ovarian cancers. It is estimated that about 70-80% of all familial 
ovarian cancers is due to germ-line transmission of BRCA1 or BRCA2 (Scully and 
Livingston, 2000). Germ-line mutations in DNA repair genes NBS1, ATM, Werner syndrome 
helicase (WRN), Bloom syndrome helicase (BLM), RecQ protein-like 4 helicase (RECQL4) has 
also been linked to increased tumor susceptibility. Mutations in p53 are present in cancer-
prone families with Li-Fraumeni syndrome (Brown et al., 2009). As discussed in section 2.5, 
mutations in 14 FANC genes have been identified in Fanconi anaemia, which is an 
autosomal recessive hereditary disorder characterized by progressive bone marrow failure, 
congenital developmental abnormalities, and early onset of cancers such as acute 
myelogenous leukemia (AML) and squamous cell carcinomas of the head and neck. 
Together, these observations support the ‘mutator hypothesis’ which postulates that 
inherited defects in DDR contribute to the ‘mutator’ phenotype and increased mutation rate 
in many malignancies which might allow tumor cell survival and proliferation. 

5.4.2 DDR and sporadic cancers 
Apart from inherited mutations in proteins involved in DNA repair, recent large scale 
genome sequencing of cancer genomes have also identified mutational inactivation of 
components of the DDR machinery in sporadic cancers. Of these, mutations that perturb p53 
functions, often in its DNA binding domain, or defects in p53’s upstream or downstream 
regulatory network have been identified in more than half of all human cancer samples. 
Recently, coding sequences of about 20,000 genes in carcinomas of the colon, breast, 
pancreas and glioblastomas were sequenced. In these sequencing studies representing 68 
cancers in the discovery screen and 221 cancers in the follow-up validation screen, one of the 
most frequently mutated gene was Cockayne syndrome B (CSB), found mutated in 6 cancers 
(Sequencing data compiled by Negrini et al, 2010 (Negrini et al., 2010)). Four genes involved 
in the DSB repair pathway, BRCA1, BRCA2, MRE11 and PRDKC (gene encoding DNA-PKcs) 
were each mutated in two cancers and one mutation each in the genes encoding FANCA, 
FANCG and FANCM, PABL2, WRN, XRCC 1, XPB, XPF. XPG, RAD23A was identified. In a 
more controlled study involving the analysis of a limited set of DNA repair and cell cycle 
checkpoint genes in 188 lung adenocarcinomas and 91 glioblastomas, the NHEJ mutation in 
PRDKC and mismatch repair gene MSH6 were each mutated in six and four cases 
respectively. The HR repair genes BRCA2, BAP1 and BARD1 were mutated in two cases 
each. Mutations in ATM were also identified in a few cases of lung adenocarcinomas. 
Notably, although large scale genome sequencing projects identified mutations in the genes 
involved in DNA repair, such mutations were detected only in a small proportion of human 
cancers (Negrini et al., 2010). 

5.4.3 DDR and oncogene-induced senescence 
An alternative model has been proposed that postulates that DDR, in fact, acts as a barrier to 
cellular transformation in the early stages of tumor progression by preventing the 
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accumulation of mutations in the face of activated oncogenes (Bartek et al., 2007). According 
to this idea, the first hallmark to be acquired in sporadic cancer might be activated growth 
factor signalling owing to mutations in oncogenes and loss of tumor suppressor genes 
(Negrini et al., 2010). This results in an increased cell proliferation rate which generates a 
DNA replication stress, as shown for several oncogenes like Ras, Myc, Stat3 and E2FF1 
(Bartkova et al., 2006). DNA replication stress, in turn, creates a high level of DNA damage, 
which results in the persistent activation of the DDR in the form of activated ATM/ATR 
signalling cascade causing cell death or senescence of incipient cancer cells. The senescence 
pathway evoked by oncogenes upon hyper-activation is now commonly referred to as the 
oncogene-induced senescence and is recognised as an important barrier to tumor 
progression (Gorgoulis and Halazonetis, 2010). Consistent with this idea, human lung, skin 
and colon precancerous lesions, show both apoptosis and senescence at the early stages of 
tumor development, whereas these processes are actively suppressed during cancer 
progression. Endogenous oncogenic K-Ras (K-Ras G12V) was shown to trigger senescence 
during the early stages of lung and pancreatic tumorigenesis. Melanocyte senescence has 
also been associated with the presence of oncogenic BRAFV60E, an oncogenic form of BRAF, 
in vivo (Michaloglou et al., 2005). Similarly, human prostate intraepithelial neoplasia (PIN) 
lesions and premalignant human colon adenomas display features of cellular senescence. 
Loss of the tumor suppressor neurofibromin 1 (NF 1), a Ras GTPase-activating protein that 
negatively regulates Ras, also leads to cellular senescence. By sharp contrast, senescence was 
absent in the corresponding malignant stages of human lung adenocarcinomas, pancreatic 
ductal adenocarcinomas, prostate adenocarcinoma and melanomas, suggesting that 
senescence acts as a barrier to tumor development. It is proposed that breaches to this anti-
cancer barrier, arising due to mutational or epigenetic inactivation of DDR components help 
in the evasion of senescence and are subsequently selected for during tumor development. 

5.4.4 DDR in cancer stem cells 
Gaining a better understanding of the role of DDR in cancer cells is also important from a 
standpoint of therapy, since most chemotherapeutic compounds are DNA damaging agents. 
Many human cancers including leukemia, glioblastoma, breast and skin cancers contain a 
small proportion of cells which are functionally similar to tissue-stem cells, but have 
aberrant self-renewal and differentiation characteristics and these have been called as cancer 
stem cells (CSCs) (Clarke and Fuller, 2006). Recent studies have suggested that CSCs are 
responsible for disease progression and tumor relapse after therapy, since they may take 
advantage of the DNA repair systems used by tissue-stem cells to achieve resistance to 
chemotherapy/radiotherapy (Blanpain et al., 2011). Here, we discuss three instances where 
the DDR has been demonstrated to have an effect on the outcome of cancer therapy. In the 
first case, the CSCs of leukemias, which exist in both acute myeloid leukemia (AML) and 
chronic myelogenous leukemia (CML) have been shown to be more resistant to cancer 
therapies as compared to the bulk of the leukemia cells. Leukemia CSCs have been shown to 
use protective mechanisms similar to HSCs, such as cell cycle quiescence, and DDR 
mechanisms to escape chemotherapy. For example, p53-dependent induction of p21 and the 
resulting growth arrest has been found to be critical in protecting adult HSCs from IR 
(Mohrin et al., 2010)  and CSCs from leukemia co-opt similar protective mechanisms to 
evade apoptosis and during chemotherapy (Viale et al., 2009). There is also evidence that 
CSCs isolated from breast cancers (CD44 high, CD24 low cells) show resistance to 
chemo/and or radiotherapy.  Transcriptional profiling of murine mammary CSCs also 
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concomitantly mutated and some of them such as the commonly studied type II TGF-β 
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prone families with Li-Fraumeni syndrome (Brown et al., 2009). As discussed in section 2.5, 
mutations in 14 FANC genes have been identified in Fanconi anaemia, which is an 
autosomal recessive hereditary disorder characterized by progressive bone marrow failure, 
congenital developmental abnormalities, and early onset of cancers such as acute 
myelogenous leukemia (AML) and squamous cell carcinomas of the head and neck. 
Together, these observations support the ‘mutator hypothesis’ which postulates that 
inherited defects in DDR contribute to the ‘mutator’ phenotype and increased mutation rate 
in many malignancies which might allow tumor cell survival and proliferation. 

5.4.2 DDR and sporadic cancers 
Apart from inherited mutations in proteins involved in DNA repair, recent large scale 
genome sequencing of cancer genomes have also identified mutational inactivation of 
components of the DDR machinery in sporadic cancers. Of these, mutations that perturb p53 
functions, often in its DNA binding domain, or defects in p53’s upstream or downstream 
regulatory network have been identified in more than half of all human cancer samples. 
Recently, coding sequences of about 20,000 genes in carcinomas of the colon, breast, 
pancreas and glioblastomas were sequenced. In these sequencing studies representing 68 
cancers in the discovery screen and 221 cancers in the follow-up validation screen, one of the 
most frequently mutated gene was Cockayne syndrome B (CSB), found mutated in 6 cancers 
(Sequencing data compiled by Negrini et al, 2010 (Negrini et al., 2010)). Four genes involved 
in the DSB repair pathway, BRCA1, BRCA2, MRE11 and PRDKC (gene encoding DNA-PKcs) 
were each mutated in two cancers and one mutation each in the genes encoding FANCA, 
FANCG and FANCM, PABL2, WRN, XRCC 1, XPB, XPF. XPG, RAD23A was identified. In a 
more controlled study involving the analysis of a limited set of DNA repair and cell cycle 
checkpoint genes in 188 lung adenocarcinomas and 91 glioblastomas, the NHEJ mutation in 
PRDKC and mismatch repair gene MSH6 were each mutated in six and four cases 
respectively. The HR repair genes BRCA2, BAP1 and BARD1 were mutated in two cases 
each. Mutations in ATM were also identified in a few cases of lung adenocarcinomas. 
Notably, although large scale genome sequencing projects identified mutations in the genes 
involved in DNA repair, such mutations were detected only in a small proportion of human 
cancers (Negrini et al., 2010). 

5.4.3 DDR and oncogene-induced senescence 
An alternative model has been proposed that postulates that DDR, in fact, acts as a barrier to 
cellular transformation in the early stages of tumor progression by preventing the 
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accumulation of mutations in the face of activated oncogenes (Bartek et al., 2007). According 
to this idea, the first hallmark to be acquired in sporadic cancer might be activated growth 
factor signalling owing to mutations in oncogenes and loss of tumor suppressor genes 
(Negrini et al., 2010). This results in an increased cell proliferation rate which generates a 
DNA replication stress, as shown for several oncogenes like Ras, Myc, Stat3 and E2FF1 
(Bartkova et al., 2006). DNA replication stress, in turn, creates a high level of DNA damage, 
which results in the persistent activation of the DDR in the form of activated ATM/ATR 
signalling cascade causing cell death or senescence of incipient cancer cells. The senescence 
pathway evoked by oncogenes upon hyper-activation is now commonly referred to as the 
oncogene-induced senescence and is recognised as an important barrier to tumor 
progression (Gorgoulis and Halazonetis, 2010). Consistent with this idea, human lung, skin 
and colon precancerous lesions, show both apoptosis and senescence at the early stages of 
tumor development, whereas these processes are actively suppressed during cancer 
progression. Endogenous oncogenic K-Ras (K-Ras G12V) was shown to trigger senescence 
during the early stages of lung and pancreatic tumorigenesis. Melanocyte senescence has 
also been associated with the presence of oncogenic BRAFV60E, an oncogenic form of BRAF, 
in vivo (Michaloglou et al., 2005). Similarly, human prostate intraepithelial neoplasia (PIN) 
lesions and premalignant human colon adenomas display features of cellular senescence. 
Loss of the tumor suppressor neurofibromin 1 (NF 1), a Ras GTPase-activating protein that 
negatively regulates Ras, also leads to cellular senescence. By sharp contrast, senescence was 
absent in the corresponding malignant stages of human lung adenocarcinomas, pancreatic 
ductal adenocarcinomas, prostate adenocarcinoma and melanomas, suggesting that 
senescence acts as a barrier to tumor development. It is proposed that breaches to this anti-
cancer barrier, arising due to mutational or epigenetic inactivation of DDR components help 
in the evasion of senescence and are subsequently selected for during tumor development. 

5.4.4 DDR in cancer stem cells 
Gaining a better understanding of the role of DDR in cancer cells is also important from a 
standpoint of therapy, since most chemotherapeutic compounds are DNA damaging agents. 
Many human cancers including leukemia, glioblastoma, breast and skin cancers contain a 
small proportion of cells which are functionally similar to tissue-stem cells, but have 
aberrant self-renewal and differentiation characteristics and these have been called as cancer 
stem cells (CSCs) (Clarke and Fuller, 2006). Recent studies have suggested that CSCs are 
responsible for disease progression and tumor relapse after therapy, since they may take 
advantage of the DNA repair systems used by tissue-stem cells to achieve resistance to 
chemotherapy/radiotherapy (Blanpain et al., 2011). Here, we discuss three instances where 
the DDR has been demonstrated to have an effect on the outcome of cancer therapy. In the 
first case, the CSCs of leukemias, which exist in both acute myeloid leukemia (AML) and 
chronic myelogenous leukemia (CML) have been shown to be more resistant to cancer 
therapies as compared to the bulk of the leukemia cells. Leukemia CSCs have been shown to 
use protective mechanisms similar to HSCs, such as cell cycle quiescence, and DDR 
mechanisms to escape chemotherapy. For example, p53-dependent induction of p21 and the 
resulting growth arrest has been found to be critical in protecting adult HSCs from IR 
(Mohrin et al., 2010)  and CSCs from leukemia co-opt similar protective mechanisms to 
evade apoptosis and during chemotherapy (Viale et al., 2009). There is also evidence that 
CSCs isolated from breast cancers (CD44 high, CD24 low cells) show resistance to 
chemo/and or radiotherapy.  Transcriptional profiling of murine mammary CSCs also 
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showed increased expression of several DDR and DNA repair genes (Zhang et al., 2008), 
suggesting that mammary gland CSCs may also be more resistant to therapy. Indeed, a 
comparison of tumor biopsies before and after neoadjuvant chemotherapy showed 
increased proportion of CSCs following chemotherapy. One possible mechanism seems to 
be that like normal mammary stem cells, CSCs from mammary gland have increased levels 
of genes regulating free radical scavenging systems, like those of glutathione metabolism 
(Diehn et al., 2009). Lastly, glioblastoma multiforme (GBM) represents the most aggressive 
form of brain tumor and CSCs are isolated from these tumors based on the expression of 
prominin (CD133-positive cells).  Upon irradiation, the proportion of CD133+ cells 
increased, suggesting that CSCs may be responsible for tumor relapse after radiotherapy 
(Bao et al., 2006). It was found that CSCs from GBM exhibited a more robust activation of 
DNA damage checkpoint and increased phosphorylation of ATM, Chk1 and Chk2 were 
observed in the CSCs as compared to the non-CSC counterparts. Consistently, treatment 
with Chk1/Chk2 inhibitors sensitized the CSC to IR-induced cell death. 

6. DNA repair and aging 
Aging involves a gradual deterioration of several physiological functions, resulting in the 
reduced capacity to repair injured organs, increased propensity to infections, cancer 
predisposition and decreased fecundity (DiGiovanna, 2000; Partridge and Mangel, 1999). 
Many hypotheses have been proposed to understand the underlying mechanisms of the 
aging process, and these include the disease theory, free radical theory and DNA damage 
accumulation theory. In this section, we only discuss evidences that support the relationship 
between DNA damage accumulation and aging, a concept proposed more than half century 
ago by Leo Szilard (Szilard, 1959). Throughout the life-span, cells are constantly exposed to 
different endogenous or exogenous conditions that lead to DNA lesions which trigger DNA 
damage checkpoint response and DNA repair signalling. The accumulation of 
unrepaired/unrepairable DNA damage within cells leads to a sustained DNA damage 
checkpoint response and induces a state called cellular senescence, wherein cells 
permanently exit from the cell cycle. Consistent with this idea, it has been documented that 
DNA damage in the form of DSB-specific foci containing γ-H2AX accumulate in senescent 
human cells, germ and somatic cells of aged mice, and in dermal fibroblasts from aged 
primates (Maslov and Vijg, 2009). Mouse models harbouring deficiency in DNA repair 
proteins, such as ATM, Ku70, Ku80, DNA ligase IV or Ercc1 also  show premature aging 
phenotypes, providing  evidence of a direct correlation between impaired DDR and 
premature aging (Hasty, 2005; Hoeijmakers, 2009). 
So far, the relationship between DNA damage accumulation and aging has gained 
maximum credibility through studies conducted on various human progeria syndromes. 
Progeria syndromes are genetic disorders where patients precociously develop features 
resembling natural aging. Interestingly, most of the reported progeria syndromes, including 
Werner syndrome (WS), Bloom’s syndrome (BS), Rothmund-Thomson syndrome (RTS), 
Cockayne syndrome type A and type B (CSA and CSB), Xeroderma pigmentosum (XP), 
Trichothiodystrophy (TTD) and Hutchinson-Gilford progeria syndrome (HGPS) were 
caused by mutations of genes that were directly or indirectly involved in DNA repair 
pathways. WS, BS and RTS are associated with defects in RecQ helicases, i.e. RECQL2 
(WRN), RECQL3 (BLM) and RECQL4 respectively, whereas CS, XP and TTD shared similar 
defects in NER pathway. RecQ helicases are a group of highly conserved proteins from 
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bacteria to humans. The roles of RecQ helicases in DNA metabolism, including DNA 
replication (Lebel et al., 1999), transcription (Balajee et al., 1999), repair (Cooper et al., 2000; 
Li and Comai, 2000) and recombination, have been extensively investigated and are 
demonstrated to be the underlying pathological basis of WS, BS and RTS. Most recently, 
delayed DNA damage checkpoint response and defective DNA repair were found to 
contribute to the progeria phenotypes in HGPS as well (Liu et al., 2005). 
Since WS closely resembles physiological aging, WS cells have been the subject of intense 
investigation to understand the biology and molecular mechanism of normal aging. WS is 
an autosomal recessive genetic disorder of “progeria in adulthood”, affecting about 10 in 
one million (Multani and Chang, 2007). Patients suffering from WS are usually born healthy, 
with obvious growth retardation from the second decade and other ageing-related features, 
including short stature, premature cataract, beaked nose, skin atrophy and alopecia, loss of 
adipose tissues, type II diabetes, osteoporosis, arteriosclerosis, hypogonadism and 
predisposition to cancer. WS patients typically die of early onset cardiovascular diseases or 
neoplasia in the fourth decade of life and have an average life expectancy of 47 years. Skin 
fibroblasts cultured from affected individuals develop accelerated senescence with increased 
chromosome aberrations (Melcher et al., 2000; Salk et al., 1981). By positional cloning, WRN 
was firstly linked to WS (Yu et al., 1996). Before the identification of LMNA mutations  
(see below) in atypical WS, WRN was the only protein implicated in WS. WRN belongs to 
the family of RecQ helicases, and is the only member with a specific exonuclease domain 
within the N-terminus (Gray et al., 1997; Huang et al., 1998). Physiological and functional 
interactions between WRN and other proteins suggest that it has crucial roles in  
DNA replication and repair. WRN interacts with proteins required for DNA replication, 
such as RPA (Brosh et al., 1999), PCNA (Lebel et al., 1999), FEN1 (Brosh et al., 2001) and 
DNA polymerase (Polδ) (Kamath-Loeb et al., 2001). Studies from Lebel and colleagues 
(1999) indicated that WRN was involved in restoration of stalled replication forks. WRN 
also interacts with heterodimer of Ku70-Ku80, which is involved in NHEJ pathway, 
indicating its potential role in regulating DSB repair (Cooper et al., 2000; Li and Comai, 
2000). WRN also plays an important role in maintaining telomere integrity. It has been 
reported that WRN associates with three of the six members of telomere complex, including 
telomeric repeat binding factor 1/2 (TRF1/2) and POT1, to modulate exonuclease and 
helicase activities of WRN during telomeric metabolism (Machwe et al., 2004; Multani and 
Chang, 2007). Recently, lamin A/C mutations (A57P, R133L, L140R, and E578V) were also 
reported in autosomal dominant atypical WS where patients presented with more severe 
phenotypes compared to those associated with WRN (Chen et al., 2003; Csoka et al., 2004; 
Fukuchi et al., 2004).  
Bloom’s syndrome is another rare genetic disease characterized by dwarfism, sun-induced 
erythaema, type II diabetes, narrow face and prominent ears, infertility, benign and 
malignant tumors. Deaths usually result from neoplasia before the age of 30. RecQ helicase 
BLM is associated with BS, which is shown to be capable of regulating HR. Upon DNA 
damage, BLM forms discrete nucleoplasmic foci that co-localize with RAD51 as well as 
BRCA1-associated genome surveillance complex (BASC) containing BRCA1, MLH1, MRN 
complex and ATM in mammalian cells (Hickson, 2003). BLM is also involved in the correct 
localization and activation of topoisomerase IIIα (Wu et al., 2000). Deletion of Blm in mice 
results in early embryonic death by E13.5. Blm mutant embryos show growth retardation 
and Blm−/− ES cells have an elevated HR between sister chromatids (Chester et al., 1998; 
Guo et al., 2004). Goss et al (Goss et al., 2002) showed that haploinsufficiency of Blm caused 
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showed increased expression of several DDR and DNA repair genes (Zhang et al., 2008), 
suggesting that mammary gland CSCs may also be more resistant to therapy. Indeed, a 
comparison of tumor biopsies before and after neoadjuvant chemotherapy showed 
increased proportion of CSCs following chemotherapy. One possible mechanism seems to 
be that like normal mammary stem cells, CSCs from mammary gland have increased levels 
of genes regulating free radical scavenging systems, like those of glutathione metabolism 
(Diehn et al., 2009). Lastly, glioblastoma multiforme (GBM) represents the most aggressive 
form of brain tumor and CSCs are isolated from these tumors based on the expression of 
prominin (CD133-positive cells).  Upon irradiation, the proportion of CD133+ cells 
increased, suggesting that CSCs may be responsible for tumor relapse after radiotherapy 
(Bao et al., 2006). It was found that CSCs from GBM exhibited a more robust activation of 
DNA damage checkpoint and increased phosphorylation of ATM, Chk1 and Chk2 were 
observed in the CSCs as compared to the non-CSC counterparts. Consistently, treatment 
with Chk1/Chk2 inhibitors sensitized the CSC to IR-induced cell death. 
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predisposition and decreased fecundity (DiGiovanna, 2000; Partridge and Mangel, 1999). 
Many hypotheses have been proposed to understand the underlying mechanisms of the 
aging process, and these include the disease theory, free radical theory and DNA damage 
accumulation theory. In this section, we only discuss evidences that support the relationship 
between DNA damage accumulation and aging, a concept proposed more than half century 
ago by Leo Szilard (Szilard, 1959). Throughout the life-span, cells are constantly exposed to 
different endogenous or exogenous conditions that lead to DNA lesions which trigger DNA 
damage checkpoint response and DNA repair signalling. The accumulation of 
unrepaired/unrepairable DNA damage within cells leads to a sustained DNA damage 
checkpoint response and induces a state called cellular senescence, wherein cells 
permanently exit from the cell cycle. Consistent with this idea, it has been documented that 
DNA damage in the form of DSB-specific foci containing γ-H2AX accumulate in senescent 
human cells, germ and somatic cells of aged mice, and in dermal fibroblasts from aged 
primates (Maslov and Vijg, 2009). Mouse models harbouring deficiency in DNA repair 
proteins, such as ATM, Ku70, Ku80, DNA ligase IV or Ercc1 also  show premature aging 
phenotypes, providing  evidence of a direct correlation between impaired DDR and 
premature aging (Hasty, 2005; Hoeijmakers, 2009). 
So far, the relationship between DNA damage accumulation and aging has gained 
maximum credibility through studies conducted on various human progeria syndromes. 
Progeria syndromes are genetic disorders where patients precociously develop features 
resembling natural aging. Interestingly, most of the reported progeria syndromes, including 
Werner syndrome (WS), Bloom’s syndrome (BS), Rothmund-Thomson syndrome (RTS), 
Cockayne syndrome type A and type B (CSA and CSB), Xeroderma pigmentosum (XP), 
Trichothiodystrophy (TTD) and Hutchinson-Gilford progeria syndrome (HGPS) were 
caused by mutations of genes that were directly or indirectly involved in DNA repair 
pathways. WS, BS and RTS are associated with defects in RecQ helicases, i.e. RECQL2 
(WRN), RECQL3 (BLM) and RECQL4 respectively, whereas CS, XP and TTD shared similar 
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bacteria to humans. The roles of RecQ helicases in DNA metabolism, including DNA 
replication (Lebel et al., 1999), transcription (Balajee et al., 1999), repair (Cooper et al., 2000; 
Li and Comai, 2000) and recombination, have been extensively investigated and are 
demonstrated to be the underlying pathological basis of WS, BS and RTS. Most recently, 
delayed DNA damage checkpoint response and defective DNA repair were found to 
contribute to the progeria phenotypes in HGPS as well (Liu et al., 2005). 
Since WS closely resembles physiological aging, WS cells have been the subject of intense 
investigation to understand the biology and molecular mechanism of normal aging. WS is 
an autosomal recessive genetic disorder of “progeria in adulthood”, affecting about 10 in 
one million (Multani and Chang, 2007). Patients suffering from WS are usually born healthy, 
with obvious growth retardation from the second decade and other ageing-related features, 
including short stature, premature cataract, beaked nose, skin atrophy and alopecia, loss of 
adipose tissues, type II diabetes, osteoporosis, arteriosclerosis, hypogonadism and 
predisposition to cancer. WS patients typically die of early onset cardiovascular diseases or 
neoplasia in the fourth decade of life and have an average life expectancy of 47 years. Skin 
fibroblasts cultured from affected individuals develop accelerated senescence with increased 
chromosome aberrations (Melcher et al., 2000; Salk et al., 1981). By positional cloning, WRN 
was firstly linked to WS (Yu et al., 1996). Before the identification of LMNA mutations  
(see below) in atypical WS, WRN was the only protein implicated in WS. WRN belongs to 
the family of RecQ helicases, and is the only member with a specific exonuclease domain 
within the N-terminus (Gray et al., 1997; Huang et al., 1998). Physiological and functional 
interactions between WRN and other proteins suggest that it has crucial roles in  
DNA replication and repair. WRN interacts with proteins required for DNA replication, 
such as RPA (Brosh et al., 1999), PCNA (Lebel et al., 1999), FEN1 (Brosh et al., 2001) and 
DNA polymerase (Polδ) (Kamath-Loeb et al., 2001). Studies from Lebel and colleagues 
(1999) indicated that WRN was involved in restoration of stalled replication forks. WRN 
also interacts with heterodimer of Ku70-Ku80, which is involved in NHEJ pathway, 
indicating its potential role in regulating DSB repair (Cooper et al., 2000; Li and Comai, 
2000). WRN also plays an important role in maintaining telomere integrity. It has been 
reported that WRN associates with three of the six members of telomere complex, including 
telomeric repeat binding factor 1/2 (TRF1/2) and POT1, to modulate exonuclease and 
helicase activities of WRN during telomeric metabolism (Machwe et al., 2004; Multani and 
Chang, 2007). Recently, lamin A/C mutations (A57P, R133L, L140R, and E578V) were also 
reported in autosomal dominant atypical WS where patients presented with more severe 
phenotypes compared to those associated with WRN (Chen et al., 2003; Csoka et al., 2004; 
Fukuchi et al., 2004).  
Bloom’s syndrome is another rare genetic disease characterized by dwarfism, sun-induced 
erythaema, type II diabetes, narrow face and prominent ears, infertility, benign and 
malignant tumors. Deaths usually result from neoplasia before the age of 30. RecQ helicase 
BLM is associated with BS, which is shown to be capable of regulating HR. Upon DNA 
damage, BLM forms discrete nucleoplasmic foci that co-localize with RAD51 as well as 
BRCA1-associated genome surveillance complex (BASC) containing BRCA1, MLH1, MRN 
complex and ATM in mammalian cells (Hickson, 2003). BLM is also involved in the correct 
localization and activation of topoisomerase IIIα (Wu et al., 2000). Deletion of Blm in mice 
results in early embryonic death by E13.5. Blm mutant embryos show growth retardation 
and Blm−/− ES cells have an elevated HR between sister chromatids (Chester et al., 1998; 
Guo et al., 2004). Goss et al (Goss et al., 2002) showed that haploinsufficiency of Blm caused 
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early development of lymphoma. In another example involving the XPF-XRCC1 
endonuclease, a patient bearing a severe XPF mutation presented with dramatic progeroid 
symptoms. A mouse model for this mutation was generated and expression data from this 
mouse indicated a shift towards reduced growth hormone/insulin-like growth factor 1 
(IGF1) signalling, a known regulator of lifespan. It was proposed that DNA damage 
accumulation re-allocates resources from growth to life extension by suppressing the 
somatotroph axis (Niedernhofer et al., 2006). 
Hutchinson-Gilford progeria syndrome (HGPS) is an extremely rare severe genetic disorder 
of early onset premature aging, also referred to as “progeria in childhood”. The prevalence 
is one out of 8 million. So far only about 100 patients have been reported, mainly in western 
world. Patients with HGPS can only survive for 12-16 years with a mean age of 13.4 years 
and are clinically characterized with early growth retardation, short stature, lipodystrophy, 
alopecia, stiff joints, osteolysis, dilated cardiomyopathy and atherosclerosis (Hennekam, 
2006; Pollex and Hegele, 2004). A recurrent, de novo, dominant point mutation (1824 CT) of 
LMNA gene was identified to be responsible for about 76% reported cases of HGPS. This 
mutation (G608G) activates a cryptic splicing donor signal in exon 11, leading to 150 
nucleotides deletion in mutant transcript and a 50-residue truncation in lamin A protein 
(Eriksson et al., 2003; Reddel and Weiss, 2004). The 50-residue truncation in lamin A 
removes the second proteolytic cleavage site of ZMPSTE24 but leaving the  CAAX motif 
unaffected. A detailed study demonstrated that the mutant allele only expressed about 80% 
transcripts of total lamin A from the same allele and ~40% of total lamin A from both alleles 
(Reddel and Weiss, 2004). Studies in HGPS cells and mice lacking Zmpste24, a 
metalloprotease processing prelamin A to its mature form, reveal that accumulation of 
progerin and unprocessed prelamin A leads to either delayed or reduced recruitment of 
necessary DNA repair proteins, such as 53BP1 and Rad51 to sites of double strand breaks 
(Liu et al., 2005). 
Cockayne syndrome is an autosomal recessive disorder with growth retardation, skin 
atrophy, sparse hair, cataract, neural system deterioration, but without cancer susceptibility. 
As described earlier (section 3.3), Cockayne syndrome proteins are involved in TCR.  
 

Human Syndrome Mutated 
Gene Phenotypes 

Disrupted 
DNA repair 

pathway 
Ataxia Telangiectasia 
(AT) 

ATM Cerebellar ataxia, telangiectases, oculomotor 
apraxia, predisposition to lymphoid 
malignancies, leukemias, immune defects, 
dilated blood vessel, infertility, metabolic 
defects, growth defects  

DSB repair, 
DNA damage 
signalling 

Ataxia Telangiectasia-
like disorder (A-TLD) 

MRE11 Ataxia, oculomotor apraxia, 
immunodeficiency 

DSB repair, 
DNA damage 
signalling 

Nijmegan break 
syndrome (NBS) 

NBS1 Microcephaly, immunodeficiency, growth 
defects, mental retardation, B cell 
lymphoma, facial dysmorphism 

DSB repair, 
DNA damage 
signalling 

NBS-like syndrome RAD50 Microcephaly, facial dysmorphism, growth 
defects 

DSB repair, 
DNA damage 
signalling 
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Human Syndrome Mutated 
Gene Phenotypes 

Disrupted 
DNA repair 

pathway 
RIDDLE syndrome RNF168 Radiosensitivity,immunodeficiency, 

dysmorphic features and learning 
difficulties 

DSB repair, 
DNA damage 
signalling 

Primary 
microcephaly 1 

MCPH1/BR
IT1 

Microcephaly and mental retardation DSB repair, 
DNA damage 
signalling 

Seckel Syndrome ATR, 
PCTN, 
SCKL2, 
SCKL3 

Severe intrauterine growth retardation, 
profound microcephaly, a ‘bird-like’ facial 
profile, mental retardation and isolated 
skeletal abnormalities dysmorphic facial 
features 

DSB repair, 
DNA damage 
signalling 

Restrictive 
dermopathy (RD) 

LMNA, 
ZMPSTE24

Tight adherent skin, joint contractures and 
respiratory insufficiency, features of 
progeroid syndromes and premature death 
during gestation 

DSB repair 

Hutchinson-Gilford 
progeria syndrome 

LMNA Progeria (early growth retardation, short 
stature, lipodystrophy, alopecia, stiff joints, 
osteolysis, dilated cardiomyopathy and 
atherosclerosis) 

DSB repair, 
DNA damage 
signalling 

Li-Fraumeni syndrome TP53 Brain, breast cancer, sarcomas,   leukemias, 
melanomas and gastrointestinal cancers 

DNA damage 
signalling 

Xeroderma 
pigmentosum 

XPA-XPG, 
POL H 

Skin cancer, photosensitivity, 
neurodegeneration and microcephaly 

NER 

Trichothiodystrophy XPB, XPD, 
TTDA 

Neurodegeneration, hypomyelination, 
progeria (cachexia, cataracts, osteoporosis), 
microcephaly, and psychomotoric 
abnormalities. 

NER 

Cockayne syndrome CSA, CSB, 
XPB, 
XPD,XPG 

Microcephaly, neurodegeneration, neuronal 
demyelination, microcephaly, progeria (skin 
atrophy, sparse hair cachexia, cataracts, 
hearing loss, retinopathy), photosensitivity, 
growth defects 

NER 

Cerebro-oculo-facio-
skeletal (COFS) 
syndrome 

XPD, XPG, 
CSB, 
ERCC1 

Neuronal demyelination and 
dysmyelination, brain calcification, 
microcephaly, neurodegeneration, progeria 
(cataracts, hearing loss, retinopathy), 
photosensitivity, growth defects and facial 
dysmorphism  

NER 

Ataxia with 
oculomotor apraxia 1 
(AOA1) 

APTX Ataxia, neurodegeneration, oculomotor 
apraxia, hypercolesterolemia and dysarthria

SSB repair 

Spinocerebeller ataxia 
with axonal 
neuropathy (SCAN1) 

TDP1 Ataxia, oculomotor apraxia, cerebellar 
atrophy, dysarthria, hypercholesterolemia, 
muscle weakness, sensory neuropathy 

SSB repair 

Immunodeficiency 
with microcephaly  

XLF Growth delay, recurrent infections, 
autoimmunity, hypoglobulinemia, 
lymphopenia and microcephaly 

NHEJ 
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early development of lymphoma. In another example involving the XPF-XRCC1 
endonuclease, a patient bearing a severe XPF mutation presented with dramatic progeroid 
symptoms. A mouse model for this mutation was generated and expression data from this 
mouse indicated a shift towards reduced growth hormone/insulin-like growth factor 1 
(IGF1) signalling, a known regulator of lifespan. It was proposed that DNA damage 
accumulation re-allocates resources from growth to life extension by suppressing the 
somatotroph axis (Niedernhofer et al., 2006). 
Hutchinson-Gilford progeria syndrome (HGPS) is an extremely rare severe genetic disorder 
of early onset premature aging, also referred to as “progeria in childhood”. The prevalence 
is one out of 8 million. So far only about 100 patients have been reported, mainly in western 
world. Patients with HGPS can only survive for 12-16 years with a mean age of 13.4 years 
and are clinically characterized with early growth retardation, short stature, lipodystrophy, 
alopecia, stiff joints, osteolysis, dilated cardiomyopathy and atherosclerosis (Hennekam, 
2006; Pollex and Hegele, 2004). A recurrent, de novo, dominant point mutation (1824 CT) of 
LMNA gene was identified to be responsible for about 76% reported cases of HGPS. This 
mutation (G608G) activates a cryptic splicing donor signal in exon 11, leading to 150 
nucleotides deletion in mutant transcript and a 50-residue truncation in lamin A protein 
(Eriksson et al., 2003; Reddel and Weiss, 2004). The 50-residue truncation in lamin A 
removes the second proteolytic cleavage site of ZMPSTE24 but leaving the  CAAX motif 
unaffected. A detailed study demonstrated that the mutant allele only expressed about 80% 
transcripts of total lamin A from the same allele and ~40% of total lamin A from both alleles 
(Reddel and Weiss, 2004). Studies in HGPS cells and mice lacking Zmpste24, a 
metalloprotease processing prelamin A to its mature form, reveal that accumulation of 
progerin and unprocessed prelamin A leads to either delayed or reduced recruitment of 
necessary DNA repair proteins, such as 53BP1 and Rad51 to sites of double strand breaks 
(Liu et al., 2005). 
Cockayne syndrome is an autosomal recessive disorder with growth retardation, skin 
atrophy, sparse hair, cataract, neural system deterioration, but without cancer susceptibility. 
As described earlier (section 3.3), Cockayne syndrome proteins are involved in TCR.  
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Human Syndrome Mutated 
Gene Phenotypes 

Disrupted 
DNA repair 

pathway 
RIDDLE syndrome RNF168 Radiosensitivity,immunodeficiency, 

dysmorphic features and learning 
difficulties 

DSB repair, 
DNA damage 
signalling 

Primary 
microcephaly 1 

MCPH1/BR
IT1 

Microcephaly and mental retardation DSB repair, 
DNA damage 
signalling 

Seckel Syndrome ATR, 
PCTN, 
SCKL2, 
SCKL3 

Severe intrauterine growth retardation, 
profound microcephaly, a ‘bird-like’ facial 
profile, mental retardation and isolated 
skeletal abnormalities dysmorphic facial 
features 

DSB repair, 
DNA damage 
signalling 

Restrictive 
dermopathy (RD) 

LMNA, 
ZMPSTE24

Tight adherent skin, joint contractures and 
respiratory insufficiency, features of 
progeroid syndromes and premature death 
during gestation 

DSB repair 

Hutchinson-Gilford 
progeria syndrome 

LMNA Progeria (early growth retardation, short 
stature, lipodystrophy, alopecia, stiff joints, 
osteolysis, dilated cardiomyopathy and 
atherosclerosis) 

DSB repair, 
DNA damage 
signalling 

Li-Fraumeni syndrome TP53 Brain, breast cancer, sarcomas,   leukemias, 
melanomas and gastrointestinal cancers 

DNA damage 
signalling 

Xeroderma 
pigmentosum 

XPA-XPG, 
POL H 

Skin cancer, photosensitivity, 
neurodegeneration and microcephaly 

NER 

Trichothiodystrophy XPB, XPD, 
TTDA 

Neurodegeneration, hypomyelination, 
progeria (cachexia, cataracts, osteoporosis), 
microcephaly, and psychomotoric 
abnormalities. 

NER 

Cockayne syndrome CSA, CSB, 
XPB, 
XPD,XPG 

Microcephaly, neurodegeneration, neuronal 
demyelination, microcephaly, progeria (skin 
atrophy, sparse hair cachexia, cataracts, 
hearing loss, retinopathy), photosensitivity, 
growth defects 

NER 

Cerebro-oculo-facio-
skeletal (COFS) 
syndrome 

XPD, XPG, 
CSB, 
ERCC1 

Neuronal demyelination and 
dysmyelination, brain calcification, 
microcephaly, neurodegeneration, progeria 
(cataracts, hearing loss, retinopathy), 
photosensitivity, growth defects and facial 
dysmorphism  

NER 

Ataxia with 
oculomotor apraxia 1 
(AOA1) 

APTX Ataxia, neurodegeneration, oculomotor 
apraxia, hypercolesterolemia and dysarthria

SSB repair 

Spinocerebeller ataxia 
with axonal 
neuropathy (SCAN1) 

TDP1 Ataxia, oculomotor apraxia, cerebellar 
atrophy, dysarthria, hypercholesterolemia, 
muscle weakness, sensory neuropathy 
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Immunodeficiency 
with microcephaly  

XLF Growth delay, recurrent infections, 
autoimmunity, hypoglobulinemia, 
lymphopenia and microcephaly 

NHEJ 
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Human Syndrome Mutated 
Gene Phenotypes 

Disrupted 
DNA repair 

pathway 
Ligase IV syndrome LIG4 Microcephaly, developmental and growth 

delay, immunodeficiency 
(Aggamaglobulinemia, lymphopenia) and 
lymphoid malignancies 

NHEJ 

Radiosensitive  severe 
combined 
immunodeficiency 
(RS-SCID) 

ARTEMIS Aggamaglobulinemia, lymphopenia, 
growth defects 

NHEJ 

Severe combined 
immunodeficiency 
(SCID) 

RAG1, 
RAG2 

Aggamaglobulinemia, lymphopenia, 
growth defects 

NHEJ 

Bloom syndrome BLM Microcephaly, short stature, dysmorphic 
feature, elevated predisposition to all 
cancers, mild/moderate mental retardation, 
immunoglobulin deficiency, infertility, 
growth defects 

HR 

Werner syndrome WRN Premature aging (short stature, premature 
cataract, beaked nose, skin atrophy and 
alopecia, loss of adipose tissues) type II 
diabetes, osteoporosis, arteriosclerosis, 
hypogonadism and predisposition to cancer

HR, BER, 
telomere 
maintenance 

Rothmund Thomson  
syndrome (RTS) 

RECQL4 Stunted growth, premature aging (cataracts, 
grey hair), osteosarcomas, skin cancers, skin 
and skeletal abnormalities 

BER 

Early onset breast 
cancer 

BRCA1 Breast and ovarian cancer HR 

Early onset breast 
cancer 

BRCA2 Breast and ovarian cancer, increased 
predisposition to prostrate, gastric, 
pancreatic cancers and melanoma 

HR 

Fanconi anemia FANCA-
FANCL, 
BRCA2 
(FANCD1) 

Congenital abnormalities, pancytopenia, 
microcephaly, AML, myelodysplasia, 
squamous cell carcinoma of head and neck, 
abnormal skin pigmentation, infertility, 
limb deformities, renal dysfunction 

ICL repair 
and HR 

Hereditary non-
polyposis colorectal 
cancer (HNPCC) 

MSH2, 
MSH3, 
MSH6, 
MLH1, 
PMS2 

Colon and gynaecological cancers MMR 

Dyskeratosis 
congenita (DKC) 

DKC1, 
TERC 

Progeria (progressive bone marrow failure, 
pancytopenia, growth defects, 
osteoporosis), abnormal skin pigmentation, 
microcephaly, mental retardation  
carcinomas 

Telomere 
maintenance 

Table 1. Human diseases and syndromes caused by defective DNA repair 
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7. Conclusions and future directions 
Much of our current understanding of mammalian DNA damage signalling, checkpoint and 
repair is based on elegant experiments done using yeast and Xenopus as models. During the 
past decade, greater insights into the mechanism/regulation of the DDR were obtained 
using mouse models and human congenital disorders. It is now clear that the DDR pathway 
is critical for both repairing DNA lesions arising from genotoxic stress, as well as for several 
developmental processes like VDJ recombination, CSR, SHM and meiosis. Through 
extensive studies conducted in mouse models and human syndromes, it is now known that 
the principle phenotypes manifested in diseases associated with defective DNA repair are 
immunodeficiency, infertility, growth retardation, neurodegeneration, microcephaly, 
increased cancer predisposition and premature aging. Even so, some caveats in our 
knowledge exist that need further research. The molecular basis for certain phenotypes 
associated with DNA repair-related human diseases are not clear. For example, the learning 
difficulty in RIDDLE patients harbouring mutations in RNF168, skeletal abnormalities in 
ATR-defective Seckel syndrome and Fanconi anemia patients or insulin resistance and 
glucose intolerance in ATM-defective patients are some of the phenotypes not fully 
understood. Perhaps, some of these outcomes are related to tissue-specific novel effectors of 
the DDR pathway, and future studies are required in this direction. In this regard, it is really 
interesting that some unexpected substrates of the ATM/ATR pathway were uncovered in 
an unbiased genome-wide proteomic screen and studies on these substrates are likely to 
shed light on how the DRR can profoundly influence certain tissue-specific phenotypes. 
Likewise, recent studies have revealed an amazing complexity in the DDR pathway of stem 
cells and it seems the mechanistic details of how tissue stem cells respond to DNA damage 
vary between different stem cells populations. Since tissue stem cells have a critical role in 
the maintenance of organ homeostasis, any disruption in the genomic integrity of stem cells 
is likely to elicit diseased states such neurodegeneration, cancer or premature aging, or other 
specific phenotypes depending on the stem cell from the tissue of origin. In this context, 
further studies are clearly required to gain a total understanding of the genome maintenance 
pathways in stem cells. 
Apart from providing an in-depth understanding of human diseases, understanding the 
complexity of the DDR pathway has been harnessed for therapeutic benefit against certain 
cancer subtypes. The proposed rationale is that the DNA repair pathways and their 
downstream cellular components have undergone genetic alterations in cancer cells 
resulting in drug resistance. Hence abrogating or modulating the DDR through the use of 
DDR inhibitors can sensitize cancer cells to chemotherapy (Al-Ejeh et al., 2010). The most 
successful example in support of this concept has been the use of PARP inhibitors to 
sensitize Brca-deficient tumors to chemotherapy by about 1000 fold due to excessive DSBs 
generated as a result of compromised HR (Bryant et al., 2005). The idea being that the 
enzyme PARP-1 binds SSBs and BER intermediates to facilitate these repair processes. But in 
HR-defective Brca1 or Brca2 tumors, PARP inhibitors become particularly toxic due to the 
accumulation of unrepaired DSBs, while PARP inhibition remains nontoxic to normal cells, 
due to availability of backup mechanisms. PARP inhibitors are currently undergoing clinical 
trials in Brca-deficient breast and ovarian cancers. Along similar lines, Chk1 inhibition 
sensitizes p53-deficient tumors to DNA damaging agents better than p53-wild type cells. 
Thus, both DNA damaging therapies and DDR-inhibitor therapies can be tailored to the 
needs of each patient, based on the genetic alteration detected in their tumors. 
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Human Syndrome Mutated 
Gene Phenotypes 

Disrupted 
DNA repair 

pathway 
Ligase IV syndrome LIG4 Microcephaly, developmental and growth 

delay, immunodeficiency 
(Aggamaglobulinemia, lymphopenia) and 
lymphoid malignancies 

NHEJ 

Radiosensitive  severe 
combined 
immunodeficiency 
(RS-SCID) 

ARTEMIS Aggamaglobulinemia, lymphopenia, 
growth defects 

NHEJ 

Severe combined 
immunodeficiency 
(SCID) 

RAG1, 
RAG2 

Aggamaglobulinemia, lymphopenia, 
growth defects 

NHEJ 

Bloom syndrome BLM Microcephaly, short stature, dysmorphic 
feature, elevated predisposition to all 
cancers, mild/moderate mental retardation, 
immunoglobulin deficiency, infertility, 
growth defects 

HR 

Werner syndrome WRN Premature aging (short stature, premature 
cataract, beaked nose, skin atrophy and 
alopecia, loss of adipose tissues) type II 
diabetes, osteoporosis, arteriosclerosis, 
hypogonadism and predisposition to cancer

HR, BER, 
telomere 
maintenance 

Rothmund Thomson  
syndrome (RTS) 

RECQL4 Stunted growth, premature aging (cataracts, 
grey hair), osteosarcomas, skin cancers, skin 
and skeletal abnormalities 

BER 

Early onset breast 
cancer 

BRCA1 Breast and ovarian cancer HR 

Early onset breast 
cancer 

BRCA2 Breast and ovarian cancer, increased 
predisposition to prostrate, gastric, 
pancreatic cancers and melanoma 

HR 

Fanconi anemia FANCA-
FANCL, 
BRCA2 
(FANCD1) 

Congenital abnormalities, pancytopenia, 
microcephaly, AML, myelodysplasia, 
squamous cell carcinoma of head and neck, 
abnormal skin pigmentation, infertility, 
limb deformities, renal dysfunction 

ICL repair 
and HR 

Hereditary non-
polyposis colorectal 
cancer (HNPCC) 

MSH2, 
MSH3, 
MSH6, 
MLH1, 
PMS2 

Colon and gynaecological cancers MMR 

Dyskeratosis 
congenita (DKC) 

DKC1, 
TERC 

Progeria (progressive bone marrow failure, 
pancytopenia, growth defects, 
osteoporosis), abnormal skin pigmentation, 
microcephaly, mental retardation  
carcinomas 

Telomere 
maintenance 

Table 1. Human diseases and syndromes caused by defective DNA repair 
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7. Conclusions and future directions 
Much of our current understanding of mammalian DNA damage signalling, checkpoint and 
repair is based on elegant experiments done using yeast and Xenopus as models. During the 
past decade, greater insights into the mechanism/regulation of the DDR were obtained 
using mouse models and human congenital disorders. It is now clear that the DDR pathway 
is critical for both repairing DNA lesions arising from genotoxic stress, as well as for several 
developmental processes like VDJ recombination, CSR, SHM and meiosis. Through 
extensive studies conducted in mouse models and human syndromes, it is now known that 
the principle phenotypes manifested in diseases associated with defective DNA repair are 
immunodeficiency, infertility, growth retardation, neurodegeneration, microcephaly, 
increased cancer predisposition and premature aging. Even so, some caveats in our 
knowledge exist that need further research. The molecular basis for certain phenotypes 
associated with DNA repair-related human diseases are not clear. For example, the learning 
difficulty in RIDDLE patients harbouring mutations in RNF168, skeletal abnormalities in 
ATR-defective Seckel syndrome and Fanconi anemia patients or insulin resistance and 
glucose intolerance in ATM-defective patients are some of the phenotypes not fully 
understood. Perhaps, some of these outcomes are related to tissue-specific novel effectors of 
the DDR pathway, and future studies are required in this direction. In this regard, it is really 
interesting that some unexpected substrates of the ATM/ATR pathway were uncovered in 
an unbiased genome-wide proteomic screen and studies on these substrates are likely to 
shed light on how the DRR can profoundly influence certain tissue-specific phenotypes. 
Likewise, recent studies have revealed an amazing complexity in the DDR pathway of stem 
cells and it seems the mechanistic details of how tissue stem cells respond to DNA damage 
vary between different stem cells populations. Since tissue stem cells have a critical role in 
the maintenance of organ homeostasis, any disruption in the genomic integrity of stem cells 
is likely to elicit diseased states such neurodegeneration, cancer or premature aging, or other 
specific phenotypes depending on the stem cell from the tissue of origin. In this context, 
further studies are clearly required to gain a total understanding of the genome maintenance 
pathways in stem cells. 
Apart from providing an in-depth understanding of human diseases, understanding the 
complexity of the DDR pathway has been harnessed for therapeutic benefit against certain 
cancer subtypes. The proposed rationale is that the DNA repair pathways and their 
downstream cellular components have undergone genetic alterations in cancer cells 
resulting in drug resistance. Hence abrogating or modulating the DDR through the use of 
DDR inhibitors can sensitize cancer cells to chemotherapy (Al-Ejeh et al., 2010). The most 
successful example in support of this concept has been the use of PARP inhibitors to 
sensitize Brca-deficient tumors to chemotherapy by about 1000 fold due to excessive DSBs 
generated as a result of compromised HR (Bryant et al., 2005). The idea being that the 
enzyme PARP-1 binds SSBs and BER intermediates to facilitate these repair processes. But in 
HR-defective Brca1 or Brca2 tumors, PARP inhibitors become particularly toxic due to the 
accumulation of unrepaired DSBs, while PARP inhibition remains nontoxic to normal cells, 
due to availability of backup mechanisms. PARP inhibitors are currently undergoing clinical 
trials in Brca-deficient breast and ovarian cancers. Along similar lines, Chk1 inhibition 
sensitizes p53-deficient tumors to DNA damaging agents better than p53-wild type cells. 
Thus, both DNA damaging therapies and DDR-inhibitor therapies can be tailored to the 
needs of each patient, based on the genetic alteration detected in their tumors. 
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In conclusion, great strides have been made towards understanding the DDR and its 
regulation in the past decade. We now have a detailed understanding of how exactly normal 
cells maintain their genomic integrity when faced with DNA damaging agents. It is now 
known that the DDR network is critical for several important physiological processes and 
for human health as evident by the growing list of human syndromes known to be 
associated with defective DNA repair. The real future challenge lies in developing a more 
thorough understanding of the functioning and regulation of DDR across various cell/tissue 
types and then harnessing this knowledge to develop therapeutics for the better 
management of human health or, perhaps, even extend life span. 
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In conclusion, great strides have been made towards understanding the DDR and its 
regulation in the past decade. We now have a detailed understanding of how exactly normal 
cells maintain their genomic integrity when faced with DNA damaging agents. It is now 
known that the DDR network is critical for several important physiological processes and 
for human health as evident by the growing list of human syndromes known to be 
associated with defective DNA repair. The real future challenge lies in developing a more 
thorough understanding of the functioning and regulation of DDR across various cell/tissue 
types and then harnessing this knowledge to develop therapeutics for the better 
management of human health or, perhaps, even extend life span. 
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1. Introduction       
Living organisms are constantly subjected to DNA damage whether it originates from 
intrinsic physiological processes or extrinsic stressors. Of the various types of DNA damage, 
double strand breaks (DSBs) are the most dangerous since if left unrepaired they can lead to 
either cell death or genomic instability. For this reason cells have evolved an arsenal of 
signaling and repair proteins involved in DNA double strand break sensing and repair as 
well as downstream physiological responses such as apoptosis or cell cycle arrest. DSBs can 
be generated by reactive oxygen species which are produced during normal metabolism.  
DSB formation and repair also occurs during the tightly regulated physiological processes of 
gametogenesis, V(D)J recombination of T- and B-cell receptors and antibody diversification 
during class switch recombination (CSR). In addition, DSBs can be caused by external agents 
such as ionizing radiation or chemotherapeutic agents such as etoposide.  The importance of 
DSB signaling and repair is underscored by the many human diseases and syndromes 
caused by the mutation of genes coding for DNA damage response (DDR) proteins. The 
study of knockout mouse models for DDR genes has also furthered our understanding of 
the role of these proteins in DSB repair and in normal physiology. In this chapter, DSB 
signaling and repair are reviewed. In addition, an overview of the human diseases 
associated with mutations of DSB signaling and repair proteins is given. Finally, the impact 
of mouse models on our understanding of DSB signaling and repair and its physiological 
roles is discussed.   

2. Signaling at DNA double strand breaks 
2.1 Sensing the DNA double strand breaks 
When DSBs are generated they are initially recognized by either the Ku70/Ku80 
heterodimer, the Mre11-Rad50-NBS1 (MRN) complex or members of the PARP (PARP1/2) 
family of proteins (Ciccia & Elledge, 2010). The role of these protein sensors is to bind to and 
tether the DNA ends, thereby preventing further breakage as well as to recruit additional 
proteins that are required for DSB signaling and repair. The first group of proteins to be 
recruited to DSBs after initial sensing of the breaks belongs to the phosphatidylinositol-3-
kinase-like protein kinases family. These include ATM (ataxia-telangiectasia mutated), ATR 
(ATM and Rad3-related) and the catalytic subunit of DNA-PK known as DNA-PKcs. While 
ATM and DNA-PK respond only to DSBs, ATR also responds to single strand DNA breaks.  
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Ku70/80 recruits DNA-PKcs to DSBs where it promotes DNA repair by non-homologous 
end joining whereas both PARP1/2 and the MRN complex lead to the recruitment of ATM 
which promotes homologous recombination. The MRN complex is recruited to DSBs in both 
a PARP1/2 dependent and independent manner (Ciccia & Elledge, 2010). ATM is a central 
component of the cellular response to DSBs and is predicted to have several hundred 
downstream targets many of which play a role in the DNA damage response (Matsuoka et 
al, 2007). Under normal conditions ATM is in a homodimeric form. Following DNA 
damage, it becomes autophosphorylated at Ser1981 and dissociates into its monomeric form 
and binds the damaged DNA (Bakkenist & Kastan, 2003). There, it leads to the 
phosphorylation of many downstream targets involved in the DSB response. The 
phosphorylation of ATM at Ser1981 and its initial binding to DSBs depend upon the MRN 
complex. MRN consists of three different proteins Mre11, NBS1 and Rad50. Mre11 is a DNA 
nuclease that interacts with both Rad50 and NBS1 as well as with other Mre11 molecules to 
form dimers. When paired with the other components of the MRN complex, Mre11 can have 
both double strand DNA exonuclease activity and single strand DNA endonuclease activity 
(D'Amours & Jackson, 2002). In addition, Mre11 has two DNA binding sites and intrinsic 
DNA binding activity. Rad50 is a protein that bears homology to the structural maintenance 
of chromosome (SMC) family. It is an ATPase and is needed for tethering of DNA ends 
together during the process of DNA repair.  NBS1 has a fork-head-associated (FHA) domain 
and two BRCT (BRCA1-tandem repeats) domains at its N-terminus which are used to 
recognize phospho-threonine and phospho-serine residues respectively in Ser-X-Thr 
motifs. These domains allow RAD50 to interact with several DNA damage signaling 
proteins following DSB formation. NBS1 also contains a nuclear localization signal (NLS) 
that allows the translocation of the MRN complex into the nucleus following DNA 
damage (Lamarche et al, 2010). NBS1 interacts with ATM thereby leading to its 
recruitment to DSBs. There, ATM is involved in one of the very early response to the 
formation of DSBs, mainly the phosphorylation of histone variant H2AX on Ser139 to 
form γ-H2AX (Figure 1). This phosphorylation can extend over a megabase of DNA from 
the site of DSBs (Modesti & Kanaar, 2001). The formation of γ-H2AX at the sites of DSBs is 
key for the recruitment of many effector proteins to the break sites including the 
regulators of cell cycle checkpoint and DNA repair 53BP1, BRCA1 and Rad51 (Bohgaki et 
al, 2010). The accumulation of γ-H2AX and other DNA damage signaling and repair 
proteins at the sites of ionizing-radiation induced breaks leads to the formation of 
microscopically distinct foci known as IR-induced nuclear foci (IRIFs) which can be used 
experimentally to study IR-induced DNA damage signaling and repair. The ability of 
H2AX to recruit DNA damage proteins under normal physiological conditions is 
hampered by its constitutive phosphorylation at Tyr142 by William's syndrome 
transcription factor (WSTF). This phosphorylation suppresses the ability of H2AX to 
recruit downstream signaling and effectors of the DNA damage response to the breaks. 
However, following DNA damage Tyr142 residue is dephosphorylated by the EYA 
protein phosphatases (Cook et al, 2009). γ-H2AX recruits MDC1, a mediator of the DNA 
damage response that functions as an adaptor to recruit downstream effector proteins to 
the break sites. MDC1 has two BRCT domains at its C-terminus and one FHA domain at 
its N-terminus that allow it to recognize and interact with other DNA damage response 
proteins (Stewart et al, 2003). The BRCT domains of MDC1 can recognize phosphorylation 
sites and were shown to mediate MDC1 binding to γ-H2AX.   
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Fig. 1. DNA double strand break signaling 

This interaction occurs specifically between the BRCT domain of MDC1 and the Ser139 
phosphoylation site of γ-H2AX located at the C-terminus of this protein. MDC1 also 
interacts with ATM and is phosphorylated by it at its FHA domain (Goldberg et al, 2003; 
Stewart et al, 2003). Four potential consensus TQFX sites for ATM phosphorylation have 
been found and two sites, T719 and T752, were confirmed to be phosphorylated by ATM 
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Ku70/80 recruits DNA-PKcs to DSBs where it promotes DNA repair by non-homologous 
end joining whereas both PARP1/2 and the MRN complex lead to the recruitment of ATM 
which promotes homologous recombination. The MRN complex is recruited to DSBs in both 
a PARP1/2 dependent and independent manner (Ciccia & Elledge, 2010). ATM is a central 
component of the cellular response to DSBs and is predicted to have several hundred 
downstream targets many of which play a role in the DNA damage response (Matsuoka et 
al, 2007). Under normal conditions ATM is in a homodimeric form. Following DNA 
damage, it becomes autophosphorylated at Ser1981 and dissociates into its monomeric form 
and binds the damaged DNA (Bakkenist & Kastan, 2003). There, it leads to the 
phosphorylation of many downstream targets involved in the DSB response. The 
phosphorylation of ATM at Ser1981 and its initial binding to DSBs depend upon the MRN 
complex. MRN consists of three different proteins Mre11, NBS1 and Rad50. Mre11 is a DNA 
nuclease that interacts with both Rad50 and NBS1 as well as with other Mre11 molecules to 
form dimers. When paired with the other components of the MRN complex, Mre11 can have 
both double strand DNA exonuclease activity and single strand DNA endonuclease activity 
(D'Amours & Jackson, 2002). In addition, Mre11 has two DNA binding sites and intrinsic 
DNA binding activity. Rad50 is a protein that bears homology to the structural maintenance 
of chromosome (SMC) family. It is an ATPase and is needed for tethering of DNA ends 
together during the process of DNA repair.  NBS1 has a fork-head-associated (FHA) domain 
and two BRCT (BRCA1-tandem repeats) domains at its N-terminus which are used to 
recognize phospho-threonine and phospho-serine residues respectively in Ser-X-Thr 
motifs. These domains allow RAD50 to interact with several DNA damage signaling 
proteins following DSB formation. NBS1 also contains a nuclear localization signal (NLS) 
that allows the translocation of the MRN complex into the nucleus following DNA 
damage (Lamarche et al, 2010). NBS1 interacts with ATM thereby leading to its 
recruitment to DSBs. There, ATM is involved in one of the very early response to the 
formation of DSBs, mainly the phosphorylation of histone variant H2AX on Ser139 to 
form γ-H2AX (Figure 1). This phosphorylation can extend over a megabase of DNA from 
the site of DSBs (Modesti & Kanaar, 2001). The formation of γ-H2AX at the sites of DSBs is 
key for the recruitment of many effector proteins to the break sites including the 
regulators of cell cycle checkpoint and DNA repair 53BP1, BRCA1 and Rad51 (Bohgaki et 
al, 2010). The accumulation of γ-H2AX and other DNA damage signaling and repair 
proteins at the sites of ionizing-radiation induced breaks leads to the formation of 
microscopically distinct foci known as IR-induced nuclear foci (IRIFs) which can be used 
experimentally to study IR-induced DNA damage signaling and repair. The ability of 
H2AX to recruit DNA damage proteins under normal physiological conditions is 
hampered by its constitutive phosphorylation at Tyr142 by William's syndrome 
transcription factor (WSTF). This phosphorylation suppresses the ability of H2AX to 
recruit downstream signaling and effectors of the DNA damage response to the breaks. 
However, following DNA damage Tyr142 residue is dephosphorylated by the EYA 
protein phosphatases (Cook et al, 2009). γ-H2AX recruits MDC1, a mediator of the DNA 
damage response that functions as an adaptor to recruit downstream effector proteins to 
the break sites. MDC1 has two BRCT domains at its C-terminus and one FHA domain at 
its N-terminus that allow it to recognize and interact with other DNA damage response 
proteins (Stewart et al, 2003). The BRCT domains of MDC1 can recognize phosphorylation 
sites and were shown to mediate MDC1 binding to γ-H2AX.   
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(Kolas et al, 2007; Matsuoka et al, 2007). MDC1 is thought to be dispensable for the initial 
binding of ATM to the DSBs and early H2AX phosphorylation but important for ATM and 
γ-H2AX retention at the damaged DNA sites. In fact, MDC1 acts in a positive feedback loop 
with γ-H2AX and ATM to amplify the signal at the breaks (Lou et al, 2006). MDC1 was also 
found to be important for the recruitment of other DNA damage response proteins such as 
53BP1 and NBS1 to the break sites. Recent studies have provided us with greater insight 
about the mechanisms by which MDC1 leads to the recruitment of DNA damage proteins to 
the DSBs and have highlighted the role of posttranslational modifications such as 
ubiquitylation and sumoylation in the amplification of the DNA damage response.   

2.2 Role of ubiquitylation in the DNA double strand break response 
The important role ubiquitylation plays in DNA damage signaling and DNA repair has 
been recently highlighted (Bohgaki et al, 2010; Panier & Durocher, 2009). Ubiquitin is a small 
polypeptide of about 8 KDa that can be covalently attached through an isopeptide bond to 
substrate proteins. This requires the activity of three different enzymes, a ubiquitin-
activating enzyme (E1), a ubiquitin conjugating enzyme (E2) and a ubiquitin ligase (E3). The 
combination of E2 and E3 enzymes used to ubiquitylate target proteins differ from one to 
the other thereby conferring substrate specificity to the enzyme. Ubiquitin chain attachment 
can occur through several lysine residues on the ubiquitin polypeptide. The best studied 
ones are lysine 48 (K48) and lysine 63 (K63). While K48-linked ubiquitin most often leads to 
proteasomal degradation, K63-linked ubiquitylation is involved in cellular signaling 
including DSB signaling and DNA repair. Using an siRNA screen for proteins whose  
absence lead to an impairment of 53BP1 foci formation it was found that knock-down of 
MDC1 and the E3 ubiquitin ligase RNF8 (Ring Finger protein 8) strongly inhibited 53BP1 
recruitment to DSBs (Kolas et al, 2007).  RNF8 has a RING domain which is required for its 
E3 ligase activity and is located at its C-terminus and an FHA domain located at its N-
terminus. The FHA domain of RNF8 can recognize phosphorylated MDC1 thereby allowing 
binding of RNF8 to MDC1. Therefore, MDC1 phosphorylation is required for formation of 
RNF8 IRIFs. Furthermore, it was found that RNF8 partners up with the E2 ligase UBC13 to 
mediate K63-linked ubiquitylation of H2A, H2AX and H2B (Huen et al, 2007; Kolas et al, 
2007; Mailand et al, 2007). This initial ubiquitylation of chromatin components leads to the 
recruitment of another ubiquitin ligase RNF168 (Doil et al, 2009; Stewart et al, 2009). RNF168 
contains two motifs interacting with ubiquitin (MIUs) and is thought to interact with 
ubiquitylated chromatin components through its MIUs. At the DNA breaks, RNF168, in 
collaboration with the E2 ligase UBC13, adds K63-linked polybiquitin chains to H2A and 
H2AX. This ultimately results in the subsequent recruitment of other DDR proteins to the 
break sites. For example, RNF168 is required for the formation of 53BP1 IRIFs and the 
recruitment of BRCA1 to DSB site is severely reduced in the absence of this E3 ligase 
(Bohgaki et al, 2011; Doil et al, 2009; Stewart et al, 2009).  HERC2 is a recently identified 
protein that leads to binding and stabilization of the RNF8-UBC13 complex to mediate K63-
linked histone ubiquitylation (Bekker-Jensen et al, 2010). Additionally, HERC2 was also 
found to stabilize RNF168 and to promote recruitment of DSB signaling proteins including 
53BP1 and BRCA1 to the break sites. The mechanisms through which chromatin component 
ubiquitylation leads to the recruitment of 53BP1 and BRCA1 are only partially understood.  
BRCA1 interacts with the receptor-associated protein 80 (RAP80). RAP80 recruitment to 
DSBs is dependent on γ-H2AX, MDC1 and RNF8 (Kim et al, 2007; Kolas et al, 2007; Mailand 
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et al, 2007). RAP80 contains two ubiquitin interacting motifs (UIMs) which are capable of 
specifically recognizing K-63 linked polybiquitin chains (Kim et al, 2007). The interaction of 
RAP80 and BRCA1 is mediated by another protein named Abraxas (Mailand et al, 2007; 
Wang et al, 2007). The RAP80-Abraxas-BRCA1 complex is thought to bind DSB sites 
through the recognition of RNF8- and RNF168-ubiquitylated chromatin by the RAP80 UIM 
domains (Wang et al, 2007). The way 53BP1 is recruited to the break sites is less well 
understood. 53BP1 recruitment to DSBs is mediated by the binding of its two TUDOR 
domains to di-methylated histone H4 at lysine (K) 20. Histone methylation is not increased 
from its constitutive level following ionizing radiation  suggesting that changes in 
chromatin structure following DNA damage might be responsible for the uncovering of the 
methylated histones and the binding of 53BP1. It is therefore plausible that ubiquitylation of 
H2A and H2B by RNF8 and RNF168 triggers conformational changes in the chromatin that 
lead to a better accessibility of 53BP1 to the methylated histones (Mailand et al, 2007). 
However, this hypothesis still remains to be tested. The ubiquitylation of chromatin 
components leads to the rapid amplification of the DNA damage response. However, once 
the DNA is repaired, a rapid deubiquitination of histone H2A, H2B and H2AX should occur 
to return cells to their steady-state levels. This is accomplished by ubiquitin isopeptidases 
known as deubiquitinating enzymes or DUBs. Several DUBs have been described to 
negatively regulate DSB signaling. Ubiquitin-specific protease 3 (USP3) was shown to 
deubiquitylate H2A and H2B (Nicassio et al, 2007) and to negatively regulate the activity of 
RNF8 (Doil et al, 2009). BRCC36 binds to RAP80 and is in the BRCA1 complex that also 
includes Abraxas. BRCC36 along with RAP80 can antagonize the activity of RNF8-UBC13 by 
acting as a deubiquitinating enzyme for γ-H2AX. It also leads to decreased ubiquitylation 
signal at DSB sites (Shao et al, 2009). Recently, OTUB1 (OTU domain, ubiquitin aldehyde 
binding 1) was identified as an RNF168 DUB. OTUB1 does not use its catalytic activity to 
deubiquitylate RNF168 but rather acts by binding to and inhibiting UBC13, the RNF168 E2 
conjugating enzyme (Nakada et al, 2010).  

2.3 Role of SUMOylation in DNA double strand break signaling 
SUMOylation is a posttranslational modification that involves the covalent linkage of a 
small ubiquitin-like modifier (SUMO) polypeptide to a target protein (Al-Hakim et al, 2010; 
Ciccia & Elledge, 2010). The process of SUMOylation is similar to that of ubiquitylation in 
that it also requires a SUMO-specific E1 (SAE1/SAE2), an E2 conjugating enzyme (Ubc9) 
and substrate-specific E3 ligases. Three types of SUMO molecules have been identified, 
SUMO1, SUMO2 and SUMO3. SUMO2 and SUMO3 have strong homology and share the 
same function and are therefore usually referred to as SUMO2/3. Both SUMO1 and 
SUMO2/3 are recruited to DSBs and this recruitment is dependent on the presence of RNF8 
and RNF168. The E3 ligases PIAS1 and PIAS4 are needed for the accumulation of SUMO 
molecules to the break sites. PIAS1 is involved in the accumulation of SUMO2/3 but not 
SUMO1 at DSBs whereas PIAS4 is involved in the accumulation of all three SUMO moities.  
PIAS1 and PIAS4 were both found to be important for accumulation of RNF168 and 
ubiquitylated H2A at DSB sites. Furthermore, PIAS1 and PIAS4 SUMOylate BRCA1 which 
is thought to increase its ubiquitin E3 ligase activity and the ubiquitylation of H2A by 
BRCA1 which would further amplify the DNA damage signal (Morris et al, 2009). 
SUMOylation of 53BP1 by PIAS1 and PIAS4 was also demonstrated and shown to be 
required for the efficient recruitment of 53BP1 to DSBs (Galanty et al, 2009). In summary, 
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(Kolas et al, 2007; Matsuoka et al, 2007). MDC1 is thought to be dispensable for the initial 
binding of ATM to the DSBs and early H2AX phosphorylation but important for ATM and 
γ-H2AX retention at the damaged DNA sites. In fact, MDC1 acts in a positive feedback loop 
with γ-H2AX and ATM to amplify the signal at the breaks (Lou et al, 2006). MDC1 was also 
found to be important for the recruitment of other DNA damage response proteins such as 
53BP1 and NBS1 to the break sites. Recent studies have provided us with greater insight 
about the mechanisms by which MDC1 leads to the recruitment of DNA damage proteins to 
the DSBs and have highlighted the role of posttranslational modifications such as 
ubiquitylation and sumoylation in the amplification of the DNA damage response.   

2.2 Role of ubiquitylation in the DNA double strand break response 
The important role ubiquitylation plays in DNA damage signaling and DNA repair has 
been recently highlighted (Bohgaki et al, 2010; Panier & Durocher, 2009). Ubiquitin is a small 
polypeptide of about 8 KDa that can be covalently attached through an isopeptide bond to 
substrate proteins. This requires the activity of three different enzymes, a ubiquitin-
activating enzyme (E1), a ubiquitin conjugating enzyme (E2) and a ubiquitin ligase (E3). The 
combination of E2 and E3 enzymes used to ubiquitylate target proteins differ from one to 
the other thereby conferring substrate specificity to the enzyme. Ubiquitin chain attachment 
can occur through several lysine residues on the ubiquitin polypeptide. The best studied 
ones are lysine 48 (K48) and lysine 63 (K63). While K48-linked ubiquitin most often leads to 
proteasomal degradation, K63-linked ubiquitylation is involved in cellular signaling 
including DSB signaling and DNA repair. Using an siRNA screen for proteins whose  
absence lead to an impairment of 53BP1 foci formation it was found that knock-down of 
MDC1 and the E3 ubiquitin ligase RNF8 (Ring Finger protein 8) strongly inhibited 53BP1 
recruitment to DSBs (Kolas et al, 2007).  RNF8 has a RING domain which is required for its 
E3 ligase activity and is located at its C-terminus and an FHA domain located at its N-
terminus. The FHA domain of RNF8 can recognize phosphorylated MDC1 thereby allowing 
binding of RNF8 to MDC1. Therefore, MDC1 phosphorylation is required for formation of 
RNF8 IRIFs. Furthermore, it was found that RNF8 partners up with the E2 ligase UBC13 to 
mediate K63-linked ubiquitylation of H2A, H2AX and H2B (Huen et al, 2007; Kolas et al, 
2007; Mailand et al, 2007). This initial ubiquitylation of chromatin components leads to the 
recruitment of another ubiquitin ligase RNF168 (Doil et al, 2009; Stewart et al, 2009). RNF168 
contains two motifs interacting with ubiquitin (MIUs) and is thought to interact with 
ubiquitylated chromatin components through its MIUs. At the DNA breaks, RNF168, in 
collaboration with the E2 ligase UBC13, adds K63-linked polybiquitin chains to H2A and 
H2AX. This ultimately results in the subsequent recruitment of other DDR proteins to the 
break sites. For example, RNF168 is required for the formation of 53BP1 IRIFs and the 
recruitment of BRCA1 to DSB site is severely reduced in the absence of this E3 ligase 
(Bohgaki et al, 2011; Doil et al, 2009; Stewart et al, 2009).  HERC2 is a recently identified 
protein that leads to binding and stabilization of the RNF8-UBC13 complex to mediate K63-
linked histone ubiquitylation (Bekker-Jensen et al, 2010). Additionally, HERC2 was also 
found to stabilize RNF168 and to promote recruitment of DSB signaling proteins including 
53BP1 and BRCA1 to the break sites. The mechanisms through which chromatin component 
ubiquitylation leads to the recruitment of 53BP1 and BRCA1 are only partially understood.  
BRCA1 interacts with the receptor-associated protein 80 (RAP80). RAP80 recruitment to 
DSBs is dependent on γ-H2AX, MDC1 and RNF8 (Kim et al, 2007; Kolas et al, 2007; Mailand 
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et al, 2007). RAP80 contains two ubiquitin interacting motifs (UIMs) which are capable of 
specifically recognizing K-63 linked polybiquitin chains (Kim et al, 2007). The interaction of 
RAP80 and BRCA1 is mediated by another protein named Abraxas (Mailand et al, 2007; 
Wang et al, 2007). The RAP80-Abraxas-BRCA1 complex is thought to bind DSB sites 
through the recognition of RNF8- and RNF168-ubiquitylated chromatin by the RAP80 UIM 
domains (Wang et al, 2007). The way 53BP1 is recruited to the break sites is less well 
understood. 53BP1 recruitment to DSBs is mediated by the binding of its two TUDOR 
domains to di-methylated histone H4 at lysine (K) 20. Histone methylation is not increased 
from its constitutive level following ionizing radiation  suggesting that changes in 
chromatin structure following DNA damage might be responsible for the uncovering of the 
methylated histones and the binding of 53BP1. It is therefore plausible that ubiquitylation of 
H2A and H2B by RNF8 and RNF168 triggers conformational changes in the chromatin that 
lead to a better accessibility of 53BP1 to the methylated histones (Mailand et al, 2007). 
However, this hypothesis still remains to be tested. The ubiquitylation of chromatin 
components leads to the rapid amplification of the DNA damage response. However, once 
the DNA is repaired, a rapid deubiquitination of histone H2A, H2B and H2AX should occur 
to return cells to their steady-state levels. This is accomplished by ubiquitin isopeptidases 
known as deubiquitinating enzymes or DUBs. Several DUBs have been described to 
negatively regulate DSB signaling. Ubiquitin-specific protease 3 (USP3) was shown to 
deubiquitylate H2A and H2B (Nicassio et al, 2007) and to negatively regulate the activity of 
RNF8 (Doil et al, 2009). BRCC36 binds to RAP80 and is in the BRCA1 complex that also 
includes Abraxas. BRCC36 along with RAP80 can antagonize the activity of RNF8-UBC13 by 
acting as a deubiquitinating enzyme for γ-H2AX. It also leads to decreased ubiquitylation 
signal at DSB sites (Shao et al, 2009). Recently, OTUB1 (OTU domain, ubiquitin aldehyde 
binding 1) was identified as an RNF168 DUB. OTUB1 does not use its catalytic activity to 
deubiquitylate RNF168 but rather acts by binding to and inhibiting UBC13, the RNF168 E2 
conjugating enzyme (Nakada et al, 2010).  

2.3 Role of SUMOylation in DNA double strand break signaling 
SUMOylation is a posttranslational modification that involves the covalent linkage of a 
small ubiquitin-like modifier (SUMO) polypeptide to a target protein (Al-Hakim et al, 2010; 
Ciccia & Elledge, 2010). The process of SUMOylation is similar to that of ubiquitylation in 
that it also requires a SUMO-specific E1 (SAE1/SAE2), an E2 conjugating enzyme (Ubc9) 
and substrate-specific E3 ligases. Three types of SUMO molecules have been identified, 
SUMO1, SUMO2 and SUMO3. SUMO2 and SUMO3 have strong homology and share the 
same function and are therefore usually referred to as SUMO2/3. Both SUMO1 and 
SUMO2/3 are recruited to DSBs and this recruitment is dependent on the presence of RNF8 
and RNF168. The E3 ligases PIAS1 and PIAS4 are needed for the accumulation of SUMO 
molecules to the break sites. PIAS1 is involved in the accumulation of SUMO2/3 but not 
SUMO1 at DSBs whereas PIAS4 is involved in the accumulation of all three SUMO moities.  
PIAS1 and PIAS4 were both found to be important for accumulation of RNF168 and 
ubiquitylated H2A at DSB sites. Furthermore, PIAS1 and PIAS4 SUMOylate BRCA1 which 
is thought to increase its ubiquitin E3 ligase activity and the ubiquitylation of H2A by 
BRCA1 which would further amplify the DNA damage signal (Morris et al, 2009). 
SUMOylation of 53BP1 by PIAS1 and PIAS4 was also demonstrated and shown to be 
required for the efficient recruitment of 53BP1 to DSBs (Galanty et al, 2009). In summary, 
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complex posttranslation modifications such as ubiquitylation, SUMOylation, 
phosphorylation and methylation, at the sites of DSBs lead to recruitment of proteins that 
are involved in DNA repair and the regulation of cell cycle checkpoints following DNA 
damage as will be discussed in the next section.  

2.4 Cellular responses following DNA double strand breaks  
Following DNA damage, cells are faced with different options. Either to undergo cell cycle 
arrest and repair the damaged DNA, to undergo senescence or to die by apoptosis.  There 
are three checkpoints put in place to arrest the cell cycle following DNA damage. The G1/S 
checkpoint, the intra-S checkpoint and the G2/M checkpoint (Warmerdam & Kanaar, 2010). 
These checkpoints are carefully regulated by ATM and its downstream effectors. ATM 
phosphorylates and activates the protein kinase Chk2 and the tumor suppressor p53 which 
then act to enforce cell cycle arrest or apoptosis. Chk2 activation requires phosphorylation 
by ATM at Thr68 and autophosphorylation at multiple other residues. Chk2 
phosphorylation of the cdc25 phosphatases which are needed for cell cycle progression lead 
to either their degradation (in the case of cdc25A) or their export from the nucleus (for 
cdc25B and cdc25C) thereby preventing interaction with their respective cdk/cyclin 
substrates (Donzelli & Draetta, 2003). Chk2 also phosphorylates p53 at Ser20 whereas ATM 
phosphorylates it at Ser15. This results in the accumulation of p53 and its activation as a 
transcription factor which transactivates many genes whose products are involved in cell 
cycle arrest such as p21, GADD45 and 14-3-3σ. p53 also transactivates several proapoptotic 
genes such as Noxa, PUMA and Bax, thus triggering apoptotic cell death of the damaged 
cells. The mechanisms that lead to p53-dependent cell cycle arrest versus p53-dependent 
apoptosis remain poorly understood but are likely to depend on the multiple 
posttranslational modifications of p53 (Vousden, 2006) .  

3. DNA repair  
Cells have evolved different pathways to repair DSBs. Currently, homologous 
recombination (HR) and non-homologous end joining (NHEJ) are recognized as the  
two major pathways for DSB repair (Kass & Jasin, 2010). The presence of undamaged sister 
chromatid is required for the error-free HR-mediated DSB repair, whereas NHEJ repair  
can occur in the absence of a homologous template sequence and is therefore considered  
to be more error-prone. Alternative NHEJ is another form of DNA repair that does  
not necessitate the presence of classical NHEJ DNA repair proteins and is characterized  
by sequence deletion and the introduction of microhomologies within the repaired  
DNA (Kotnis et al, 2009).  

3.1 Non–homologous end joining 
NHEJ is the most commonly used pathway for the repair of DSBs. Since it does not require 
the presence of a homologous sequence on a sister chromatid, it can occur throughout the 
cell cycle but particularly during G0, G1 and early S-phase (Kass & Jasin, 2010).  
The first step of NHEJ is the recognition of the DSBs by the Ku70/Ku80 heterodimer which 
consists of the Ku70 and Ku80 subunit (Figure 2). The Ku70/Ku80 complex then slides 
inwards, away from the edge of the DSBs to allow binding of two molecules of the catalytic 
subunit of DNA-PK, DNA-PKcs. When DNA-PKcs binds to DNA and Ku70/Ku80 it is 
known as DNA-PK. The two DNA-PKcs molecules bind to each other, thereby bringing 
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Fig. 2. Repair of DNA double strand breaks by non-homologous end joining 

together the DNA ends in a process called synapsis. Binding of Ku70/Ku80 and DNA-PKcs to 
the DNA ends in this manner protects them against nuclease degradation in the cell. DNA-
PKcs is a serine-threonine kinase whose activity is stimulated by binding to double stranded 
DNA and the Ku heterodimer. Phosphorylation of DNA-PKcs is needed to bring the proteins 
involved in DNA end processing such as Artemis, the DNA polymerase family members 
polymerase µ and polymerase λ, and the Polynucleotide kinase (PNK) to the break sites. End 
processing of the DNA at DSBs allows the removal of DNA lesions that interfere in the ligation 
process (Mahaney et al, 2009).  Artemis is thought to be recruited to DSBs by binding to 
autophosphorylated DNA-PKcs. While Artemis has inherent 5’→3’ exonuclease activity, in the 
presence of DNA-PK and ATP it also acquires endonuclease activity. DNA-PK promotes the 
endonucleolytic activity of Artemis versus its exonucleolytic activity and decreases the speed 
of nucleotide removal. This is important to limit the amount of trimming done at the DNA 
ends to the minimum. DNA polymerases µ and λ are brought to the DSB sites via their 
interactions with either Ku70/Ku80 or the XRCC4/DNA ligase complex. Their role at the 
DSBs involves filling in gaps to allow ligation. DNA polymerase µ is less dependent than DNA 
polymerase λ on the presence of a template.  PNK was also shown to play a role in NHEJ. It 
associates with XRCC4 and is dependent on its presence for its activity. It can phosphorylate 
5’-OH terminal groups and dephosphorylate 3’-ends to restore normal DNA ends that can be 
ligated by the XRCC4/DNA ligase complex (Chappell et al, 2002). Aprataxin and PNK–like 
factor (APLF) is an endo-exonuclease that was shown to be required for full NHEJ activity. It 
can interact with other NHEJ factors such as Ku and XRCC4 and is phosphorylated by ATM in 
a DNA damage–dependent manner (Macrae et al, 2008). XRCC4 is thought to act as a 
scaffolding protein that brings many factors involved in NHEJ to the break sites. XRCC4 and 
DNA ligase IV, along with XLF (also known as Cernunnos) form a complex known as X4-L4. 
DNA ligase activity is thought to be stimulated by its binding to XRCC4 and to XLF.  XRCC4 
and XLF can bind to Ku proteins and to DNA. The X4-L4 complex is capable of ligating one 
strand of DNA at a time which would allow for concomitant processing and ligation of the 
ends (Hartlerode & Scully, 2009).  
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complex posttranslation modifications such as ubiquitylation, SUMOylation, 
phosphorylation and methylation, at the sites of DSBs lead to recruitment of proteins that 
are involved in DNA repair and the regulation of cell cycle checkpoints following DNA 
damage as will be discussed in the next section.  

2.4 Cellular responses following DNA double strand breaks  
Following DNA damage, cells are faced with different options. Either to undergo cell cycle 
arrest and repair the damaged DNA, to undergo senescence or to die by apoptosis.  There 
are three checkpoints put in place to arrest the cell cycle following DNA damage. The G1/S 
checkpoint, the intra-S checkpoint and the G2/M checkpoint (Warmerdam & Kanaar, 2010). 
These checkpoints are carefully regulated by ATM and its downstream effectors. ATM 
phosphorylates and activates the protein kinase Chk2 and the tumor suppressor p53 which 
then act to enforce cell cycle arrest or apoptosis. Chk2 activation requires phosphorylation 
by ATM at Thr68 and autophosphorylation at multiple other residues. Chk2 
phosphorylation of the cdc25 phosphatases which are needed for cell cycle progression lead 
to either their degradation (in the case of cdc25A) or their export from the nucleus (for 
cdc25B and cdc25C) thereby preventing interaction with their respective cdk/cyclin 
substrates (Donzelli & Draetta, 2003). Chk2 also phosphorylates p53 at Ser20 whereas ATM 
phosphorylates it at Ser15. This results in the accumulation of p53 and its activation as a 
transcription factor which transactivates many genes whose products are involved in cell 
cycle arrest such as p21, GADD45 and 14-3-3σ. p53 also transactivates several proapoptotic 
genes such as Noxa, PUMA and Bax, thus triggering apoptotic cell death of the damaged 
cells. The mechanisms that lead to p53-dependent cell cycle arrest versus p53-dependent 
apoptosis remain poorly understood but are likely to depend on the multiple 
posttranslational modifications of p53 (Vousden, 2006) .  

3. DNA repair  
Cells have evolved different pathways to repair DSBs. Currently, homologous 
recombination (HR) and non-homologous end joining (NHEJ) are recognized as the  
two major pathways for DSB repair (Kass & Jasin, 2010). The presence of undamaged sister 
chromatid is required for the error-free HR-mediated DSB repair, whereas NHEJ repair  
can occur in the absence of a homologous template sequence and is therefore considered  
to be more error-prone. Alternative NHEJ is another form of DNA repair that does  
not necessitate the presence of classical NHEJ DNA repair proteins and is characterized  
by sequence deletion and the introduction of microhomologies within the repaired  
DNA (Kotnis et al, 2009).  

3.1 Non–homologous end joining 
NHEJ is the most commonly used pathway for the repair of DSBs. Since it does not require 
the presence of a homologous sequence on a sister chromatid, it can occur throughout the 
cell cycle but particularly during G0, G1 and early S-phase (Kass & Jasin, 2010).  
The first step of NHEJ is the recognition of the DSBs by the Ku70/Ku80 heterodimer which 
consists of the Ku70 and Ku80 subunit (Figure 2). The Ku70/Ku80 complex then slides 
inwards, away from the edge of the DSBs to allow binding of two molecules of the catalytic 
subunit of DNA-PK, DNA-PKcs. When DNA-PKcs binds to DNA and Ku70/Ku80 it is 
known as DNA-PK. The two DNA-PKcs molecules bind to each other, thereby bringing 
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Fig. 2. Repair of DNA double strand breaks by non-homologous end joining 

together the DNA ends in a process called synapsis. Binding of Ku70/Ku80 and DNA-PKcs to 
the DNA ends in this manner protects them against nuclease degradation in the cell. DNA-
PKcs is a serine-threonine kinase whose activity is stimulated by binding to double stranded 
DNA and the Ku heterodimer. Phosphorylation of DNA-PKcs is needed to bring the proteins 
involved in DNA end processing such as Artemis, the DNA polymerase family members 
polymerase µ and polymerase λ, and the Polynucleotide kinase (PNK) to the break sites. End 
processing of the DNA at DSBs allows the removal of DNA lesions that interfere in the ligation 
process (Mahaney et al, 2009).  Artemis is thought to be recruited to DSBs by binding to 
autophosphorylated DNA-PKcs. While Artemis has inherent 5’→3’ exonuclease activity, in the 
presence of DNA-PK and ATP it also acquires endonuclease activity. DNA-PK promotes the 
endonucleolytic activity of Artemis versus its exonucleolytic activity and decreases the speed 
of nucleotide removal. This is important to limit the amount of trimming done at the DNA 
ends to the minimum. DNA polymerases µ and λ are brought to the DSB sites via their 
interactions with either Ku70/Ku80 or the XRCC4/DNA ligase complex. Their role at the 
DSBs involves filling in gaps to allow ligation. DNA polymerase µ is less dependent than DNA 
polymerase λ on the presence of a template.  PNK was also shown to play a role in NHEJ. It 
associates with XRCC4 and is dependent on its presence for its activity. It can phosphorylate 
5’-OH terminal groups and dephosphorylate 3’-ends to restore normal DNA ends that can be 
ligated by the XRCC4/DNA ligase complex (Chappell et al, 2002). Aprataxin and PNK–like 
factor (APLF) is an endo-exonuclease that was shown to be required for full NHEJ activity. It 
can interact with other NHEJ factors such as Ku and XRCC4 and is phosphorylated by ATM in 
a DNA damage–dependent manner (Macrae et al, 2008). XRCC4 is thought to act as a 
scaffolding protein that brings many factors involved in NHEJ to the break sites. XRCC4 and 
DNA ligase IV, along with XLF (also known as Cernunnos) form a complex known as X4-L4. 
DNA ligase activity is thought to be stimulated by its binding to XRCC4 and to XLF.  XRCC4 
and XLF can bind to Ku proteins and to DNA. The X4-L4 complex is capable of ligating one 
strand of DNA at a time which would allow for concomitant processing and ligation of the 
ends (Hartlerode & Scully, 2009).  
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3.2 Alternative non-homologous end joining 
When one or more classical NHEJ factors (Ku, DNA-PKcs, XRCC4, DNA ligase IV) are 
missing, DSBs can be repaired through the alternative NHEJ (Alt-NHEJ) pathway. This type 
of DNA repair relies on the presence of microhomologies at the terminal ends of the DNA 
breaks. It was found that Alt-NHEJ can occur in the absence of DNA ligase IV suggesting 
that one of the two remaining ligases (LigI or LigIII in eukaryotes) can function in DSB end 
ligation. End joining in the absence of LigIV requires 2-3 nucleotides of homology to 
stabilize the DNA at broken ends whereas no microhomology is needed in normal cells for 
NHEJ to occur. Furthermore it was found that a 4 nucleotide long microhomology at the 
break ends greatly decreases the requirement for Ku70, probably because of the increased 
stabilization of the DNA ends. Alt-NHEJ is stimulated by the presence of CtIP (CtBP-
interacting protein) and suppressed by the classical NHEJ factors Ku and XRCC4-LigIV 
(Bennardo et al, 2008; Simsek & Jasin, 2010). It was found that Alt-NHEJ promotes 
chromosomal translocations which might explain the increase of hematological cancer 
incidence in the absence of one or more classical NHEJ factors (Simsek & Jasin, 2010).  

3.3 Homologous recombination   
Homologous recombination requires the presence of homologous sequences for the accurate 
repair of DSBs. It usually occurs in the late S phase or G2 phase when a sister chromatid is 
available to be used as a template for repair (Ciccia & Elledge, 2010; Kass & Jasin, 2010).  The 
first step of HR is the generation of 3’- ssDNA (single stranded DNA) overhangs with 3’-
hydroxyl ends which subsequently invade a homologous duplex DNA sequence (Figure 3). 
Initial processing of the DNA ends requires the MRN complex along with CtIP. Further 
processing is done by Exo1 in association with the helicase Bloom syndrome protein BLM 
(Nimonkar et al, 2008). The 3’–ssDNA overhangs generated by this process are then be 
bound by RPA (replication protein A) which is needed to melt the secondary structures of 
the DNA and protect the DNA ends before the binding of other HR proteins can occur. RPA 
is required for the recruitment of HR factors such as the DNA-dependent ATPase Rad51 to 
the break sites (Sleeth et al, 2007).   
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Rad51, a key HR player, belongs to the Rad52 epistasis group in yeast which is involved in 
recombinational DNA repair.  Rad51 competes with RPA for binding to the DNA. Since it 
has lower affinity to DNA than RPA, other factors are needed to displace RPA and lead to 
the formation of Rad51-DNA nucleofilaments. This step requires the presence of the breast 
cancer susceptibility protein 2 (BRCA2). BRCA2 binds to Rad51 through its BRC repeats and 
its carboxy-terminus. BRCA2 facilitates the binding of Rad51 to the DNA by promoting RPA 
displacement and decreasing its ability to bind double stranded DNA. In addition, it inhibits 
the ATPase activity of Rad51, thereby stabilizing the Rad51-ssDNA complexes (Jensen et al, 
2010). Once it binds to the ssDNA, Rad51 catalyzes invasion of a homologous duplex DNA 
sequence, thereby forming a displacement loop (D-loop).  This process is known as synapsis 
and requires the presence of the Rad54 motor protein. Rad54, a member of the Rad52 
epistasis group, binds to the Rad51-DNA nucleofilament, stabilizes it and therefore 
enhances D-loop formation. However, following synapsis, Rad54 promotes dissociation of 
Rad51 from double stranded DNA (dsDNA) which allows synthesis of the DNA strand. 
Rad54-mediated dissociation of Rad51 from dsDNA also allows for rapid Rad51 turnover 
(Heyer et al, 2010). After the D-loop is formed, DNA repair can occur in three distinct 
pathways: break-induced replication (BIR), synthesis-dependent strand annealing (SDSA) 
and double Holliday junctions (dHJ) (Heyer et al, 2010). BIR occurs when only one DNA 
strand is available to invade duplex DNA. This could occur during replication fork collapse 
or the uncapping of telomeres. This leads to the formation of a bona fide replication fork at 
this site. DNA synthesis at this site occurs using the regular DNA polymerases (Llorente et 
al, 2008).  During SDSA the invading strand is elongated by DNA synthesis. The D-loop is 
then reversed, allowing the newly synthesized end to anneal to the resected opposite end of 
the break. The remaining gaps in the DNA are then filled by DNA synthesis and ligation. 
SDSA results in non-crossover recombination and is the main pathway used in somatic cells 
(Sung & Klein, 2006). Finally dHJ mediated recombination involves invasion of the second 
DNA break  into the D loop, DNA synthesis and ligation to join the two invading DNA ends 
and then dHJ resolution in either a crossover or a non-crossover manner (Sung & Klein, 
2006). BLM helicase in conjunction with topoisomerase IIIa leads to the dissolution  of HJs to 
form non-crossover products. The Mus81-Eme1 endonuclease complex, SLX1-SLX4 complex 
or the human 5’-flap endonuclease GEN1 are capable of resolving dHJ to form both 
crossover and non-crossover products (Ciccia & Elledge, 2010; Hartlerode & Scully, 2009; 
Rass et al, 2010).  

3.4 Choosing between homologous recombination and non-homologous end joining  
The choice of the DNA repair pathway following DSB formation is dependent on many 
factors. One of the important determinants that allow the cells to choose whether the 
damaged DNA should be repaired by HR or NHEJ is the cell cycle phase in which it is in. 
NHEJ can occur throughout the whole cell cycle and is the pathway of choice during the G1 
phase whereas DSBs in cells in late S and G2 phases are most likely to be repaired by HR. 
DNA resection to form 3’ssDNA overhangs is a tightly regulated step because if it occurs it 
actually commits the cells to repair their DNA using HR versus NHEJ. Binding of CtIP to 
DSBs promotes resection of the break ends. CtIP levels are regulated in a cell cycle-
dependent manner and are elevated during the S, G2 and M phases of the cell cycle but are 
low during the G1 phase. In addition, CtIP activity is regulated through posttranslational 
modifications. CtIP is phosphorylated by CDK2 (cyclin dependent kinase 2) during the S 
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3.2 Alternative non-homologous end joining 
When one or more classical NHEJ factors (Ku, DNA-PKcs, XRCC4, DNA ligase IV) are 
missing, DSBs can be repaired through the alternative NHEJ (Alt-NHEJ) pathway. This type 
of DNA repair relies on the presence of microhomologies at the terminal ends of the DNA 
breaks. It was found that Alt-NHEJ can occur in the absence of DNA ligase IV suggesting 
that one of the two remaining ligases (LigI or LigIII in eukaryotes) can function in DSB end 
ligation. End joining in the absence of LigIV requires 2-3 nucleotides of homology to 
stabilize the DNA at broken ends whereas no microhomology is needed in normal cells for 
NHEJ to occur. Furthermore it was found that a 4 nucleotide long microhomology at the 
break ends greatly decreases the requirement for Ku70, probably because of the increased 
stabilization of the DNA ends. Alt-NHEJ is stimulated by the presence of CtIP (CtBP-
interacting protein) and suppressed by the classical NHEJ factors Ku and XRCC4-LigIV 
(Bennardo et al, 2008; Simsek & Jasin, 2010). It was found that Alt-NHEJ promotes 
chromosomal translocations which might explain the increase of hematological cancer 
incidence in the absence of one or more classical NHEJ factors (Simsek & Jasin, 2010).  

3.3 Homologous recombination   
Homologous recombination requires the presence of homologous sequences for the accurate 
repair of DSBs. It usually occurs in the late S phase or G2 phase when a sister chromatid is 
available to be used as a template for repair (Ciccia & Elledge, 2010; Kass & Jasin, 2010).  The 
first step of HR is the generation of 3’- ssDNA (single stranded DNA) overhangs with 3’-
hydroxyl ends which subsequently invade a homologous duplex DNA sequence (Figure 3). 
Initial processing of the DNA ends requires the MRN complex along with CtIP. Further 
processing is done by Exo1 in association with the helicase Bloom syndrome protein BLM 
(Nimonkar et al, 2008). The 3’–ssDNA overhangs generated by this process are then be 
bound by RPA (replication protein A) which is needed to melt the secondary structures of 
the DNA and protect the DNA ends before the binding of other HR proteins can occur. RPA 
is required for the recruitment of HR factors such as the DNA-dependent ATPase Rad51 to 
the break sites (Sleeth et al, 2007).   
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Rad51, a key HR player, belongs to the Rad52 epistasis group in yeast which is involved in 
recombinational DNA repair.  Rad51 competes with RPA for binding to the DNA. Since it 
has lower affinity to DNA than RPA, other factors are needed to displace RPA and lead to 
the formation of Rad51-DNA nucleofilaments. This step requires the presence of the breast 
cancer susceptibility protein 2 (BRCA2). BRCA2 binds to Rad51 through its BRC repeats and 
its carboxy-terminus. BRCA2 facilitates the binding of Rad51 to the DNA by promoting RPA 
displacement and decreasing its ability to bind double stranded DNA. In addition, it inhibits 
the ATPase activity of Rad51, thereby stabilizing the Rad51-ssDNA complexes (Jensen et al, 
2010). Once it binds to the ssDNA, Rad51 catalyzes invasion of a homologous duplex DNA 
sequence, thereby forming a displacement loop (D-loop).  This process is known as synapsis 
and requires the presence of the Rad54 motor protein. Rad54, a member of the Rad52 
epistasis group, binds to the Rad51-DNA nucleofilament, stabilizes it and therefore 
enhances D-loop formation. However, following synapsis, Rad54 promotes dissociation of 
Rad51 from double stranded DNA (dsDNA) which allows synthesis of the DNA strand. 
Rad54-mediated dissociation of Rad51 from dsDNA also allows for rapid Rad51 turnover 
(Heyer et al, 2010). After the D-loop is formed, DNA repair can occur in three distinct 
pathways: break-induced replication (BIR), synthesis-dependent strand annealing (SDSA) 
and double Holliday junctions (dHJ) (Heyer et al, 2010). BIR occurs when only one DNA 
strand is available to invade duplex DNA. This could occur during replication fork collapse 
or the uncapping of telomeres. This leads to the formation of a bona fide replication fork at 
this site. DNA synthesis at this site occurs using the regular DNA polymerases (Llorente et 
al, 2008).  During SDSA the invading strand is elongated by DNA synthesis. The D-loop is 
then reversed, allowing the newly synthesized end to anneal to the resected opposite end of 
the break. The remaining gaps in the DNA are then filled by DNA synthesis and ligation. 
SDSA results in non-crossover recombination and is the main pathway used in somatic cells 
(Sung & Klein, 2006). Finally dHJ mediated recombination involves invasion of the second 
DNA break  into the D loop, DNA synthesis and ligation to join the two invading DNA ends 
and then dHJ resolution in either a crossover or a non-crossover manner (Sung & Klein, 
2006). BLM helicase in conjunction with topoisomerase IIIa leads to the dissolution  of HJs to 
form non-crossover products. The Mus81-Eme1 endonuclease complex, SLX1-SLX4 complex 
or the human 5’-flap endonuclease GEN1 are capable of resolving dHJ to form both 
crossover and non-crossover products (Ciccia & Elledge, 2010; Hartlerode & Scully, 2009; 
Rass et al, 2010).  

3.4 Choosing between homologous recombination and non-homologous end joining  
The choice of the DNA repair pathway following DSB formation is dependent on many 
factors. One of the important determinants that allow the cells to choose whether the 
damaged DNA should be repaired by HR or NHEJ is the cell cycle phase in which it is in. 
NHEJ can occur throughout the whole cell cycle and is the pathway of choice during the G1 
phase whereas DSBs in cells in late S and G2 phases are most likely to be repaired by HR. 
DNA resection to form 3’ssDNA overhangs is a tightly regulated step because if it occurs it 
actually commits the cells to repair their DNA using HR versus NHEJ. Binding of CtIP to 
DSBs promotes resection of the break ends. CtIP levels are regulated in a cell cycle-
dependent manner and are elevated during the S, G2 and M phases of the cell cycle but are 
low during the G1 phase. In addition, CtIP activity is regulated through posttranslational 
modifications. CtIP is phosphorylated by CDK2 (cyclin dependent kinase 2) during the S 
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and G2 phases of the cell cycle at two different sites S327 and T847. Phosphorylation of CtIP 
at S327 allows it to interact with the BRCT domain of BRCA1 and with the MRN complex. 
This then results in the ubiquitylation of CtIP by BRCA1 (Yu et al, 2006). Posttranslational 
modification of CtIP by phosphorylation and ubiquitination as well as its interaction with 
BRCA1 were found to be necessary for it binding to DNA and its role in DNA resection. 
CtIP is also predicted to be a target of ATM phosphorylation and ATM is required for end 
resection.   
There are many lines of evidence showing competition between the NHEJ and HR pathways 
for DSB repair. In the absence of the NHEJ factors Ku and XRCC4-LigIV there is an increase 
in end resection and HR. Conversely, mutations in resection factors such as CtIP result in 
increased NHEJ (Kass & Jasin, 2010). Recently, 53BP1, a protein involved in cell cycle 
checkpoint and DNA repair has been implicated in the regulation of the switch between 
NHEJ and HR repair pathways.  Some studies have shown that 53BP1 is important for 
NHEJ. In addition, 53BP1 is thought to bind to the DSB sites and inhibit DNA resection. 
Loss of 53BP1 in Brca1-null cells results in increased HR activity in these cells suggesting a 
model whereby 53BP1 inhibition of end resection is overcome by BRCA1, thereby leading to 
HR-mediated DNA repair (Bouwman et al, 2010; Bunting et al, 2010) . The mechanisms by 
which BRCA1 can counteract 53BP1 function and promote HR are still unknown but 
promise to be the focus of intense research in the future.  

4. Double strand break repair in normal physiological processes 
4.1 Meotic recombination  
Meosis is a specialized type of cell division occurring during gametogenesis. It allows the 
production of haploid cells, containing one copy of the genetic material, from diploid cells 
containing two copies of the genetic material (Kumar et al, 2010). Meotic recombination is a 
crucial process during gametogenesis. It occurs during the prophase of the first meiotic 
division (prophase I) and allows the formation of physical links called chiasmata between 
two homologous chromosomes. This ensures proper alignment and segregation of the 
homologous chromosomes during the later phases of meiosis I. DNA recombination during 
meiosis also allows the exchange of genetic material between homologous chromosomes. 
This is required to ensure genetic diversity of the organisms and for introduction of 
mutations needed for the evolution of species. Meiotic recombination requires a highly 
regulated generation of DSBs followed by their repair through HR. The first step of meiotic 
recombination is the generation of DSBs during the leptotene stage of prophase I. This stage 
occurs directly following S phase when DNA replication has occurred. Spo11, a highly 
conserved type II-like topoisomerase, generates the DSBs needed to initiate meiotic 
recombination through a transesterification reaction (Keeney et al, 1997). Spo11 binds to 
both strands of the DNA as a homodimer. Once the DSB is generated, the DNA on which 
Spo11 is attached is cleaved, thereby releasing a Spo11-oligonucleotide complex. In addition 
to Spo11, several other proteins were identified as been involved in DSB formation although 
their mechanism of action is still poorly understood. One of them, Mei4 (MEIosis-specific 4), 
is needed for DSB formation in both yeast and mammals (Kumar et al., 2010). Mei4 binds to 
another protein, Rec114 (RECombination 114) which is also essential for DSB formation in 
yeast. Although the role of Rec114 in mammals is still unknown, its interaction with  
Mei4 makes it plausible that they function together in DSB generation in mammals (Kumar 
et al, 2010).  
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DSBs do not occur evenly throughout the genome but arise more frequently in specific areas 
called ”hotspots”.  In yeast and mouse it was found that these hotspots are marked by the 
trimethylation of histone 3 at Lys4 (H3K4Me3) (Borde et al, 2009). Recently, a histone 
methyltransferase, PRDM9 (PR domain containing 9), was identified as a protein that can 
bind to and activate hotspots in mammalian genomes (Baudat et al, 2010). After end 
processing to form 3’-ssDNA, the resected DNA is bound by Rad51 and Dmc1 (Disrupted 
meiotic cDNA1), a meiosis-specific recombinase. In the yeast Saccharomyces cerevisiae, 
recruitment of Dmc1 to resected DNA ends is dependent upon the two proteins Mei5 and 
Sae3. Mei5 and Sae3 (Sporulation in the Absence of Spo Eleven 3) form a complex that 
allows Dmc1 binding to the single stranded DNA and enhances its recombinase activity 
(Ferrari et al, 2009). The resected ends can then invade double stranded DNA and form a D-
loop. Two proteins, Hop2 and Mnd1 which exist in cells as a heterodimeric complex help in 
the stabilization of the Rad51 and Dmc1 nucleofilaments and increase their ability to invade 
homologous duplex DNA. Hop2 and Mnd1 function both in yeast and higher eukaryotes, 
including mammals (Petukhova et al, 2005; Tsubouchi & Roeder, 2002). In contrast to HR 
occurring in somatic cells which use sister chromatids as a template, the use of a non-sister 
homologous chromatid is favored during meiotic recombination (Shinohara et al, 1992). The 
Holliday junctions that form following strand invasion are then resolved to form crossover 
and non-crossover products. In contrast to what happens during HR in somatic cells, 
meiotic recombination generates a much higher proportion of crossover products as 
compared to non-crossover products (Andersen & Sekelsky, 2010). In both S. cerevisiae and 
higher eukaryotes the Msh4-Msh5 (MutS homolog 4-5) complex plays an important role in 
the resolution of HJs and in crossover formation. It was also suggested that GEN1 could 
play a role in HJ resolution during human meiotic recombination (Lorenz et al, 2009), 
however further investigation is needed to prove this hypothesis.  

4.2 V(D)J recombination  
V(D)J recombination is a crucial process in lymphocyte development through which diverse 
B and T cell receptors can be generated (Soulas-Sprauel et al, 2007). It involves the assembly 
of a variable (V), diversity (D) and joining (J) exons to form a B cell or T cell antigen 
receptor. The multiple combinations that can be obtained by joining together different V, D 
and J segments are the underlying mechanism for antigen receptor diversity and the ability 
of the immune system to respond to different types of pathogens. RAG1 and RAG2 
(recombination activating genes 1 and 2) are two lymphocyte-specific recombinases that 
introduce DSBs at specific recombination signal (RS) sequences that border every V, D and J 
gene segment (Dudley et al, 2005). RS sequences consist of a conserved heptamer and a 
conserved nonamer separated by a nonconserved 12 bp or 23 bp spacer sequence. In the 
heavy chain immunoglobulin gene (IgH) for example, RS sequences that surround D 
sequences have a 12 bp spacer whereas those surrounding the V and J segments have 23 bp. 
Since recombination can occur only between RS sequences containing a 12 bp spacer and 
one containing a 23 bp spacer this ensures productive joining of V, D and J sequences 
(Dudley et al, 2005). RAG mediated cutting of the DNA generates hairpin loops at the 
joining DNA ends. These hairpin loops are cleaved by the endonuclease Artemis which is 
recruited and activated by the DNA-PKcs and Ku70/80 complex. The XRCC4/DNAligase 
IV/XLF complex  then religates the joining ends (Soulas-Sprauel et al, 2007).  
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and G2 phases of the cell cycle at two different sites S327 and T847. Phosphorylation of CtIP 
at S327 allows it to interact with the BRCT domain of BRCA1 and with the MRN complex. 
This then results in the ubiquitylation of CtIP by BRCA1 (Yu et al, 2006). Posttranslational 
modification of CtIP by phosphorylation and ubiquitination as well as its interaction with 
BRCA1 were found to be necessary for it binding to DNA and its role in DNA resection. 
CtIP is also predicted to be a target of ATM phosphorylation and ATM is required for end 
resection.   
There are many lines of evidence showing competition between the NHEJ and HR pathways 
for DSB repair. In the absence of the NHEJ factors Ku and XRCC4-LigIV there is an increase 
in end resection and HR. Conversely, mutations in resection factors such as CtIP result in 
increased NHEJ (Kass & Jasin, 2010). Recently, 53BP1, a protein involved in cell cycle 
checkpoint and DNA repair has been implicated in the regulation of the switch between 
NHEJ and HR repair pathways.  Some studies have shown that 53BP1 is important for 
NHEJ. In addition, 53BP1 is thought to bind to the DSB sites and inhibit DNA resection. 
Loss of 53BP1 in Brca1-null cells results in increased HR activity in these cells suggesting a 
model whereby 53BP1 inhibition of end resection is overcome by BRCA1, thereby leading to 
HR-mediated DNA repair (Bouwman et al, 2010; Bunting et al, 2010) . The mechanisms by 
which BRCA1 can counteract 53BP1 function and promote HR are still unknown but 
promise to be the focus of intense research in the future.  

4. Double strand break repair in normal physiological processes 
4.1 Meotic recombination  
Meosis is a specialized type of cell division occurring during gametogenesis. It allows the 
production of haploid cells, containing one copy of the genetic material, from diploid cells 
containing two copies of the genetic material (Kumar et al, 2010). Meotic recombination is a 
crucial process during gametogenesis. It occurs during the prophase of the first meiotic 
division (prophase I) and allows the formation of physical links called chiasmata between 
two homologous chromosomes. This ensures proper alignment and segregation of the 
homologous chromosomes during the later phases of meiosis I. DNA recombination during 
meiosis also allows the exchange of genetic material between homologous chromosomes. 
This is required to ensure genetic diversity of the organisms and for introduction of 
mutations needed for the evolution of species. Meiotic recombination requires a highly 
regulated generation of DSBs followed by their repair through HR. The first step of meiotic 
recombination is the generation of DSBs during the leptotene stage of prophase I. This stage 
occurs directly following S phase when DNA replication has occurred. Spo11, a highly 
conserved type II-like topoisomerase, generates the DSBs needed to initiate meiotic 
recombination through a transesterification reaction (Keeney et al, 1997). Spo11 binds to 
both strands of the DNA as a homodimer. Once the DSB is generated, the DNA on which 
Spo11 is attached is cleaved, thereby releasing a Spo11-oligonucleotide complex. In addition 
to Spo11, several other proteins were identified as been involved in DSB formation although 
their mechanism of action is still poorly understood. One of them, Mei4 (MEIosis-specific 4), 
is needed for DSB formation in both yeast and mammals (Kumar et al., 2010). Mei4 binds to 
another protein, Rec114 (RECombination 114) which is also essential for DSB formation in 
yeast. Although the role of Rec114 in mammals is still unknown, its interaction with  
Mei4 makes it plausible that they function together in DSB generation in mammals (Kumar 
et al, 2010).  

 
Double Strand Break Signaling in Health and Diseases 

 

57 

DSBs do not occur evenly throughout the genome but arise more frequently in specific areas 
called ”hotspots”.  In yeast and mouse it was found that these hotspots are marked by the 
trimethylation of histone 3 at Lys4 (H3K4Me3) (Borde et al, 2009). Recently, a histone 
methyltransferase, PRDM9 (PR domain containing 9), was identified as a protein that can 
bind to and activate hotspots in mammalian genomes (Baudat et al, 2010). After end 
processing to form 3’-ssDNA, the resected DNA is bound by Rad51 and Dmc1 (Disrupted 
meiotic cDNA1), a meiosis-specific recombinase. In the yeast Saccharomyces cerevisiae, 
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of a variable (V), diversity (D) and joining (J) exons to form a B cell or T cell antigen 
receptor. The multiple combinations that can be obtained by joining together different V, D 
and J segments are the underlying mechanism for antigen receptor diversity and the ability 
of the immune system to respond to different types of pathogens. RAG1 and RAG2 
(recombination activating genes 1 and 2) are two lymphocyte-specific recombinases that 
introduce DSBs at specific recombination signal (RS) sequences that border every V, D and J 
gene segment (Dudley et al, 2005). RS sequences consist of a conserved heptamer and a 
conserved nonamer separated by a nonconserved 12 bp or 23 bp spacer sequence. In the 
heavy chain immunoglobulin gene (IgH) for example, RS sequences that surround D 
sequences have a 12 bp spacer whereas those surrounding the V and J segments have 23 bp. 
Since recombination can occur only between RS sequences containing a 12 bp spacer and 
one containing a 23 bp spacer this ensures productive joining of V, D and J sequences 
(Dudley et al, 2005). RAG mediated cutting of the DNA generates hairpin loops at the 
joining DNA ends. These hairpin loops are cleaved by the endonuclease Artemis which is 
recruited and activated by the DNA-PKcs and Ku70/80 complex. The XRCC4/DNAligase 
IV/XLF complex  then religates the joining ends (Soulas-Sprauel et al, 2007).  
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4.3 Class switch recombination  
Class switch recombination (CSR) is a specialized mechanism occurring in B cells that 
allows the cells to switch from expressing immunoglobulin (Ig) M (IgM) to IgG, IgA or IgE 
(Stavnezer et al, 2008).  This involves replacement of the IgH constant region Cµ encoded in 
IgM with more downstream constant regions such as Cγ, Cε and Cα which code for IgG, IgE 
and IgA heavy chain constant regions respectively. This replacement of IgH constant 
regions is mediated through deletion of parts of the chromosome and subsequent 
recombination. CSR occurs within or nearby specific sequences called the switch regions 
that precede every constant region. CSR is initiated upon antigenic stimulation of mature B 
cells and requires at least two rounds of cell division  and the presence of a B cell-specific 
enzyme activation induced cytidine deaminase (AID) that converts deoxycytosine (dC) to 
deoxyuracil (dU) in the donor and receiver S regions (Muramatsu et al, 2000). The dU is then 
removed through the base excision repair pathway. The enzyme that cleaves dU in S regions 
is the uracil DNA glycosylase UNG. The phosphate backbone of the resulting abasic site is 
then cleaved by the apurinic/apyrimidinic endonucleases APE1 and APE2, two proteins 
which were found to be essential for CSR, to form a single strand DNA break (Guikema et 
al, 2007). In order for CSR to occur, DSBs must be created in the donor and acceptor S 
regions and the single stranded breaks generated by APE1 and 2 are not enough. When 
single stranded breaks are generated close enough to each other they might lead to the 
formation of DSBs. Otherwise, DSBs must be generated by mismatch repair (MMR) proteins. 
It is hypothesized that the MMR heterodimer Msh2-Msh6 (MutS homolog 2-6) recognizes 
the mismatched U:G pair and binds to it. Mlh1-Pms2 (MutL homolog 1-PostMeiotic 
Segregation 2) then binds to Msh2-Msh6 to form a heterotetramer capable of recruiting the 
exonuclease Exo1. Exo1 cuts the DNA between two single stranded breaks thereby resulting 
in a DSB (Stavnezer et al, 2008).  
DSBs in the S regions are religated using the NHEJ repair machinery. However NHEJ 
factors are not the only proteins involved in CSR.  Studies of mouse knockout models have 
implicated Atm, Mdc-1, γ-H2ax and 53bp1 in the CSR process (Kotnis et al, 2009). More 
recently, the E3 ligases Rnf8 and Rnf168 have also been implicated in the process of CSR 
(Bohgaki et al, 2011; Li et al, 2010; Santos et al, 2010; Stewart et al, 2007). Interestingly, in B 
cells of mice that are deficient in classical NHEJ repair proteins, sequencing of switch 
junctions have shown a pattern of increased microhomology suggesting that CSR could be 
occurring through alternative NHEJ pathways in these cells (Kotnis et al, 2009). Of all of the 
DSB repair proteins, loss of 53bp1 seems to have the most severe effect on CSR with a 90% 
decrease in CSR in 53bp1-null B cells (Kotnis et al, 2009). There have been several roles 
proposed for 53BP1 in CSR. One of them is that that 53BP1 inhibits intraswitch religation of 
DSBs and promotes synapsis between DSBs occurring in distal switch sequences. In 
addition, 53BP1 inhibits DSB resection which is needed for alternative NHEJ, thereby 
leading to increased DSB repair through the classical NHEJ pathway and to increased CSR 
(Bothmer et al, 2010). Despite many advances in the field of CSR and in the function of 
factors required for this process, further investigation is still required to determine the 
precise role of each DSB repair protein in CSR.  

5. DSB signaling and repair defects: Human diseases and mouse models  
The study of rare hereditary diseases and knockout mouse models in which DSB signaling 
and repair genes are mutated has greatly increased our understanding of the DNA damage 
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signaling and repair pathways and the underlying mechanisms regulating them (Bohgaki et 
al, 2010; Hakem, 2008). In this section, a summary of the human syndromes and mouse 
phenotypes associated with the loss of the major DSB signaling and repair proteins is 
provided.   

5.1 ATM  
Mutations in the ATM gene result in the devastating disease ataxia-telangiectasia (A-T). A-T 
is an autosomal recessive disorder. Clinical symptoms of A-T include cerebellar ataxia, 
oculocutaneous telangiectasias, immunodeficiency, growth retardation, lack of gonadal 
development, insulin resistance and increased susceptibility to lymphoid cancers (Lavin, 
2008). The ataxia manifests itself at an early age when the child starts to walk and worsens 
with time as the patients usually becomes wheel-chair bound by the end of the first decade 
of their life. Ataxia in A-T patients is caused by degeneration of Purkinje and granular cells 
in the cerebellum. A-T patients are immunodeficient, have reduced thymus size and lower 
serum levels of IgG, IgA and IgE. One of the striking features of A-T is a severe sensitivity to 
ionizing radiation. This has been observed in both A-T patients who were undergoing 
radiotherapy and in A-T cells grown in culture. Some patients with A-T develop insulin 
resistance and diabetes. Although this particular symptom was initially hard to explain 
through the DNA damage signaling functions of ATM, it has recently become clear that 
ATM is also a key player in insulin signaling and that it can protect against metabolic 
disorders (Halaby et al, 2008; Matsuoka et al, 2007).  About one third of A-T patients 
develop lymphoid malignancies.   
The phenotype of Atm-deficient mice closely resembles what has been observed in A-T 
patients. The mice are growth-deficient, sterile, immunodeficient and display increased 
radiosensitivity. In addition, most mice succumb to thymic lymphoma by 6 months of age 
(Barlow et al, 1996). Furthermore, it has been reported that Atm-/- mice have CSR defects 
(Kotnis et al, 2009). Interestingly, Atm-/- mice do not recapitulate entirely the severe 
neurodegeneration observed in A-T patients. Mild ataxia has been reported in Atm-/- mice, 
however there were no signs of degeneration in the cerebellum such as those observed in A-T 
patients (Barlow et al, 1996). This suggests that although ATM functions are mostly conserved 
from mice to humans, it might not be the case in neuronal cells of these organisms.  

5.2 The MRN complex  
5.2.1 MRE11 
Hypomorphic mutations in the human MRE11 gene lead to A-T like disorder (ATLD). 
ATLD is a very rare disorder that shares many similarities with A-T disease (Stewart et al, 
1999).  ATLD patients display progressive cerebellar ataxia and their cells are radiosensitive. 
However, in contrast with A-T patients, ATLD patients display normal Ig levels, lack of 
telangiectasia occurrence and they do not have increased susceptibility for cancer 
development (Taylor et al, 2004).   
Straight knockout mice for Mre11 are embryonic lethal, suggesting that Mre11 is necessary 
for embryonic development (Xiao & Weaver, 1997). An ATLD mouse model was developed 
in which a hypomorphic Mre11 is expressed (Mre11ATLD1/ATLD1 mice). These mice appear to 
have normal growth; however mouse embryonic fibroblasts derived from these mice have 
increased radiosensitivity, blunted intra-S and G2/M checkpoints and higher levels of 
genomic instability (Theunissen et al, 2003). However, Mre11ATLD1/ATLD1 mice did not develop 
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IgM with more downstream constant regions such as Cγ, Cε and Cα which code for IgG, IgE 
and IgA heavy chain constant regions respectively. This replacement of IgH constant 
regions is mediated through deletion of parts of the chromosome and subsequent 
recombination. CSR occurs within or nearby specific sequences called the switch regions 
that precede every constant region. CSR is initiated upon antigenic stimulation of mature B 
cells and requires at least two rounds of cell division  and the presence of a B cell-specific 
enzyme activation induced cytidine deaminase (AID) that converts deoxycytosine (dC) to 
deoxyuracil (dU) in the donor and receiver S regions (Muramatsu et al, 2000). The dU is then 
removed through the base excision repair pathway. The enzyme that cleaves dU in S regions 
is the uracil DNA glycosylase UNG. The phosphate backbone of the resulting abasic site is 
then cleaved by the apurinic/apyrimidinic endonucleases APE1 and APE2, two proteins 
which were found to be essential for CSR, to form a single strand DNA break (Guikema et 
al, 2007). In order for CSR to occur, DSBs must be created in the donor and acceptor S 
regions and the single stranded breaks generated by APE1 and 2 are not enough. When 
single stranded breaks are generated close enough to each other they might lead to the 
formation of DSBs. Otherwise, DSBs must be generated by mismatch repair (MMR) proteins. 
It is hypothesized that the MMR heterodimer Msh2-Msh6 (MutS homolog 2-6) recognizes 
the mismatched U:G pair and binds to it. Mlh1-Pms2 (MutL homolog 1-PostMeiotic 
Segregation 2) then binds to Msh2-Msh6 to form a heterotetramer capable of recruiting the 
exonuclease Exo1. Exo1 cuts the DNA between two single stranded breaks thereby resulting 
in a DSB (Stavnezer et al, 2008).  
DSBs in the S regions are religated using the NHEJ repair machinery. However NHEJ 
factors are not the only proteins involved in CSR.  Studies of mouse knockout models have 
implicated Atm, Mdc-1, γ-H2ax and 53bp1 in the CSR process (Kotnis et al, 2009). More 
recently, the E3 ligases Rnf8 and Rnf168 have also been implicated in the process of CSR 
(Bohgaki et al, 2011; Li et al, 2010; Santos et al, 2010; Stewart et al, 2007). Interestingly, in B 
cells of mice that are deficient in classical NHEJ repair proteins, sequencing of switch 
junctions have shown a pattern of increased microhomology suggesting that CSR could be 
occurring through alternative NHEJ pathways in these cells (Kotnis et al, 2009). Of all of the 
DSB repair proteins, loss of 53bp1 seems to have the most severe effect on CSR with a 90% 
decrease in CSR in 53bp1-null B cells (Kotnis et al, 2009). There have been several roles 
proposed for 53BP1 in CSR. One of them is that that 53BP1 inhibits intraswitch religation of 
DSBs and promotes synapsis between DSBs occurring in distal switch sequences. In 
addition, 53BP1 inhibits DSB resection which is needed for alternative NHEJ, thereby 
leading to increased DSB repair through the classical NHEJ pathway and to increased CSR 
(Bothmer et al, 2010). Despite many advances in the field of CSR and in the function of 
factors required for this process, further investigation is still required to determine the 
precise role of each DSB repair protein in CSR.  

5. DSB signaling and repair defects: Human diseases and mouse models  
The study of rare hereditary diseases and knockout mouse models in which DSB signaling 
and repair genes are mutated has greatly increased our understanding of the DNA damage 
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signaling and repair pathways and the underlying mechanisms regulating them (Bohgaki et 
al, 2010; Hakem, 2008). In this section, a summary of the human syndromes and mouse 
phenotypes associated with the loss of the major DSB signaling and repair proteins is 
provided.   

5.1 ATM  
Mutations in the ATM gene result in the devastating disease ataxia-telangiectasia (A-T). A-T 
is an autosomal recessive disorder. Clinical symptoms of A-T include cerebellar ataxia, 
oculocutaneous telangiectasias, immunodeficiency, growth retardation, lack of gonadal 
development, insulin resistance and increased susceptibility to lymphoid cancers (Lavin, 
2008). The ataxia manifests itself at an early age when the child starts to walk and worsens 
with time as the patients usually becomes wheel-chair bound by the end of the first decade 
of their life. Ataxia in A-T patients is caused by degeneration of Purkinje and granular cells 
in the cerebellum. A-T patients are immunodeficient, have reduced thymus size and lower 
serum levels of IgG, IgA and IgE. One of the striking features of A-T is a severe sensitivity to 
ionizing radiation. This has been observed in both A-T patients who were undergoing 
radiotherapy and in A-T cells grown in culture. Some patients with A-T develop insulin 
resistance and diabetes. Although this particular symptom was initially hard to explain 
through the DNA damage signaling functions of ATM, it has recently become clear that 
ATM is also a key player in insulin signaling and that it can protect against metabolic 
disorders (Halaby et al, 2008; Matsuoka et al, 2007).  About one third of A-T patients 
develop lymphoid malignancies.   
The phenotype of Atm-deficient mice closely resembles what has been observed in A-T 
patients. The mice are growth-deficient, sterile, immunodeficient and display increased 
radiosensitivity. In addition, most mice succumb to thymic lymphoma by 6 months of age 
(Barlow et al, 1996). Furthermore, it has been reported that Atm-/- mice have CSR defects 
(Kotnis et al, 2009). Interestingly, Atm-/- mice do not recapitulate entirely the severe 
neurodegeneration observed in A-T patients. Mild ataxia has been reported in Atm-/- mice, 
however there were no signs of degeneration in the cerebellum such as those observed in A-T 
patients (Barlow et al, 1996). This suggests that although ATM functions are mostly conserved 
from mice to humans, it might not be the case in neuronal cells of these organisms.  

5.2 The MRN complex  
5.2.1 MRE11 
Hypomorphic mutations in the human MRE11 gene lead to A-T like disorder (ATLD). 
ATLD is a very rare disorder that shares many similarities with A-T disease (Stewart et al, 
1999).  ATLD patients display progressive cerebellar ataxia and their cells are radiosensitive. 
However, in contrast with A-T patients, ATLD patients display normal Ig levels, lack of 
telangiectasia occurrence and they do not have increased susceptibility for cancer 
development (Taylor et al, 2004).   
Straight knockout mice for Mre11 are embryonic lethal, suggesting that Mre11 is necessary 
for embryonic development (Xiao & Weaver, 1997). An ATLD mouse model was developed 
in which a hypomorphic Mre11 is expressed (Mre11ATLD1/ATLD1 mice). These mice appear to 
have normal growth; however mouse embryonic fibroblasts derived from these mice have 
increased radiosensitivity, blunted intra-S and G2/M checkpoints and higher levels of 
genomic instability (Theunissen et al, 2003). However, Mre11ATLD1/ATLD1 mice did not develop 
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lymphomas. Interestingly, female Mre11ATLD1/ATLD1 mice have a severely reduced fertility due 
to an inability of developing embryos to proliferate properly.  

5.2.2 NBS1 
NBS1 hypomorphic mutations are the underlying cause for the Nijmegen Breakage 
syndrome (NBS) (Carney et al, 1998). NBS patients display stunted growth, microencephaly, 
immunodeficiency, increased radiosensitivity and increased cancer incidence (Digweed & 
Sperling, 2004). NBS patients have decreased IgA and IgG level which shows that NBS1 
plays an important in CSR (van Engelen et al, 2001). Some female patients also showed 
ovarian failure and amenorrhea. Lymphomas are the most common malignancies observed 
in NBS patients although other cancers such as medulloblastomas were also diagnosed in 
these patients (Digweed & Sperling, 2004).  
As with Mre11, straight knockout mice of Nbs1 are not viable (Zhu et al, 2001). Mice with 
conditional deletion of Nbs1 in B cells had increased genomic instability in B cells and CSR 
defects (Reina-San-Martin et al, 2005). However and interestingly so, mice with 
hypomorphic mutation of Nbs1 that mimics a mutation observed in NBS1 patients display a 
generally milder phenotype than what is observed in NBS patients (Williams et al, 2002). 
Mouse embryonic fibroblasts derived from these mice show increased sensitivity to DNA 
damaging compounds, defects in cell cycle checkpoints and increased chromosomal 
instability. However, these mice with homozygous Nbs1 hypomorph mutation do not show 
immunodeficiency, increased susceptibility to tumor development or female sterility.  

5.2.3 RAD50  
Recently, a human disorder caused by mutations in the RAD50 gene was characterized 
(Waltes et al, 2009). This disorder was described as being NBS-like since the only known 
patient with this disorder shares similar features with NBS patients. Clinical features of the 
RAD50 (NBS-like) disorder patient include microencephaly, growth retardation and slight 
ataxia. The patient has a normal immune system and did not develop any tumors by the age 
of 23. Cells derived from the patient displayed radiosensitivity, G1/S and G2/M checkpoint 
defects, radioresistant DNA synthesis and increased genomic instability.  
Rad50-null mutant mice are not viable and die early during embryonic development. Viable 
Rad50 hypomorphic mice were generated (Bender et al, 2002). These mice have strong 
growth defects and most die from anemia caused by hematopoietic stem cell failure.  
Mutant mice that survive develop lymphomas and leukemia and males exhibit degeneration 
in the testes. Mouse embryonic fibroblasts with the Rad50 hypomorphic mutation are not 
sensitive to radiation or DNA damaging agents and do not perform radioresistant DNA 
synthesis.  

5.3 RNF168 
RNF168 was recently identified as the gene mutated in the RIDDLE (radiosensitivity, 
immunodeficiency, dysmorphic features and learning difficulties) syndrome (Stewart et al, 
2009; Stewart et al, 2007). The RIDDLE syndrome was identified in only one patient to date 
and is characterized by immunodeficiency with decreased IgG levels but slightly increased 
IgA and IgM levels. The RIDDLE patient also displayed a mild decrease in motor and 
learning abilities, shorter stature and facial dysmorphism. Fibroblasts derived from the 
RIDDLE patient showed increased radiosensitivity.  Interestingly, another patient with 
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RNF168 gene mutation was recently identified (Devgan et al, 2011). This patient also 
displayed short stature, cellular radiosensitivity and low serum IgA. In addition, this patient 
was reported to also display A-T like symptoms including ataxia, ocular telangiectasias, 
microencephaly, and immunodeficiency with very low IgA levels. Both patients with 
RNF168 deficiency did not develop tumors.  
Rnf168 null mice were recently generated (Bohgaki et al, 2011). These mice display normal 
growth and development and do not develop malignancies. They do however exhibit 
immunodeficiency mainly characterized by defects in CSR. Cells deficient for Rnf168 
display increased radiosensitivity and genomic instability and elevated cancer risk was 
observed in mice lacking both Rnf168 and p53.  

5.4 RNF8 
Human syndromes caused by mutations of the RNF8 gene have yet to be identified. 
However, Rnf8 mouse knockout models have been generated and have produced 
interesting phenotypes that are worth discussing here.  Rnf8-/- mice are viable and are born 
in normal mendelian ratio (Li et al, 2010; Santos et al, 2010). They have growth defects, male 
sterility, increased radiosensitivity and immunodeficiency. Rnf8-/- mice display reduced CSR 
and increased genomic instability. A broad spectrum of tumors including lymphomas, 
sarcomas and breast tumors developed in Rnf8-/- mice (Li et al, 2010). It would be interesting 
to determine whether mutations of RNF8 gene lead to human genetic disorders or if RNF8 
loss correlates with cancer development in humans.  

5.5 BRCA1 and BRCA2 
BRCA1 and BRCA2 are two breast and ovarian cancer susceptibility genes (O'Donovan & 
Livingston, 2010). Germline mutation of one BRCA1 allele results in an up to 80% cumulative 
risk of breast cancer and a 30-40% risk of ovarian cancer by 70 years of age. Carriers of a 
BRCA2 mutation have a 50% cumulative risk of breast cancer and a 10-15% risk of developing 
ovarian cancer by age 70. In addition, germline BRCA2 mutations have been implicated in 
familial prostate cancer (McKinnon & Caldecott, 2007). Tumors in BRCA1 or BRCA2 mutation 
carriers most often lose the second BRCA1 or BRCA2 allele through loss of heterozygocity. 
Recently, it has been discovered that BRCA1 and BRCA2-negative tumors are very sensitive to 
a class of compounds known as PARP inhibitors. PARP inhibitors leave unrepaired single 
strand breaks in the DNA. If these unrepaired breaks meet a replication fork either fork 
collapse or DSBs. In the absence of BRCA1 and BRCA2 DSBs are left unrepaired, thereby 
leading to cell death. In this way PARP inhibitors are able to specifically target and kill BRCA1 
and BRCA2-null cells, making these inhibitors powerful therapeutic candidates for BRCA1 and 
BRCA2 negative breast and ovarian tumors. This treatment strategy might also work for 
tumors with somatic inactivation of BRCA1 and BRCA2 (Carden et al, 2010).   
Brca1 and Brca2 knockout mice are embryonic lethal, reflecting the essential requirement for 
these two proteins (Hakem et al, 1996; Suzuki et al, 1997). Brca1-deficient cells displayed 
radiosensitivity and increased chromosomal abnormalities (Mak et al, 2000; McPherson et al, 
2004). Females carrying Brca1 targeted mutations in mammary tissue exhibit a long latency 
time before development of mammary tumors, however this latency time is reduced 
considerably in the absence of tumor suppressor proteins such as p53 and Chk2 (McPherson 
et al, 2004; Xu et al, 1999). Interestingly, it was recently shown that loss of 53bp1 in Brca1-
null mammary epithelium prevented mammary tumor development (Bunting et al, 2010), 
suggesting that 53bp1 could eventually be targeted to treated Brca1-deficient breast cancer.  
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and BRCA2-null cells, making these inhibitors powerful therapeutic candidates for BRCA1 and 
BRCA2 negative breast and ovarian tumors. This treatment strategy might also work for 
tumors with somatic inactivation of BRCA1 and BRCA2 (Carden et al, 2010).   
Brca1 and Brca2 knockout mice are embryonic lethal, reflecting the essential requirement for 
these two proteins (Hakem et al, 1996; Suzuki et al, 1997). Brca1-deficient cells displayed 
radiosensitivity and increased chromosomal abnormalities (Mak et al, 2000; McPherson et al, 
2004). Females carrying Brca1 targeted mutations in mammary tissue exhibit a long latency 
time before development of mammary tumors, however this latency time is reduced 
considerably in the absence of tumor suppressor proteins such as p53 and Chk2 (McPherson 
et al, 2004; Xu et al, 1999). Interestingly, it was recently shown that loss of 53bp1 in Brca1-
null mammary epithelium prevented mammary tumor development (Bunting et al, 2010), 
suggesting that 53bp1 could eventually be targeted to treated Brca1-deficient breast cancer.  
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Similar to what was observed with Brca1 conditional mutant mice, loss of Brca2 expression  
in mouse mammary epithelium leads to increased incidence of mammary tumors, the 
latency of which is shortened in the absence of a p53 allele (Jonkers et al, 2001).  Recently, 
study of a conditional knockout of Brca2 in mouse prostate epithelium showed that loss of 
Brca2 leads to increased prostate cancer incidence which is accelerated in the absence of p53 
(Francis et al, 2010).  

5.6 DNA ligase IV 
Hypomorphic mutations in the DNA ligase IV gene in humans give rise to the ligase IV 
(Lig4) syndrome. Lig4 syndrome is an autosomal recessive disorder characterized by 
microencephaly, growth retardation, mental retardation, decreased red and white blood cell 
count, immunodeficiency and increased cancer susceptibility (O'Driscoll et al, 2001). Cells 
from Lig4 patients display increased radiosensitivity and are defective in NHEJ DSB repair, 
but they have normal cell cycle checkpoints (O'Driscoll et al, 2001).   
Knocking out DNA ligase IV in mice results in late embryonic lethality with massive 
neuronal apoptosis and lymphocyte development arrest due to lack of V(D)J recombination 
(Frank et al, 1998). Mice with hypomorphic mutation of DNA ligase IV were obtained 
through a mutagenesis screen. These mice have growth defects, are immunodeficient and 
have hematopoietic stem cell exhaustion with age (Nijnik et al, 2007). 

5.7 Artemis  
Artemis is the gene mutated in radiosensitive-severe combined immunodeficiency (RS-SCID) 
(Moshous et al, 2001). RS-SCID is characterized by normal development but increased 
radiosensitivity and a complete absence of mature B and T cells that can be attributable to 
defects in V(D)J recombination. While null mutations of Artemis give rise to RD-SCID, 
hypomorphic mutations lead to a plethora of less severe immunodeficiency syndromes that 
are characterized by increased incidence of Esptein-Barr virus-induced lymphomas 
(Moshous et al, 2003).  
Artemis knockout mice are viable and display normal growth. B cell development in these 
mice is arrested at early progenitor stages. In contrast to what is observed in humans some T 
cells are able to undergo V(D)J recombination and mature normally leading to a “leaky” 
SCID phenotype (Rooney et al, 2002). Artemis-deficient cells display increased 
radiosensitivity and genomic instability. Recently, Artemis-null mice were generated in a 
different genetic background (Xiao et al, 2009). These mice exhibit complete arrest of B and T 
lymphocyte development and do not present a leaky phenotype and thus recapitulate more 
closely RS-SCID symptoms.  

5.8 DNA-PKcs  
The first DNA-PKcs human gene mutation was recently identified in a patient presenting 
classical symptoms of RS-SCID (van der Burg et al, 2009). This patient did not have mature 
B or T cells but had normal natural killer cell numbers. Cells from the patient were unable to 
properly repair DNA double strand breaks and were deficient in NHEJ. 
DNA-PKcs was initially identified as the gene inactivated in the classical scid mice. Later on, 
knockout mice for DNA-PKcs recapitulated the phenotypes of the scid mice (Gao et al, 1998). 
DNA-PKcs-/- mice exhibited no growth defects but they displayed arrested B and T cell 
development at early progenitor stages, impaired V(D)J recombination and increased 
cellular radiosensitivity.  
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5.9 NHEJ1  
NHEJ1 (Cernunnos-XLF) gene mutations were identified in patients with immunodeficiency 
and microencephaly (Buck et al, 2006). These patients are characterized by bird-like features, 
microencephaly, progressive loss of B and T cells and growth retardation. They have low 
levels of circulating IgA and IgG. Cells derived from these patients are radiosensitive but 
display normal cell cycle checkpoint.  
A mouse model in which Nhej1 is deleted has been generated (Li et al, 2008). These mice 
display a much milder phenotype than what is seen in humans. Nhej1-null mice are viable, 
born at the mendelian ratio and have normal growth and development. Although B and T 
cell numbers are reduced in Nhej1-deficient mice, a normal development of immune cells is 
observed and V(D)J recombination was not impaired in Nhej1-null lymphocytes. On the 
other hand, B cells from Nhej1-deficient mice had defective CSR. Concomitant loss of Nhej1 
and p53 resulted in the rapid occurrence of thymic lymphomas and medulloblastomas.  

5.10 Ku70 and Ku80 
Mutations in Ku70 or Ku80 genes have not yet been described in humans. However 
knockout mice have been generated for these two proteins. Similar to what has been 
observed for knockout mice of other NHEJ factors described above, Ku70 and Ku80 
deficient mice display immunodeficiency with arrested B and T cell development and 
defective V(D)J recombination (Gu et al, 1997; Nussenzweig et al, 1996). Interestingly 
though, Ku70-/- and Ku80-/- mice displayed significant growth defects and reduced size 
compared to wild-type mice. 

6. Conclusion 
DNA double strand breaks are constantly generated in our cells either through external 
stressors such as radiation or through internal programmed events that are needed for 
normal physiological processes such as gametogenesis, V(D)J recombination and class 
switch recombination. The importance of quickly detecting and repairing these breaks is 
underscored by the plethora of human syndromes caused by mutation of genes coding for 
DSB signaling and repair proteins. These syndromes share many similarities which include 
neurological defects, growth defects, immunodeficiency, radiosensitivity, sterility and 
increased cancer incidence. Although many of these symptoms have been recapitulated in 
knockout mouse models of DSB response proteins, some discrepancies between human 
syndromes and mouse models are sometimes observed which highlight differential role or 
redundancy between DSB response proteins in humans and mice. Nevertheless, study of 
these models have provided great insight into the physiological functions of DSB response 
proteins and have led to rapid discoveries in this field. Finally, these studies resulted in a 
better understanding of the etiology of certain diseases such as cancer and provided 
potential new ways of treating these diseases.  
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1. Introduction 
Genomes are continually attacked by both endogenous and exogenous agents that damage 
DNA. DNA damage in the form of DNA breaks can lead to chromosome translocations, cell 
cycle arrest, and apoptosis. Homologous recombination is an essential biological process 
that ensures the accurate repair of DNA breaks and thereby contributes to genomic integrity 
(Kuzminov 1999; Paques and Haber 1999). 
DNA double-strand breaks (DSBs) are considered the principal lethal DNA damage 
resulting from ionizing radiation and cross-linking drugs. In addition, DSB can arise from 
endogenous processes, such as replication fork stalling during attempted replication over a 
single strand-break and topoisomerase poisons that are common therapies in the treatment 
of human cancers (Arnaudeau, Lundin et al. 2001).   
It is of great importance that cells recognise DSBs and act upon them rapidly and efficiently, 
because cell death or impaired cell function can occur if these are left unrepaired or are 
repaired inaccurately. In addition to DNA repair mechanisms, cell cycle checkpoint 
activation processes are initiated in response to DNA damage. More specically, DNA 
damage signals to arrest cell cycle progression, giving the cell more time to repair what 
might otherwise be a fatal lesion (Henning and Sturzbecher 2003). 

2. DNA damage – repair pathways 
Faithful genome transmission requires the co-ordination of a network of pathways such as 
cell cycle checkpoint, DNA replication, DNA repair/recombination and programmed cell 
death. In response to DNA damage, cells arrest their cell cycle progression, thus providing 
time for repair, or activate programmed cell death – both responses preventing transmission 
of genetic instability (Khanna and Jackson 2001). Thus, maintenance of the genomic integrity 
by DNA repair genes is an essential step in normal cellular growth and differentiation 
(Hoeijmakers 2001). 
Failure to repair DNA lesions such as DSBs can lead to mutations, genomic instability, and 
cell death. Due to the severe consequences of DSBs, cells have developed two major repair 
pathways: homologous recombination (HR) and non-homolgous end joining (NHEJ) 
(Helleday, Lo et al. 2007). 
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HR takes advantage of large sequence homologies to repair DSBs. These homologous 
sequences can be found on homologous chromosome or in DNA repeats. HR refers to 
several processes, the two most documented in mammalian cells being single-strand 
annealing (SSA) and gene conversion associated or not with crossing over (Lin, Sperle et al. 
1984). SSA process occurs between direct repeat sequences (Lin, Sperle et al. 1984) and is 
initiated by homologous pairing, except that—unlike HR—the homology is between short 
stretches of single-stranded DNA at staggered DSBs, and pairing precedes re-ligation, not 
strand exchange.  It is a non-conservative process and error-prone because sequence 
information can be lost or rearranged when ends overlapping by as little as 30 bp are 
unsuitably joined (Henning and Sturzbecher 2003). Homologous recombination requires a 
homologous intact sequence and results in gene conversion associated or not with crossing 
over (Szostak, Orr-Weaver et al. 1983). Gene conversion is a conservative, generally error-
free process, although it can also generate genetic variability. Gene conversion is involved in 
meiosis and molecular evolution (Daboussi, Dumay et al. 2002). 
The mitotic cell cycle is an important determinant in the choice of the right repair pathway 
for a given physiological situation. Repair by HR predominates during S/G phases of the 
cell cycle, when sister chromatids, the preferred substrate for error-free exchange, are 
present (Henning and Sturzbecher 2003). 
Non-homologous end joining (NHEJ) ligates the two broken DNA ends and does not 
require extensive sequence homologies between the two recombining DNA molecules. 
During the process, limited degradation of the DNA ends or DNA capture can lead to 
deletion or insertion of nucleotides or DNA fragments. It is thus a potentially error-prone 
process (Smith and Jackson 1999).  

3. Role of mammalian protein RAD51 
Mammalian RAD51 protein is a structural, biochemical and genetic homologue of the 
bacterial RecA and of the yeast RAD51 recombination proteins. Interestingly, 
overexpression of RAD51 alone is sufficient to stimulate gene conversion in mammalian 
cells (Vispe, Cazaux et al. 1998; Arnaudeau, Helleday et al. 1999; Lambert and Lopez 2000). 
In contrast, expression of dominant negative forms of RAD51 is enough to abolish almost 
totally gene conversion between tandem repeat sequences (Lambert and Lopez 2000). These 
data suggest that RAD51 plays a pivotal role in gene conversion regulation. 
In vitro, RAD51 protein promotes DNA homologous pairing and strand exchange, in 
association with other proteins of the gene conversion complex (Benson, Baumann et al. 
1998). In cultured mammalian cells, RAD51 is involved in spontaneous gene conversion as 
well as in HR induced by γ-rays (Lambert and Lopez 2000) , alkylating agents, UV-C and 
replication elongation inhibitors (Saintigny, Delacote et al. 2001). More precisely, RAD51 
controls DSB repair via gene conversion leading to gene conversion associated or not with 
crossing over (Lambert and Lopez 2000).  
Finally, RAD51 partly participates in induced sister chromatid exchange in mammalian cells 
(Lambert and Lopez 2001). These roles of mammalian RAD51 in gene conversion are very 
similar to the roles of yeast RAD51. However, there are important differences between yeast 
and vertebrate RAD51 (Daboussi, Dumay et al. 2002). 
The RAD51 gene consists of 10 exons and spans at least 30 kb. All exon-intron boundaries 
follow the GT-AC rule. Further sequencing of the region 5’ of the first exon revealed that 
nonconding exon 1 contained a CpG island that was approximately 900 bp in size. This 
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putative promoter region contains several recognition sites for Sp1 transcription factors but 
lacks a TATA box (Schmutte, Tombline et al. 1999). The presence of several putative Sp1 
promoter binding sites is consistent with the observed cell cycle-dependent expression of 
RAD51 (Johnson 1992). The translation start codon is located in exon 2, and the average size 
of the coding exons is 112 bp (Schmutte, Tombline et al. 1999). 
RAD51 gene encodes a highly conserved well-characterized DNA repair protein (Liu, 
Lamerdin et al. 1998) (Table 1). RAD51 gene is located at chromosome position 15q15.1 
(Takahashi, Matsuda et al. 1994), a region that exhibits loss of heterozygosity in a large of 
cancers, including those of the lung, the colorectum and the breast (Wick, Petersen et  
al. 1996).  
 

RAD51 
Gene symbol hRAD51 
Molecular Weight (Da) 36966 
Gene type Protein coding (RAD51) 
Function Involved in the homologous recombination and repair of 

DNA 
Gene Map Locus 15q15.1 
Localization primary Nucleus 
Protein interactions BRCA1, RAD51C, ABL, P53, BRCA2, RAD54-like protein, 

RAD54B, RAD52, ERCC2, Cell cycle checkpoint kinase 
(CHEK1/CHK1), ATM, RAD51C, XRCC3, XRCC2, RAD51B 

Described 
polymorphisms 

5’ UTR G135C and 5’ UTR G172T 

Table 1. Characteristics of the gene RAD51. 

When cells are exposed to genotoxic agents or irradiation, such as mitomycin C, UV, and 
ionizing radiation, RAD51 protein is recruited to sites of DNA damage where it mediates 
the search for a homologous sequence during homologous recombination (Buchhop, Gibson 
et al. 1997; Vispe, Cazaux et al. 1998). It has been revealed that the RAD51 nuclear foci are 
the sites of repair of DNA damage (Tashiro, Kotomura et al. 1996).  
This protein is therefore required for meiotic and mitotic recombination and plays a central 
role in homology-dependent recombinational repair of DSBs (Levy-Lahad, Lahad et al. 
2001). Upon its regulated recruitment to sites of DNA breaks, RAD51 forms a nucleoprotein 
filament by polymerizing onto single-stranded DNA at the processed break. This filament 
catalyses DNA strand exchange with an undamaged sister chromatid or homologous 
chromosome, which serve as templates for the restoration of missing genetic information (Li 
and Heyer 2008; San Filippo, Sung et al. 2008).  
So when HR is used for repair, in eukaryotes it is promoted by the recombinase RAD51, 
which binds to 3’-tailed single strands at the end of DSBs in a helical fashion and promotes 
pairing with homologous DNA sequences as a prelude to strand invasion and repair of the 
DSBs (Sung and Klein 2006) (Figure 1). 
In response to DNA damage, RAD51 is translocated from the cytosol to the nucleus (Haaf, 
Golub et al. 1995). In the nucleus, RAD51 sequesters into foci together with other proteins 
involved in homologous recombination, e. g., RAD52 (Liu and Maizels 2000).  
RAD51 is required for the resistance to ionising radiation (Ohnishi, Taki et al. 1998), and 
high levels of RAD51 have been correlated with resistance to chemotherapeutics agents 
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(Maacke, Jost et al. 2000; Slupianek, Hoser et al. 2002). Importantly, RAD51 is also essential 
for embryonic survival in the absence of exogenous DNA damaging agents and has a role in 
the repair of spontaneously occurring chromosome breaks in proliferating cells of higher 
eukaryotes (Sonoda, Sasaki et al. 1998). This protein has been shown to be involved in the 
repair of different kinds of DNA lesions during replication (Lundin, Schultz et al. 2003). 
Thus, RAD51 is likely to promote genomic stability in eukaryotic cells (Orre, Falt et al. 2006). 
However, despite its role in maintaining genomic integrity, it has been proposed that the 
aberrant increase in RAD51 expression found in tumour cells may contribute to genomic 
instability by stimulating aberrant recombination between short repetitive elements and 
homologous sequences (Xia, Shammas et al. 1997; Flygare, Falt et al. 2001). 
 

 
Fig. 1. Mechanism of DNA repair by RAD51 (homologous recombination). 

The regulation of RAD51 appears to occur through at least two ways: (a) transcriptionally, 
by genes that confer a proliferative potential, as well as by checkpoint signaling pathways 
that regulate DNA damage responses; and (b) at the protein level, where interactions with 
other molecules leads to distinct cellular localization in RAD51 nuclear foci. It is possible 
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that RAD51 regulation may occur at the transcriptional level in a cell type-, cell cycle-, or 
damage response-coordinated manner. 
RAD51 gene expression is controlled by a variety of transcriptional activators and repressors 
(Hasselbach, Haase et al. 2005; Arias-Lopez, Lazaro-Trueba et al. 2006), but is not affected by 
DNA damage (Henson, Tsai et al. 2006). 
The accurate functioning of the DNA-repair proteins is a crucial step in maintaining 
genomic homeostasis and preventing carcinogenesis. 

4. Levels of RAD51 protein expression 
RAD51 expression is cell cycle-regulated, being lowest in resting cells. In proliferating cells, 
RAD51 expression peaks in the S/G2 phases of the cell cycle (Flygare, Benson et al. 1996; 
Yamamoto, Taki et al. 1996), indicating a role of the protein in intrachromosomal 
recombinational repair (Flygare, Falt et al. 2001).  
Several studies have shown RAD51 protein expression levels to be elevated in immortalized 
cells and a wide variety of human cancer cell lines (Xia, Shammas et al. 1997; Raderschall, 
Stout et al. 2002). Given this high RAD51 expression, it is possible that RAD51 
overexpression followed by hyperrecombination may contribute to genomic instability and 
malignant transformation (Vispe, Cazaux et al. 1998; Yanez and Porter 1999). Moreover, a 
growing body of literature suggests that RAD51 overexpression can increase cellular 
resistance to radiation and some chemotherapeutic drugs (Maacke, Jost et al. 2000; Henning 
and Sturzbecher 2003; Qiao, Wu et al. 2005). This could be of clinical importance for the 
treatment of cancer patients with radio- and/or chemotherapy (Flygare, Falt et al. 2001). 
Aberrant overexpression of RAD51 protein could confer several advantages to tumor cells. 
First, the DNA repair function of RAD51 may protect cells from DNA damage and 
apoptosis. Secondly, overstimulation of homologous recombination and chromatid 
exchange mechanisms by RAD51 protein (Xia, Shammas et al. 1997; Arnaudeau, Helleday et 
al. 1999) may contribute to genomic instability and genetic diversity of tumour cells 
(Raderschall, Stout et al. 2002).  
Hasselbach and co-workers (Hasselbach, Haase et al. 2005) identified three separate cis-
acting sequence elements within the RAD51 transcriptional promoter, one ensuring basal 
levels of expression and two elements limiting expression to relatively low levels. The 
characterisation of transcription factor binding might help to explain high-level expression 
of RAD51 in a variety of solid tumours. 
The mechanisms underlying the observed radioresistance accompanying RAD51 
overexpression are poorly understood. It is possible that an increased DSB repair capacity 
following RAD51 upregulation is responsible for the increased radioresistance. 
Alternatively, the overexpression of RAD51 might affect other cellular processes influencing 
cell survival, e.g., cell cycle progression (Flygare, Falt et al. 2001). The tumour suppressors 
p53 (Buchhop, Gibson et al. 1997) and BRCA2 (Patel, Yu et al. 1998; Yuan, Lee et al. 1999) 
associate with RAD51 and play roles in DNA repair and cell cycle checkpoint pathways 
(Dasika, Lin et al. 1999).  
The reasons for RAD51 overexpression in cancer cells are not entirely understood. It is not 
the result of gene duplication or protein stability, but is thought to occur at the level of 
transcriptional regulation in the promoter region (Raderschall, Stout et al. 2002). 
Since many tumours exhibit resistance to therapeutic drugs that damage DNA, it is 
important to understand the molecular mechanisms causing this DNA damage resistance. In 
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that RAD51 regulation may occur at the transcriptional level in a cell type-, cell cycle-, or 
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several cases it appears that the resistance is from enhanced RAD51 expression, due to 
oncogene-induced expression of RAD51 and inhibition of pathways that limit RAD51 
protein levels. Cells that express the oncogenes BCR/ABL have increased levels of RAD51 
protein (Slupianek, Schmutte et al. 2001). This occurs through STAT5-dependent 
transcription of RAD51 and inhibition of RAD51 protein cleavage by caspase-3. These cells 
have increased resistance to cisplatin and mitomycin C, drugs whose damage requires 
RAD51 for repair. Additionally, double strand break-induced homologous recombination is 
elevated in these cells (Klein 2008).  
Therefore, another level of regulation of RAD51 activity occurs through protein 
modification. RAD51 is a target of the BCR/ABL kinase and is phosphorylated on tyrosine 
315. Mutation of this tyrosine residue to phenylalanine resulted in increased sensitivity to 
cisplatin and mitomycin C, suggesting that RAD51 recombinational repair of DNA crosslink 
damage is controlled trough RAD51 tyrosine 315 (Klein 2008). 
Thus, upon DNA damage, RAD51 is phosphorylated by c-Abl. In addition, RAD51 is 
cleaved by capase-3 during apoptosis (Slupianek, Schmutte et al. 2001; Klein 2008). 
Together, these findings suggest that the cellular level of the RAD51 protein is important for 
the control of homologous recombination and survival after DNA damage (Hansen, Lundin 
et al. 2003).  
A study demonstrated that RAD51 expression levels in human cell lines were modulated by 
introducing various fusion tyrosine kinase (FTK) proteins. All of the FTK's, except one, 
elevated RAD51 expression levels (5- to 8-fold) relative to the parental cell line. The RAD51 
expression levels correlated with cellular resistance to cisplatin, and this resistance was 
partially reversed by blocking RAD51 expression with an anti-sense strategy (Slupianek, 
Hoser et al. 2002). 
Earlier studies found that due to its central role in recombination, RAD51 was likely to be a 
target for regulatory factors that coordinate DNA repair, transcription, replication and cell-
cycle progression. The tumour-suppressor protein p53 is one of several factors that could 
interact directly with human RAD51 (Buchhop, Gibson et al. 1997). The p53 protein has a 
well-established role in linking progression through the cell cycle with genome integrity. 
This function is likely to require contact with the DNA-repair machinery, and RAD51 is 
therefore a potential target. There are some indications that the presence of TP53 affects the 
activities of RAD51 (Levine 1997). Overexpression of the c-myc, β-catenin or human 
papilloma virus E7 oncogenes results in induction of RAD51 and increased protein levels 
(Pauklin, Kristjuhan et al. 2005). RAD51 induction is dependent on the ATM and ATR 
kinases acting on p53 phosphorylation and downregulation of RAD51 levels. Increased 
RAD51 levels are correlated with an induction of the DNA damage response when 
oncogenes are overexpressed, using formation of γ-H2AX foci as a marker of DNA damage. 
Further studies suggested that the ARF tumor suppressor pathway also regulated RAD51 
levels through p53 activation (Klein 2008).  
Therefore, the tumor suppressor protein p53, which is frequently mutated in cancer, 
interacts with the RAD51 core promoter and RAD51 protein to inhibit both its expression 
and activity (Linke, Sengupta et al. 2003; Arias-Lopez, Lazaro-Trueba et al. 2006), while the 
transcription factor STAT5 has been shown to stimulate the expression of RAD51 
(Slupianek, Schmutte et al. 2001; Slupianek, Hoser et al. 2002). 
There are only a few studies that have investigated RAD51 expression levels in human 
tumors. Since increased levels of RAD51 have been correlated with elevated 
recombination rates (Xia, Shammas et al. 1997; Vispe, Cazaux et al. 1998), but also 
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increased genomic instability, the consequences of increased RAD51 expression were 
studied in human cells. Elevated RAD51 protein levels have been detected in human 
pancreatic adenocarcinoma cell lines (Maacke, Jost et al. 2000) and in cells derived from a 
patient with Bloom’s syndrome (Magnusson, Sandstrom et al. 2000), a disorder that 
confers pronounced genomic instability. It has also been shown that elevated levels of 
RAD51 correlate with increased invasiveness of breast cancer (Maacke, Opitz et al. 2000) 
and can be used as an independent prognostic marker for mean survival time in patients 
with non-small cell lung cancer (Qiao, Wu et al. 2005). 
It has already been demonstrated that increased RAD51 protein expression leads to a 
perturbation of the cellular state of equilibrium, reflected in alterations of gene expression 
patterns detectable at the mRNA level. Up-regulation of p53 and auto-regulated decrease 
of RAD51 protein indicate that high RAD51 protein levels may have induced stress 
responses in our system (Orre, Falt et al. 2006). However, the resulting RAD51 protein 
level remained higher than that observed in cells expressing RAD51 and was similar to 
the degree of RAD51 up-regulation observed in many cancer cell lines (Raderschall, Stout 
et al. 2002).  
However, additional studies will be required to determine at which point during the 
multistage process of tumorigenesis RAD51 up-regulation occurs and to understand its 
clinical significance. Raderschall and co-workers (Raderschall, Stout et al. 2002) showed 
possible diagnostic and therapeutic applications. Firstly, RAD51 could serve as a 
diagnostic/prognostic marker to improve tumour classification. More importantly, down-
regulation of RAD51 protein by RAD51 antisense oligonucleotides (Ohnishi, Taki et al. 1998) 
or RAD51-inhibitory drugs could be used to sensitize tumours to radiation or 
chemotherapy. 
Therefore, various studies of DNA damage and repair in cancer are important, because they 
can give not only deeper insight into molecular mechanisms of carcinogenesis, but may also 
yield information on risk markers for cancer and help to improve cancer therapy as well as 
ght its hindrances (Synowiec, Stefanska et al. 2008). 

5. Genetic variants and cancer 

In the process of generating a draft sequence of the human genome, it has become clear that 
the extent of genetic variation is much larger than previously estimated (Lander, Linton et 
al. 2001; Venter, Adams et al. 2001). The most common variations in human genome are 
single nucleotide polymorphisms (SNPs), which are polymorphisms with only one 
nucleotide substitution. By definition, SNPs are single base pair positions in genomic DNA 
at which different sequence alternatives (alleles) exist in normal individuals in some 
population(s), wherein the least frequent allele has an abundance of 1% or greater (Brookes 
1999; Risch 2000). 
These genetic variants are defined as low penetrance susceptibility alleles, providing an 
altered risk for cancer development. This risk appears to be influenced by individual SNPs 
profile in key genes for cancer susceptibility (Brookes 1999).  
The association between exposure factor (polymorphism) and the disease is evaluated by 
relative risk (RR) estimation, indicating the probability of disease development in the group 
of polymorphic variant carriers. The great majority of molecular epidemiology studies on 
cancer are of case-control type; therefore RR is evaluated through Odds Ratio (OR). OR 
represents an association magnitude and supplies helpful information on causality and 
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definition of attributable risk, which is the proportion of all cases that is attributed to the 
risk factor (Knudsen, Loft et al. 2001). 
SNPs and haplotype analysis in cancer research may contribute to the determination of high 
risk groups and help cancer prevention and development of new therapeutic orientations. 
Several studies have reported that variations in genes involved in DNA repair and in the 
maintenance of genome integrity may be responsible in the increase of cancer risk (Jara, 
Acevedo et al. 2007). Thus, there is increasing volume of data supporting the hypothesis that 
genetic polymorphisms in various DNA repair genes result in reduced DNA repair capacity, 
in this way, being associated with increased susceptibility to various human solid tumours 
(Qiao, Spitz et al. 2002; Au, Salama et al. 2003; Hung, Hall et al. 2005). 
Presence of polymorphisms in DNA repair genes could change the DNA-repair capacity 
and subsequently modulate the response to DNA-damaging agents and alter an individual’s 
susceptibility to cancer (Hu, Mohrenweiser et al. 2002).  

5.1 RAD51 gene polymorphisms (G135C and G172T) 
Two single-nucleotide polymorphisms (SNPs) polymorphisms have been described in the 
5’- untranslated region (5’-UTR) of RAD51 gene , a G to C substitution at position +135 bp, 
and a G to T substitution at position +172 bp from the start of the cDNA sequence (Levy-
Lahad, Lahad et al. 2001; Wang, Spurdle et al. 2001; Rollinson, Smith et al. 2007). Promoter 
activity is significantly enhanced by substituting G at the polymorphic positions +135 and 
+172 for C and T, respectively (Hasselbach, Haase et al. 2005).  
The biological effect of these polymorphisms is yet to be elucidated and will be important to 
investigate (Blasiak, Przybylowska et al. 2003). However, RAD51 G135C polymorphism 
could affect mRNA splicing, regulation of transcription, translation efficiency or mRNA 
stability by association of 5’UTR region with regulatory elements (Gray 1998), leading to 
altered polypeptide product levels, which could affect the function of the final product – the 
RAD51 protein (Poplawski, Arabski et al. 2006). Because a guanine-to-cytosine substitution 
at position +135 of the RAD51 is a gain-of-function mutation, it is expected to result in 
increased activity of RAD51. This effect is opposite to those found for most of the other 
genetic variations in DNA repair genes, which result in the decrease of function (Chistiakov, 
Voronova et al. 2008).  
Human RAD51, known to function in DNA repair, interacts with a number of proteins 
implicated in breast cancer, including BRCA1 and BRCA2. Few studies have investigated the 
role of RAD51 gene variations in familial breast cancer (Jara, Acevedo et al. 2007). However, 
some authors hypothesize that several polymorphisms of DNA repair genes could modify 
either DNA capacity or fidelity, which may contribute to familial and sporadic breast cancer 
susceptibility (Costa, Pinto et al. 2007). These genes involved in DNA repair, especially those 
that interact with the product of the BRCA1 or BRCA2 genes, are of particular interest as 
cancer risk modifiers in BRCA1/2 mutation carriers. Both BRCA1 and BRCA2 participate in 
DNA double-strand break repair through homologous recombination (Venkitaraman 2002). 
Therefore, the problem of genetic variability of the RAD51 gene in breast cancer is worth 
studying for at least two reasons: (1) the involvement of RAD51 in the stability of the 
genome and (2) its potential to modify the penetrance of BRCA1/BRCA2 mutations, which 
can increase susceptibility for breast cancer (Blasiak, Przybylowska et al. 2003).  
It was reported that the G135C polymorphism of the RAD51 gene is a clinically signicant 
modier of BRCA2 penetrance, specically in raising breast cancer risk at younger ages 
(Levy-Lahad, Lahad et al. 2001).  
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Previous studies have linked the RAD51 135C allele with altered susceptibility to both breast 
cancer and ovarian cancer. In breast cancer, although a study found no association for the 
genetic variant (Kuschel, Auranen et al. 2002), Wang et al. (Wang, Spurdle et al. 2001) 
reported an increased risk of breast cancer and a lower risk of ovarian cancer amongst cases 
also possessing a BRCA2 mutation, however, no association was seen for individuals known 
to have a BRCA1 mutation. Apparently conflicting results have been reported by 
Jakubowska et al. (Jakubowska, Gronwald et al. 2007). These researchers investigated the 
role of the RAD51 G135C polymorphism in breast and ovarian cancer in case-control 
populations of Polish women matched for BRCA1 mutation and age. The results revealed 
that women who harboured the C allele had almost two times reduced risk of breast and 
ovarian cancer risk compared with women who harboured only the G allele. Moreover, it 
was shown in this study that the site of the BRCA1 mutation did not inuence the effect of 
the RAD51 C allele, indicating that this polymorphism contributes to prevention of the 
disease among BRCA1 carriers.  
These differences in associated risk among for BRCA1 mutation carriers may be due to 
chance, but also could be explained by the nature of the BRCA1 mutations reported in the 
two studies. The most common mutation seen in the Jakubowska study was the 5382insC, 
which results in a truncated protein but which retains an intact RAD51 binding site 
(Jakubowska, Narod et al. 2003). The primary mutation reported in the Wang study was the 
185delAG, which also results in a truncated protein but abolishes the BRCA1-RAD51 
binding site. This suggests that for a protective effect to be seen in BRCA1 mutation carriers, 
the RAD51 interaction site must be present, enabling the RAD51 135C allele to enhance the 
activity of mutant BRCA1 (Jakubowska, Narod et al. 2003). 
Another study showed an elevated breast cancer risk associated with the RAD51 135C allele 
in BRCA2 mutation carriers, but not in BRCA1 mutation carriers (Levy-Lahad, Lahad et al. 
2001; Wang, Spurdle et al. 2001).  
Synowiec et al. (Synowiec, Stefanska et al. 2008) showed previously that the G135C 
polymorphism was not an independent marker in breast cancer, but it could be associated 
with an increased breast cancer risk in BRCA2 mutation carriers (Blasiak, Przybylowska et 
al. 2003; Sliwinski, Krupa et al. 2005), conrming similar results from other studies (Levy-
Lahad, Lahad et al. 2001; Antoniou, Sinilnikova et al. 2007). They also observed a protective 
effect against breast cancer occurrence for the G/C genotype of this polymorphism (OR 0.25; 
95% CI 0.10-0.63). The results from a combined analysis of 19 studies revealed an increased 
risk of breast cancer in the C/C homozygotes with BRCA2 mutation [41].  
Jara et al. (Jara, Acevedo et al. 2007) proposed that RAD51 G135C polymorphism presents an 
increased risk of familial breast cancer in women with age < 50 years at diagnosis, and this 
polymorphism may be a breast cancer risk variant. This nding should be conrmed in 
other populations. 
BRCA2 is required for the orderly assembly of RAD51 on single stranded DNA ends. In the 
absence of BRCA2, initiation of accurate HR is impaired and repair errors will rapidly 
accumulate (Powell, Willers et al. 2002). The increased risk associated with the RAD51 135C 
allele suggests an increase in repair errors. The biological explanation for this is uncertain 
but may reect the use of an alternative pathway such as NHEJ (Moynahan, Pierce et al. 
2001), or may be a result of error prone HR (Tutt, Bertwistle et al. 2001).  
Costa et al. (Costa, Pinto et al. 2007) in a case–control study, showed an association of RAD51 
135C allele and increased breast cancer risk only among women with family history of 
breast cancer, suggesting that this polymorphism contributed to the familial breast cancer in 



 
DNA Repair and Human Health 

 

80

definition of attributable risk, which is the proportion of all cases that is attributed to the 
risk factor (Knudsen, Loft et al. 2001). 
SNPs and haplotype analysis in cancer research may contribute to the determination of high 
risk groups and help cancer prevention and development of new therapeutic orientations. 
Several studies have reported that variations in genes involved in DNA repair and in the 
maintenance of genome integrity may be responsible in the increase of cancer risk (Jara, 
Acevedo et al. 2007). Thus, there is increasing volume of data supporting the hypothesis that 
genetic polymorphisms in various DNA repair genes result in reduced DNA repair capacity, 
in this way, being associated with increased susceptibility to various human solid tumours 
(Qiao, Spitz et al. 2002; Au, Salama et al. 2003; Hung, Hall et al. 2005). 
Presence of polymorphisms in DNA repair genes could change the DNA-repair capacity 
and subsequently modulate the response to DNA-damaging agents and alter an individual’s 
susceptibility to cancer (Hu, Mohrenweiser et al. 2002).  

5.1 RAD51 gene polymorphisms (G135C and G172T) 
Two single-nucleotide polymorphisms (SNPs) polymorphisms have been described in the 
5’- untranslated region (5’-UTR) of RAD51 gene , a G to C substitution at position +135 bp, 
and a G to T substitution at position +172 bp from the start of the cDNA sequence (Levy-
Lahad, Lahad et al. 2001; Wang, Spurdle et al. 2001; Rollinson, Smith et al. 2007). Promoter 
activity is significantly enhanced by substituting G at the polymorphic positions +135 and 
+172 for C and T, respectively (Hasselbach, Haase et al. 2005).  
The biological effect of these polymorphisms is yet to be elucidated and will be important to 
investigate (Blasiak, Przybylowska et al. 2003). However, RAD51 G135C polymorphism 
could affect mRNA splicing, regulation of transcription, translation efficiency or mRNA 
stability by association of 5’UTR region with regulatory elements (Gray 1998), leading to 
altered polypeptide product levels, which could affect the function of the final product – the 
RAD51 protein (Poplawski, Arabski et al. 2006). Because a guanine-to-cytosine substitution 
at position +135 of the RAD51 is a gain-of-function mutation, it is expected to result in 
increased activity of RAD51. This effect is opposite to those found for most of the other 
genetic variations in DNA repair genes, which result in the decrease of function (Chistiakov, 
Voronova et al. 2008).  
Human RAD51, known to function in DNA repair, interacts with a number of proteins 
implicated in breast cancer, including BRCA1 and BRCA2. Few studies have investigated the 
role of RAD51 gene variations in familial breast cancer (Jara, Acevedo et al. 2007). However, 
some authors hypothesize that several polymorphisms of DNA repair genes could modify 
either DNA capacity or fidelity, which may contribute to familial and sporadic breast cancer 
susceptibility (Costa, Pinto et al. 2007). These genes involved in DNA repair, especially those 
that interact with the product of the BRCA1 or BRCA2 genes, are of particular interest as 
cancer risk modifiers in BRCA1/2 mutation carriers. Both BRCA1 and BRCA2 participate in 
DNA double-strand break repair through homologous recombination (Venkitaraman 2002). 
Therefore, the problem of genetic variability of the RAD51 gene in breast cancer is worth 
studying for at least two reasons: (1) the involvement of RAD51 in the stability of the 
genome and (2) its potential to modify the penetrance of BRCA1/BRCA2 mutations, which 
can increase susceptibility for breast cancer (Blasiak, Przybylowska et al. 2003).  
It was reported that the G135C polymorphism of the RAD51 gene is a clinically signicant 
modier of BRCA2 penetrance, specically in raising breast cancer risk at younger ages 
(Levy-Lahad, Lahad et al. 2001).  

 
DNA Damage Repair and Cancer: the Role of RAD51 Protein and Its Genetic Variants 

 

81 

Previous studies have linked the RAD51 135C allele with altered susceptibility to both breast 
cancer and ovarian cancer. In breast cancer, although a study found no association for the 
genetic variant (Kuschel, Auranen et al. 2002), Wang et al. (Wang, Spurdle et al. 2001) 
reported an increased risk of breast cancer and a lower risk of ovarian cancer amongst cases 
also possessing a BRCA2 mutation, however, no association was seen for individuals known 
to have a BRCA1 mutation. Apparently conflicting results have been reported by 
Jakubowska et al. (Jakubowska, Gronwald et al. 2007). These researchers investigated the 
role of the RAD51 G135C polymorphism in breast and ovarian cancer in case-control 
populations of Polish women matched for BRCA1 mutation and age. The results revealed 
that women who harboured the C allele had almost two times reduced risk of breast and 
ovarian cancer risk compared with women who harboured only the G allele. Moreover, it 
was shown in this study that the site of the BRCA1 mutation did not inuence the effect of 
the RAD51 C allele, indicating that this polymorphism contributes to prevention of the 
disease among BRCA1 carriers.  
These differences in associated risk among for BRCA1 mutation carriers may be due to 
chance, but also could be explained by the nature of the BRCA1 mutations reported in the 
two studies. The most common mutation seen in the Jakubowska study was the 5382insC, 
which results in a truncated protein but which retains an intact RAD51 binding site 
(Jakubowska, Narod et al. 2003). The primary mutation reported in the Wang study was the 
185delAG, which also results in a truncated protein but abolishes the BRCA1-RAD51 
binding site. This suggests that for a protective effect to be seen in BRCA1 mutation carriers, 
the RAD51 interaction site must be present, enabling the RAD51 135C allele to enhance the 
activity of mutant BRCA1 (Jakubowska, Narod et al. 2003). 
Another study showed an elevated breast cancer risk associated with the RAD51 135C allele 
in BRCA2 mutation carriers, but not in BRCA1 mutation carriers (Levy-Lahad, Lahad et al. 
2001; Wang, Spurdle et al. 2001).  
Synowiec et al. (Synowiec, Stefanska et al. 2008) showed previously that the G135C 
polymorphism was not an independent marker in breast cancer, but it could be associated 
with an increased breast cancer risk in BRCA2 mutation carriers (Blasiak, Przybylowska et 
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absence of BRCA2, initiation of accurate HR is impaired and repair errors will rapidly 
accumulate (Powell, Willers et al. 2002). The increased risk associated with the RAD51 135C 
allele suggests an increase in repair errors. The biological explanation for this is uncertain 
but may reect the use of an alternative pathway such as NHEJ (Moynahan, Pierce et al. 
2001), or may be a result of error prone HR (Tutt, Bertwistle et al. 2001).  
Costa et al. (Costa, Pinto et al. 2007) in a case–control study, showed an association of RAD51 
135C allele and increased breast cancer risk only among women with family history of 
breast cancer, suggesting that this polymorphism contributed to the familial breast cancer in 



 
DNA Repair and Human Health 

 

82

the Portuguese population, in opposition to reported results in a Brazilian population 
(Dufloth, Costa et al. 2005). Concerning sporadic breast cancer risk, similar results to Costa 
and co-workers findings were obtained by other studies in Australian women (Webb, 
Hopper et al. 2005) and in the Anglo-Saxon population (Kuschel, Auranen et al. 2002), 
where no association was obtained.  
In order to confirm these results, Kadouri et al. (Kadouri, Easton et al. 2001) evaluated the 
effect of the RAD51 G135C polymorphism on breast cancer risk in BRCA1/2 mutation 
carriers and in non-carrier breast cancer cases, mainly of Ashkenazi origin. These 
researchers reported a modifying effect for the RAD51 G135C polymorphism in BRCA2 
carriers, similar to the effect shown in two previous studies. This is the first modifier gene 
identified in BRCA2 carriers. The clinical implication of these findings is still limited; 
however, it hints at differences in molecular mechanisms involved in tumour development 
in BRCA1 and BRCA2 carriers. The study of polymorphisms in other DNA repair genes 
could further elucidate the mechanism of tumorigenesis in BRCA1 and BRCA2 carriers. 
Recent structural studies suggest a mechanism for the regulation of RAD51 activity by 
BRCA2, and cancer-associated mutations affecting the domain where RAD51 binds to 
BRCA2 or reduced level of the protein itself disrupt this interaction leading to impaired 
DNA repair via HR (Galkin, Esashi et al. 2005; Martin, Winkelmann et al. 2005). Because 
mutations in the BRCA2 gene may be associated with breast and ovarian cancer and results 
from multi-site cancer phenotype, genetic variation in the RAD51 gene may contribute to 
cancer (Martinez, Herzog et al. 2004). Some studies suggest that the G135C polymorphism 
of the RAD51 gene may have a phenotypic effect, manifested in the changes in the extent of 
oxidative DNA damage. Recently, HR has been implicated in the repair of stalled replication 
forks (Michel, Grompone et al. 2004). This type of cellular events can occur as a consequence 
of oxidation of DNA. DNA double strand breaks (DSBs), which are the main substrate for 
HR, can arise directly from reactive oxygen species (ROS) (Galli, Piroddi et al. 2005). 
A study in gastric cancer suggested that that the G135C polymorphism of the RAD51 gene 
may be linked with gastric cancer by the modulation of the cellular response to oxidative 
stress. In this work, the authors correlated the genetic constitution expressed by genotypes 
of the G135C polymorphism with susceptibility to DNA damage and efficacy of DNA repair 
in human lymphocytes of gastric cancer patients (Poplawski, Arabski et al. 2006). The results 
of this study suggest that the variants of the G135C polymorphism of the RAD51 gene can 
be associated with the occurrence of gastric cancer in individuals with a high level of 
oxidative DNA damage or impaired repair of such damage, which can be a consequence of 
another genetic variation or/and environmental factor(s). Therefore, this polymorphism can 
be considered as an additional marker in gastric cancer. However, this study had mainly 
preliminary character and further research, performed on a larger group, is needed to 
establish a correlation between gastric cancer and the G/C polymorphism of the RAD51 
gene (Poplawski, Arabski et al. 2006). 
It is known that in humans, inherited defects in HR pathways are known to predispose to 
acute myeloid leukaemia (AML), an example of this, Fanconi anemia (FA) (Bogliolo, Cabre 
et al. 2002) is characterized by spontaneous and mutagen-induced chromosome instability. 
Recently BRCA2, was identied as an FA protein, linking this pathway to HR through the 
interaction of BRCA2 with RAD51 (Godthelp, Artwert et al. 2002). There is a study that 
highlights the importance of the link between RAD51, BRCA1, BRCA2 and a risk for AML. 
An increased risk for AML has been noted in patients previously diagnosed with breast 
cancer (Pagano, Pulsoni et al. 2001) . Rollinson et al. (Rollinson, Smith et al. 2007) observed a 
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protective effect for the RAD51 135–172 C–G haplotype suggesting that it may be associated 
with increased RAD51 expression, modulating HR and protecting the cells against aberrant 
DNA repair events, thus reducing the risk of AML. 
Therapy-related acute myeloid leukemia (t-AML) is a devastating complication of 
chemotherapy and/or radiotherapy for a primary cancer. The risk of the development of t-
AML was found to be associated with the G-to-C polymorphism at –135 of the 5' 
untranslated region (135G/C-5'UTR) of RAD51 (Seedhouse and Russell 2007). The promoter 
activity of the RAD51 gene is enhanced by the G-to-C substitution (135G/C-5'UTR), 
resulting in high levels of RAD51 expression in individuals with the variation. RAD51's role 
in t-AML was also supported by an indirect nding that RAD51 was upregulated in 
mismatch repair-decient murine embryonic stem cells. This process can be recapitulated by 
treatment with alkylating agents. Mismatch repair deciency has been proposed to play an 
early role in therapy-related carcinogenesis. These data indicate that high levels of RAD51 
not only confer resistance to DNA-damaging agents but also contribute to the development 
of therapy-related cancers (Miyagawa 2008). 
We previously reported a study evaluating the prognostic and predictive role of RAD51 
G135C polymorphism in non-small lung cancer (NSCLC) patients treated with combined 
platinum taxanes/gemcitabine first line chemotherapy (Nogueira, Catarino et al. 2009). In 
this study, our results demonstrated that the C allele is associated with a higher survival 
time, conferring a better prognosis than the GG genotype carrier patients. Thus, individuals 
carrying the C allele showed a longer overall survival after chemotherapy, compared with 
individuals carrying the allele G. This study also indicates that the influence of RAD51 
G135C polymorphism in treatment response of NSCLC patients seems to be modulated by 
smoking history. Our results demonstrate that smoker or ex-smoker patients carriers of 
RAD51 135C allele present a higher mean overall survival time (Nogueira, Catarino et al. 
2009). According to the results obtained, we believe that RAD51 genotypes could be useful 
molecular markers for predicting the clinical outcome of NSCLC patients. 
The following table shows the main characteristics of some association studies between 
polymorphisms in the RAD51 gene and risk for cancer (table 2). 

6. Conclusion 

New factors and pathways with the ability to recognize and repair DSBs are being 
discovered and studied. DSB production is now recognized as a general occurrence in cells, 
and these lesions frequently arise through endogenous and exogenous events. As a 
consequence of evolution from prokaryotes to eukaryotes, cells have developed complex 
mechanisms which can recognize and repair this type of severe damage rapidly and 
correctly. Cells have been exposed to many types of environmental stresses, and these 
stresses can sometimes lead to sub-lethal damage. In order to survive and function under 
adverse conditions, it is necessary to repair or eliminate DNA damage, and as a 
consequence, cells have developed a number of complex repair systems to enable their 
survival and functioning. Knowledge and understanding of these complex systems will 
make contributions to biology and medicine (Ohnishi, Mori et al. 2009). 
A recent series of findings established a connection between apoptosis, HR regulation and 
tumorigenesis. Regulation of RAD51 activity appears to be essential in these regulation 
networks. It is questionable whether other kinases or signalling processes can affect RAD51 
regulation. These data should enhance understanding of the general mechanisms 
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protective effect for the RAD51 135–172 C–G haplotype suggesting that it may be associated 
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untranslated region (135G/C-5'UTR) of RAD51 (Seedhouse and Russell 2007). The promoter 
activity of the RAD51 gene is enhanced by the G-to-C substitution (135G/C-5'UTR), 
resulting in high levels of RAD51 expression in individuals with the variation. RAD51's role 
in t-AML was also supported by an indirect nding that RAD51 was upregulated in 
mismatch repair-decient murine embryonic stem cells. This process can be recapitulated by 
treatment with alkylating agents. Mismatch repair deciency has been proposed to play an 
early role in therapy-related carcinogenesis. These data indicate that high levels of RAD51 
not only confer resistance to DNA-damaging agents but also contribute to the development 
of therapy-related cancers (Miyagawa 2008). 
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G135C polymorphism in non-small lung cancer (NSCLC) patients treated with combined 
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time, conferring a better prognosis than the GG genotype carrier patients. Thus, individuals 
carrying the C allele showed a longer overall survival after chemotherapy, compared with 
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G135C polymorphism in treatment response of NSCLC patients seems to be modulated by 
smoking history. Our results demonstrate that smoker or ex-smoker patients carriers of 
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2009). According to the results obtained, we believe that RAD51 genotypes could be useful 
molecular markers for predicting the clinical outcome of NSCLC patients. 
The following table shows the main characteristics of some association studies between 
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Authors RAD51 
SNP 

Tumoral 
model 

Population 
(case/control) Ethnicity Genotyping 

methods Results 

Synowiec et 
al. (2008) 

5’ UTR 
G135C 

Breast 
cancer 41/48 European PCR-RFLP 

Polymorphism 
was not an 

independent 
marker in 

breast cancer, 
but it could be 
associated with 

an increased 
breast cancer 

risk in BRCA2 
mutation 
carriers 

Costa et al. 
(2007) 

5’ UTR 
G135C 

Breast 
cancer 285/442 European PCR-RFLP 

Association of 
RAD51 135C 

allele and 
increased breast 
cancer risk only 
among women 

with family 
history of 

breast cancer. 
No association 

for sporadic 
breast cancer 

risk 

Kadouri et 
al. (2001) 

5’ UTR 
G135C 

Breast 
cancer 309/152 Jewish PCR-RFLP 

Elevated risk 
for breast 
cancer in 
carriers of 

BRCA2 
mutations who 
also carry a 135 

C allele. No 
association for 

BRCA1 carriers. 
No association 

for BRCA1 non-
carriers 

Jara et al. 
(2007) 

5’ UTR 
G135C 

Breast 
cancer 143/ 247 South 

American PCR-RFLP 

Increased risk 
of familial 

breast cancer in 
women with 

age < 50 years 
at  diagnosis 

Blasiak et al. 
(2003) 

5’ UTR 
G135C 

Breast 
cancer 46/60 European PCR-RFLP 

No association 
between the 

polymorphism 
and appearance 

and 
progression of 
breast cancer 
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Jakubowska 
et al. (2007) 

5’ UTR 
G135C 

Breast 
and 

ovarian 
cancer 

485/485 European PCR-RFLP 

Women who 
harbour the C 

allele have 
almost twice 

the reduction in 
breast cancer 

risk and 
ovarian cancer 
risk compared 
with women 
who harbour 
the G allele 

Wang et al. 
(2001) 

5’ UTR 
G135C 

Breast 
and 

ovarian 
cancer 

317/263 Mixed PCR-RFLP 

Increased risk 
of breast cancer 

and a lower 
risk of ovarian 

cancer for  
cases with a 

BRCA2 
mutation. No 
association in 
cases with a 

BRCA1 
mutation 

Nogueira et 
al. (2009) 

5’ UTR 
G135C 

Non-
small 
lung 

cancer 

234/- 
 European PCR-RFLP 

C allele 
associated with 

a higher 
survival time. 
Smoker or ex-

smoker patients 
carrying 

RAD51 135C 
allele presented 
a higher mean 

overall survival 
time, but this 

association was 
not observed in 

non-smoker 
patients 

  

Pagano et 
al. (2001) 

5’ UTR 
G135C 
5’ UTR 
G172T 

 

Acute 
myeloid 

leukaemia 
3934/- European PCR-RFLP 

 

Increased risk 
for AML in 

patients 
previously 
diagnosed  
with breast 

cancer. 
Protective effect 

for the  
RAD51 135-172 

C-G  
haplotype. 
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lung 
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Smoker or ex-
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carrying 
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overall survival 
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association was 
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Pagano et 
al. (2001) 

5’ UTR 
G135C 
5’ UTR 
G172T 
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myeloid 

leukaemia 
3934/- European PCR-RFLP 

 

Increased risk 
for AML in 

patients 
previously 
diagnosed  
with breast 

cancer. 
Protective effect 

for the  
RAD51 135-172 

C-G  
haplotype. 
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Rollinson et 
al. (2007) 

5’ UTR 
G135C 
5’ UTR 
G172T 

 

Acute 
myeloid 
leukaemi

a 

479/952 European Real-Time 
PCR 

Protective effect 
for the RAD51 
135-172 C-G 
haplotype, 

reducing the 
risk of AML. 

Poplawski 
et al.(2006) 

5’ UTR 
G135C 

Gastric 
cancer 30/30 European PCR-RFLP 

The variants of 
the G135C 

polymorphism 
can be 

associated with 
the occurrence 

of gastric 
cancer in 

individuals 
with a high 

level of 
oxidative DNA 

damage or 
impaired repair 

of such 
damage. 

Table 2. Main characteristics of some studies included in this review 

controlling genome stability, their connections with cell cycle control, apoptosis regulation 
and more generally predisposition to tumour development (Daboussi, Dumay et al. 2002).  
Most of case-control studies searching for the contribution of genetic alterations within 
DNA repair genes to susceptibility to radiation-related cancer have been focused on genes 
involved in HR. Additional efforts are needed to find novel genetic variants of DNA repair 
genes involved in HR that confer susceptibility to radiation-induced cancer as well as to 
confirm already discovered disease-associated variants. To date, significant advances have 
been achieved in evaluating the role of genetic variations within DNA repair genes in 
clinical radiosensitivity in cancer. RAD51 gene polymorphisms have been suggested to be 
associated with radiosensitivity in cancer (Chistiakov, Voronova et al. 2008).  
Recently, several national and international clinical research projects have been initiated  
to find markers of genetic predisposition to radiation-induced cancer and clinical 
radiosensitivity in tumour tissues. However, over the next few years, a considerable 
molecular characterization of large-scale cohorts of individuals who show therapeutic 
radiation sensitivity is likely to be achieved. The construction and use of genetic-risk profiles 
may provide significant improvements in the efficacy of population-based programs  
of intervention for cancers. This also should help in predicting radiosensitivity that  
will eventually allow individual tailoring of treatment and reduce the risk of developing 
acute reactions in anticancer radiotherapy (Kuhne, Riballo et al. 2004; Chistiakov, Voronova 
et al. 2008). 

7. Acknowledgment 
The authors thank the Portuguese League Against Cancer (LPCC-NRNorte) for their 
support. 

 
DNA Damage Repair and Cancer: the Role of RAD51 Protein and Its Genetic Variants 

 

87 

8. References 

Antoniou, A. C., O. M. Sinilnikova, et al. (2007). "RAD51 135G-->C modifies breast cancer 
risk among BRCA2 mutation carriers: results from a combined analysis of 19 
studies." Am J Hum Genet 81(6): 1186-200. 

Arias-Lopez, C., I. Lazaro-Trueba, et al. (2006). "p53 modulates homologous recombination 
by transcriptional regulation of the RAD51 gene." EMBO Rep 7(2): 219-24. 

Arnaudeau, C., T. Helleday, et al. (1999). "The RAD51 protein supports homologous 
recombination by an exchange mechanism in mammalian cells." J Mol Biol 289(5): 
1231-8. 

Arnaudeau, C., C. Lundin, et al. (2001). "DNA double-strand breaks associated with 
replication forks are predominantly repaired by homologous recombination 
involving an exchange mechanism in mammalian cells." J Mol Biol 307(5): 1235-45. 

Au, W. W., S. A. Salama, et al. (2003). "Functional characterization of polymorphisms in 
DNA repair genes using cytogenetic challenge assays." Environ Health Perspect 
111(15): 1843-50. 

Benson, F. E., P. Baumann, et al. (1998). "Synergistic actions of Rad51 and Rad52 in 
recombination and DNA repair." Nature 391(6665): 401-4. 

Blasiak, J., K. Przybylowska, et al. (2003). "Analysis of the G/C polymorphism in the 5'-
untranslated region of the RAD51 gene in breast cancer." Acta Biochim Pol 50(1): 
249-53. 

Bogliolo, M., O. Cabre, et al. (2002). "The Fanconi anaemia genome stability and tumour 
suppressor network." Mutagenesis 17(6): 529-38. 

Brookes, A. J. (1999). "The essence of SNPs." Gene 234(2): 177-86. 
Buchhop, S., M. K. Gibson, et al. (1997). "Interaction of p53 with the human Rad51 protein." 

Nucleic Acids Res 25(19): 3868-74. 
Chistiakov, D. A., N. V. Voronova, et al. (2008). "Genetic variations in DNA repair genes, 

radiosensitivity to cancer and susceptibility to acute tissue reactions in 
radiotherapy-treated cancer patients." Acta Oncol 47(5): 809-24. 

Costa, S., D. Pinto, et al. (2007). "DNA repair polymorphisms might contribute differentially 
on familial and sporadic breast cancer susceptibility: a study on a Portuguese 
population." Breast Cancer Res Treat 103(2): 209-17. 

Daboussi, F., A. Dumay, et al. (2002). "DNA double-strand break repair signalling: the case 
of RAD51 post-translational regulation." Cell Signal 14(12): 969-75. 

Dasika, G. K., S. C. Lin, et al. (1999). "DNA damage-induced cell cycle checkpoints and DNA 
strand break repair in development and tumorigenesis." Oncogene 18(55): 7883-99. 

Dufloth, R. M., S. Costa, et al. (2005). "DNA repair gene polymorphisms and susceptibility to 
familial breast cancer in a group of patients from Campinas, Brazil." Genet Mol Res 
4(4): 771-82. 

Flygare, J., F. Benson, et al. (1996). "Expression of the human RAD51 gene during the cell 
cycle in primary human peripheral blood lymphocytes." Biochim Biophys Acta 
1312(3): 231-6. 

Flygare, J., S. Falt, et al. (2001). "Effects of HsRad51 overexpression on cell proliferation, cell 
cycle progression, and apoptosis." Exp Cell Res 268(1): 61-9. 

Galkin, V. E., F. Esashi, et al. (2005). "BRCA2 BRC motifs bind RAD51-DNA filaments." Proc 
Natl Acad Sci U S A 102(24): 8537-42. 



 
DNA Repair and Human Health 

 

86

Rollinson et 
al. (2007) 

5’ UTR 
G135C 
5’ UTR 
G172T 

 

Acute 
myeloid 
leukaemi

a 

479/952 European Real-Time 
PCR 

Protective effect 
for the RAD51 
135-172 C-G 
haplotype, 

reducing the 
risk of AML. 

Poplawski 
et al.(2006) 

5’ UTR 
G135C 

Gastric 
cancer 30/30 European PCR-RFLP 

The variants of 
the G135C 

polymorphism 
can be 

associated with 
the occurrence 

of gastric 
cancer in 

individuals 
with a high 

level of 
oxidative DNA 

damage or 
impaired repair 

of such 
damage. 

Table 2. Main characteristics of some studies included in this review 

controlling genome stability, their connections with cell cycle control, apoptosis regulation 
and more generally predisposition to tumour development (Daboussi, Dumay et al. 2002).  
Most of case-control studies searching for the contribution of genetic alterations within 
DNA repair genes to susceptibility to radiation-related cancer have been focused on genes 
involved in HR. Additional efforts are needed to find novel genetic variants of DNA repair 
genes involved in HR that confer susceptibility to radiation-induced cancer as well as to 
confirm already discovered disease-associated variants. To date, significant advances have 
been achieved in evaluating the role of genetic variations within DNA repair genes in 
clinical radiosensitivity in cancer. RAD51 gene polymorphisms have been suggested to be 
associated with radiosensitivity in cancer (Chistiakov, Voronova et al. 2008).  
Recently, several national and international clinical research projects have been initiated  
to find markers of genetic predisposition to radiation-induced cancer and clinical 
radiosensitivity in tumour tissues. However, over the next few years, a considerable 
molecular characterization of large-scale cohorts of individuals who show therapeutic 
radiation sensitivity is likely to be achieved. The construction and use of genetic-risk profiles 
may provide significant improvements in the efficacy of population-based programs  
of intervention for cancers. This also should help in predicting radiosensitivity that  
will eventually allow individual tailoring of treatment and reduce the risk of developing 
acute reactions in anticancer radiotherapy (Kuhne, Riballo et al. 2004; Chistiakov, Voronova 
et al. 2008). 
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1. Introduction 
To maintain the integrity of the genome, cells have evolved a complex set of pathways that 
function in response to DNA damage. Components of this response include (i) cell cycle 
checkpoints that prevent damaged DNA from being replicated, (ii) induction of 
programmed cell death to prevent the transmission of potentially mutagenic genetic 
changes and (iii) DNA repair pathways that remove various types of DNA lesions such as 
single base lesions, single strand breaks (SSB)s or double strand breaks (DSB)s.   
DSBs are considered the most lethal form of DNA damage because, unlike almost any 
other types of DNA damage that have an intact undamaged template strand to guide the 
repair, the integrity of both strands of the duplex is lost (Khanna and Jackson, 2001). DSBs 
can be induced by environmental factors such as ionizing radiation, ultraviolet light, 
therapeutic treatment but also occur as a consequence of specific physiological processes 
such as DNA replication, the V(D)J recombination in B and T-lymphocytes or the 
immunoglobulin class switch recombination (CSR) within immunoglobulin variable 
domains in B-lymphocytes occurring during the development and maturation of the 
immune system (Ferguson and Alt, 2001, Revy et al., 2005). In order to maintain the 
integrity of the DNA information, cells recruit stringent DSB repair machinery to ensure 
the efficient repair of various types of DNA damage. Thus, failure to properly repair the 
DSBs may cause chromosomal abnormalities, which in turn, may lead to genomic 
instability and predispose the cells to malignant transformation. Moreover, the 
importance of DNA repair in protecting against DSB-induced genomic instability is 
suggested by the increased incidence of cancer in autosomal recessive DNA repair 
deficient human syndromes, such as BRCA1/2 deficient breast cancers (Futreal et al., 1994). 
Thus, since genomic instability is a common characteristic of both inherited and sporadic 
forms of cancer cells, it is likely that abnormalities in DNA repair contribute to the 
development and progression of sporadic cancers (Khanna and Jackson, 2001).  
DSBs can be repaired by two major pathways, homology–directed repair (HR) and non-
homologous end-joining (NHEJ) (Helleday et al., 2007). HR is active during the late S and 
G2 phases of the cell cycle and uses the intact sister chromatid as the template for repair 
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(Khanna and Jackson, 2001, Hartlerode and Scully, 2009). This pathway is a highly 
efficacious and error-free form of repair and is mainly responsible for the repair of DSBs 
caused by stalled/or collapsed replication forks induced for example by chemotherapeutic 
agents that abrogate DNA replication (Keller et al., 2001). HR mechanisms and their 
implication in genomic stability are reviewed in detail in Khanna and Jackson, 2001, 
Helleday et al., 2007, Hartlerode and Scully, 2009.  
NHEJ repairs DSBs quite differently from HR by joining DNA ends directly. This form of 
repair is independent of extensive DNA sequence homology, and therefore errors can be 
introduced during the processing and joining of non-compatible DNA ends (Khanna and 
Jackson, 2001, Lieber, 2008, Hartlerode and Scully, 2009). NHEJ occurs throughout the cell 
cycle and is the major DSB repair pathway in G0, G1 and early S phase. NHEJ is the 
preferential pathway for repair of DSBs in mammalian cells (Lieber et al., 2003, Lieber, 
2008).  
Here, we describe the mechanism(s) and the role(s) of the error-prone NHEJ pathway in the 
maintenance of genomic instability in cancer and discuss how targeting NHEJ is a 
promising therapeutic strategy in cancer.  

2. Error-prone NHEJ pathway: Mechanisms and properties in normal and 
cancer cells 
Classical or C-NHEJ contributes to the repair of DSBs caused by endogenous and exogenous 
DNA damaging agents and also plays an important role in the repair of programmed DSBs 
in normal mammalian cells, made during V(D)J or CSR (Lieber et al., 2006). In addition, 
evidence now exists for an alternative version of NHEJ (ALT-NHEJ) (Nussenzweig and 
Nussenzweig, 2007) that exists at low levels in normal cells (Sallmyr et al., 2008b) and is 
enhanced in the absence of C-NHEJ. Here, we discuss the mechanisms and properties of  
C-NHEJ and ALT-NHEJ in normal and cancer cells.  

2.1 The C-NHEJ pathway  
There appears to be two phases of C-NHEJ: a rapid phase and a slower phase (Riballo et al., 
2004). The rapid phase will repair most of the simple lesions which do not require any type 
of processing. In contrast,  the slower phase of NHEJ reflects both the repair of (i) DSBs that 
occur in condensed chromatin and (ii) more complex DSBs that require processing before 
ligation (Riballo et al., 2004, Goodarzi et al., 2008).  
The C-NHEJ pathway is initiated by the Ku70/Ku86 heterodimer also called Ku, a ring 
shaped complex that binds DSBs (Walker et al., 2001). This leads to the recruitment of the 
catalytic subunit of DNA dependent protein kinase (DNA PKcs) (Mimori and Hardin, 1986, 
Falzon et al., 1993, Gottlieb and Jackson, 1993) to form the activated DNA PK (Calsou et al., 
1999, Singleton et al., 1999). The kinase activity of DNA PK is critical for C-NHEJ (Lees-
Miller et al., 1990). DNA PK also phosphorylates other proteins, such as Artemis, which 
binds to DNA PKcs (Ma et al., 2002), activating its endonuclease activity at both 3’ and 5’ 
overhangs. The physical juxtaposition of DNA ends involves interactions between DNA-
bound DNA PKcs molecules (Yaneva et al., 1997, DeFazio et al., 2002). If DNA ends can be 
directly ligated then the repair only requires ligation by XLF/DNA ligase IV/XRCC4, after 
interaction with DNA PK (Ahnesorg et al., 2006, Buck et al., 2006). However, a large fraction 
of DSBs generated by agents such as, ionizing radiation, are not directly ligatable, and 
require additional processing (Chen et al., 2000, Lobrich and Jeggo, 2005). Many proteins are 
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involved in processing these DNA ends, including polynucleotide kinase (PNK) which 
interacts with XRCC4 (Chappell et al., 2002), the nucleases Flap endonuclease-1 (FEN-1) 
(Wu et al., 1999) and Artemis (Chen et al., 2000), and the Polymerase X family members, Pol 
µ and λ (Ma et al., 2004). As a consequence of these processing reactions, the joining of DSBs 
by C-NHEJ often results in the loss or addition of a few nucleotides and the presence of 
short complementary sequences, microhomologies, at the break site that presumably 
contribute to the alignment of the DNA ends (Roth et al., 1985, Roth and Wilson, 1986).   
A schematic of the C-NHEJ is presented in Figure 1.  
 

 
Fig. 1. In normal cells (upper panel), ALT-NHEJ pathway is a minor DSB repair pathway 
compared with C-NHEJ. In cancer cells (lower panel), the steady state levels of key C-NHEJ 
proteins are reduced whereas the steady state levels of key ALT-NHEJ are increased. This 
results in increased activity of the ALT-NHEJ pathway and reduced activity of the C-NHEJ 
pathway. Figure modified from Rassool and Tomkinson, 2010. 

2.2 The ALT-NHEJ pathway  
There are several lines of evidence for an alternative or back-up version of NHEJ that is 
enhanced in the absence of C-NHEJ (Riballo et al., 2004, Wang et al., 2006, Nussenzweig and 
Nussenzweig, 2007) (Figure 1). While these studies have begun to define more precisely the 
characteristics, mechanisms, regulation and roles of ALT-NHEJ in the development and 
maintenance of cancer, much of this pathway(s) remains to be elucidated. In the next 
section, the current state of our knowledge of ALT-NHEJ will be discussed.  

2.2.1 Key signatures of ALT-NHEJ 
The key features of the ALT-NHEJ pathway are that the repair junctions are characterized 
by larger deletions, insertions, and longer tracts of microhomology compared with those 
generated by C-NHEJ, and a much higher frequency of chromosomal translocations 
(Nussenzweig and Nussenzweig, 2007). 
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(Khanna and Jackson, 2001, Hartlerode and Scully, 2009). This pathway is a highly 
efficacious and error-free form of repair and is mainly responsible for the repair of DSBs 
caused by stalled/or collapsed replication forks induced for example by chemotherapeutic 
agents that abrogate DNA replication (Keller et al., 2001). HR mechanisms and their 
implication in genomic stability are reviewed in detail in Khanna and Jackson, 2001, 
Helleday et al., 2007, Hartlerode and Scully, 2009.  
NHEJ repairs DSBs quite differently from HR by joining DNA ends directly. This form of 
repair is independent of extensive DNA sequence homology, and therefore errors can be 
introduced during the processing and joining of non-compatible DNA ends (Khanna and 
Jackson, 2001, Lieber, 2008, Hartlerode and Scully, 2009). NHEJ occurs throughout the cell 
cycle and is the major DSB repair pathway in G0, G1 and early S phase. NHEJ is the 
preferential pathway for repair of DSBs in mammalian cells (Lieber et al., 2003, Lieber, 
2008).  
Here, we describe the mechanism(s) and the role(s) of the error-prone NHEJ pathway in the 
maintenance of genomic instability in cancer and discuss how targeting NHEJ is a 
promising therapeutic strategy in cancer.  

2. Error-prone NHEJ pathway: Mechanisms and properties in normal and 
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Classical or C-NHEJ contributes to the repair of DSBs caused by endogenous and exogenous 
DNA damaging agents and also plays an important role in the repair of programmed DSBs 
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enhanced in the absence of C-NHEJ. Here, we discuss the mechanisms and properties of  
C-NHEJ and ALT-NHEJ in normal and cancer cells.  

2.1 The C-NHEJ pathway  
There appears to be two phases of C-NHEJ: a rapid phase and a slower phase (Riballo et al., 
2004). The rapid phase will repair most of the simple lesions which do not require any type 
of processing. In contrast,  the slower phase of NHEJ reflects both the repair of (i) DSBs that 
occur in condensed chromatin and (ii) more complex DSBs that require processing before 
ligation (Riballo et al., 2004, Goodarzi et al., 2008).  
The C-NHEJ pathway is initiated by the Ku70/Ku86 heterodimer also called Ku, a ring 
shaped complex that binds DSBs (Walker et al., 2001). This leads to the recruitment of the 
catalytic subunit of DNA dependent protein kinase (DNA PKcs) (Mimori and Hardin, 1986, 
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binds to DNA PKcs (Ma et al., 2002), activating its endonuclease activity at both 3’ and 5’ 
overhangs. The physical juxtaposition of DNA ends involves interactions between DNA-
bound DNA PKcs molecules (Yaneva et al., 1997, DeFazio et al., 2002). If DNA ends can be 
directly ligated then the repair only requires ligation by XLF/DNA ligase IV/XRCC4, after 
interaction with DNA PK (Ahnesorg et al., 2006, Buck et al., 2006). However, a large fraction 
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involved in processing these DNA ends, including polynucleotide kinase (PNK) which 
interacts with XRCC4 (Chappell et al., 2002), the nucleases Flap endonuclease-1 (FEN-1) 
(Wu et al., 1999) and Artemis (Chen et al., 2000), and the Polymerase X family members, Pol 
µ and λ (Ma et al., 2004). As a consequence of these processing reactions, the joining of DSBs 
by C-NHEJ often results in the loss or addition of a few nucleotides and the presence of 
short complementary sequences, microhomologies, at the break site that presumably 
contribute to the alignment of the DNA ends (Roth et al., 1985, Roth and Wilson, 1986).   
A schematic of the C-NHEJ is presented in Figure 1.  
 

 
Fig. 1. In normal cells (upper panel), ALT-NHEJ pathway is a minor DSB repair pathway 
compared with C-NHEJ. In cancer cells (lower panel), the steady state levels of key C-NHEJ 
proteins are reduced whereas the steady state levels of key ALT-NHEJ are increased. This 
results in increased activity of the ALT-NHEJ pathway and reduced activity of the C-NHEJ 
pathway. Figure modified from Rassool and Tomkinson, 2010. 

2.2 The ALT-NHEJ pathway  
There are several lines of evidence for an alternative or back-up version of NHEJ that is 
enhanced in the absence of C-NHEJ (Riballo et al., 2004, Wang et al., 2006, Nussenzweig and 
Nussenzweig, 2007) (Figure 1). While these studies have begun to define more precisely the 
characteristics, mechanisms, regulation and roles of ALT-NHEJ in the development and 
maintenance of cancer, much of this pathway(s) remains to be elucidated. In the next 
section, the current state of our knowledge of ALT-NHEJ will be discussed.  

2.2.1 Key signatures of ALT-NHEJ 
The key features of the ALT-NHEJ pathway are that the repair junctions are characterized 
by larger deletions, insertions, and longer tracts of microhomology compared with those 
generated by C-NHEJ, and a much higher frequency of chromosomal translocations 
(Nussenzweig and Nussenzweig, 2007). 
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2.2.1.1 Microhomologies  
Mechanistically, 3’ single stranded overhangs containing longer tracts of microhomology 
are used to mediate ALT-NHEJ  (Corneo et al., 2007, Yan et al., 2007, Bennardo et al., 2008, 
Deriano et al., 2009, Dinkelmann et al., 2009, Rass et al., 2009, Xie et al., 2009). This 
generally involves the loss of the intervening DNA sequences between the 
microhomology containing regions, resulting in larger DNA deletions. The regions of 
microhomology always reside at the precise site of repair and can be used as a marker to 
define these repair events. Moreover, while, ALT-NHEJ is associated with the generation 
of 3’ single stranded overhang at the sites of DSBs, the presence of the DNA end-
processing factor CtlP, appears to be required for microhomology-mediated joins upon 
depletion of the C-NHEJ component Ku70 (Lee-Theilen et al., 2011). Notably, 
microhomology sequences suggestive of ALT-NHEJ have been found at the 
recombination junctions of radiation-induced genomic rearrangements (Morris and 
Thacker, 1993, Nohmi et al., 1999) implying that radiation-induced DSBs can be repaired 
by ALT-NHEJ. Moreover, microhomologies are frequently detected at the breakpoints of 
chromosomal deletions and translocations in human cancer cells (Canning and Dryja, 
1989, Dryja et al., 1989, Smanik et al., 1995, Wiemels and Greaves, 1999).  
2.2.1.2 Translocation frequency 
Several groups have observed that in the absence of C-NHEJ proteins, chromosomal 
translocations occur with increased frequency (Boboila et al., 2010b, Simsek and Jasin, 2010). 
These authors thus suggested that C-NHEJ suppresses chromosomal translocations. An 
alternative explanation for the increase in translocation frequency when C-NHEJ is absent, is 
that end-joining may be inefficient due to missing or mutant NHEJ components, and this 
may lead to the accumulation of multiple unrepaired DSBs. There is evidence that the repair 
kinetics of ALT-NHEJ is slower than that of C-NHEJ, in that end-joining assays performed 
in cells lacking DNA ligase IV are about 10 times slower than in cells proficient for C-NHEJ 
(Yan et al., 2007, Han and Yu, 2008). Thus, slowed NHEJ would be expected to increase the 
time of overlap during which two breaks would remain unrepaired, thereby increasing the 
chance of translocation events (Lieber, 2010).  
Recent studies have suggested that oncogenes critical in the pathogenesis of leukemias 
directly or indirectly down regulate steady state levels of key C-NHEJ proteins, and  
in concert, upregulate key ALT-NHEJ proteins, leading to an increase in the  frequency  
of deletions and translocations, which likely drive genomic instability, disease progression 
or resistance to treatment (Chen et al., 2008, Sallmyr et al., 2008b, Fan et al., 2010, Li et  
al., 2011).  

2.2.2 Components involved in ALT-NHEJ 
The presence or absence of Ku at the DSB dictate whether repair occurs via C-NHEJ or ALT-
NHEJ, respectively (Fattah et al., 2010, Cheng et al., 2011). Several DNA repair proteins have 
been implicated in ALT-NHEJ repair. These include, DNA ligase IIIα/XRCC1, poly(ADP) 
ribose polymerase-1 (PARP-1), the MRN complex (Mre11/Rad50/Nbs1), WRN and CtlP 
(Audebert et al., 2004, Wang et al., 2005, Wang et al., 2006, Rass et al., 2009, Robert et al., 
2009, Xie et al., 2009, Lee-Theilen et al., 2011, Cheng et al., 2011, Zhang and Jasin, 2011). 
Given that ALT-NHEJ is initiated by resected DNA ends, the question arises, which factors 
can bind resected DSBs to start this repair process? Recent work identified PARP-1 as an 
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additional potential contributor to ALT-NHEJ (Audebert et al., 2004). PARP-1 recognizes 
DNA strand interruptions in vivo and triggers its own modification as well as that of other 
proteins by the sequential addition of ADP-ribose to form polymers. PARP-1 intervenes in 
base excision and single strand annealing (SSA) and now also operates in ALT-NHEJ 
(Audebert et al., 2004, Wang et al., 2006). While its role in ALT-NHEJ remains to be clearly 
elucidated, Wang et al. showed that PARP-1 binds to DNA ends in direct competition with 
Ku (Wang et al., 2006). When essential components of C-NHEJ are absent, PARP-1 is 
recruited for DSB repair, particularly in the absence of Ku proteins (Wang et al., 2006, Cheng 
et al., 2011).  
The next question that arises is, which factor(s) is involved in the final joining reaction of 
ALT-NHEJ? Several studies implicate DNA ligase IIIα in ALT-NHEJ (Audebert et al., 2004, 
Wang et al., 2005, Haber, 2008). For example, using extract fractionation studies, Wang et al., 
showed that the majority of DNA end joining activity in extracts of HeLa cells could be 
attributed to DNA ligase IIIα (Wang et al., 2005). In addition, immunodepletion of DNA 
ligase IIIα from cell extracts caused loss of activity that could be recovered by the addition of 
the joining activity contributed by the purified enzyme. These experiments also ruled out a 
significant contribution to the end joining activity by DNA ligase I and DNA ligase IV. 
Furthermore, Wang et al., also addressed this question using RNA interference to 
investigate the requirements for DNA ligase IIIα and DNA ligase IV in the repair of DSBs 
(Wang et al., 2005). In vivo plasmid assays showed that DNA ligase IV-deficient mouse 
embryonic fibroblasts (MEFs) retained significant DNA end joining activity that could be 
reduced by up to 80% in cells knocked down for DNA ligase IIIα using RNAi (Wang et al., 
2005). These in vivo observations are in line with DNA ligase IIIα being a candidate 
component for ALT-NHEJ. Other studies have implicated additional factors in ALT-NHEJ, 
such as PNK, FEN-1 (Gottlich et al., 1998, Wang et al., 2003, Audebert et al., 2004, Wang et 
al., 2006), and it is expected that additional factors will also be identified in the future 
(Figure 1).  

2.2.3 Where ALT-NHEJ fits into the hierarchy of DSB repair? 
While there is strong evidence that ALT-NHEJ is enhanced in cells that are defective for C-
NHEJ, the question of where ALT-NHEJ fits into the hierarchy of DSB repair with respect to 
the cell cycle, and what would be the consequences of this repair at the genomic level, are 
still relatively unclear (Figure 2). 
2.2.3.1 ALT-NHEJ and cell cycle 
While it is well documented that HR is efficiently carried out only in the late S and G2 phases 
of the cell cycle using the newly synthesized sister chromatid, whereas C-NHEJ is the major 
DSB repair pathway in G0, G1 and early S phase (Lieber et al., 2003, Lieber et al., 2006), recent 
studies suggest that ALT-NHEJ may also be cell cycle dependent. During DNA replication, the 
newly replicated chromatids are held together by cohesin and this sister chromatid cohesion is 
maintained until mitosis. When a DSB occurs, the intact sister chromatid is preferentially used 
to repair the DSB by HR. If HR is defective, as it is demonstrated in BRCA 1/2 deficient 
cells, DSB is likely to be repaired by the following error-prone pathways (Tutt et al., 2001, 
Venkitaraman, 2001): (i) SSA that generates intrachromosomal deletions between repeated 
sequences, (ii) C-NHEJ pathway that generates small intrachromosomal deletions and 
insertions, and (iii) ALT-NHEJ pathway that generates larger deletions and chromosomal 
translocations. One of the roles of the DNA PK complex assembled on the DNA end is to 
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2.2.1.1 Microhomologies  
Mechanistically, 3’ single stranded overhangs containing longer tracts of microhomology 
are used to mediate ALT-NHEJ  (Corneo et al., 2007, Yan et al., 2007, Bennardo et al., 2008, 
Deriano et al., 2009, Dinkelmann et al., 2009, Rass et al., 2009, Xie et al., 2009). This 
generally involves the loss of the intervening DNA sequences between the 
microhomology containing regions, resulting in larger DNA deletions. The regions of 
microhomology always reside at the precise site of repair and can be used as a marker to 
define these repair events. Moreover, while, ALT-NHEJ is associated with the generation 
of 3’ single stranded overhang at the sites of DSBs, the presence of the DNA end-
processing factor CtlP, appears to be required for microhomology-mediated joins upon 
depletion of the C-NHEJ component Ku70 (Lee-Theilen et al., 2011). Notably, 
microhomology sequences suggestive of ALT-NHEJ have been found at the 
recombination junctions of radiation-induced genomic rearrangements (Morris and 
Thacker, 1993, Nohmi et al., 1999) implying that radiation-induced DSBs can be repaired 
by ALT-NHEJ. Moreover, microhomologies are frequently detected at the breakpoints of 
chromosomal deletions and translocations in human cancer cells (Canning and Dryja, 
1989, Dryja et al., 1989, Smanik et al., 1995, Wiemels and Greaves, 1999).  
2.2.1.2 Translocation frequency 
Several groups have observed that in the absence of C-NHEJ proteins, chromosomal 
translocations occur with increased frequency (Boboila et al., 2010b, Simsek and Jasin, 2010). 
These authors thus suggested that C-NHEJ suppresses chromosomal translocations. An 
alternative explanation for the increase in translocation frequency when C-NHEJ is absent, is 
that end-joining may be inefficient due to missing or mutant NHEJ components, and this 
may lead to the accumulation of multiple unrepaired DSBs. There is evidence that the repair 
kinetics of ALT-NHEJ is slower than that of C-NHEJ, in that end-joining assays performed 
in cells lacking DNA ligase IV are about 10 times slower than in cells proficient for C-NHEJ 
(Yan et al., 2007, Han and Yu, 2008). Thus, slowed NHEJ would be expected to increase the 
time of overlap during which two breaks would remain unrepaired, thereby increasing the 
chance of translocation events (Lieber, 2010).  
Recent studies have suggested that oncogenes critical in the pathogenesis of leukemias 
directly or indirectly down regulate steady state levels of key C-NHEJ proteins, and  
in concert, upregulate key ALT-NHEJ proteins, leading to an increase in the  frequency  
of deletions and translocations, which likely drive genomic instability, disease progression 
or resistance to treatment (Chen et al., 2008, Sallmyr et al., 2008b, Fan et al., 2010, Li et  
al., 2011).  

2.2.2 Components involved in ALT-NHEJ 
The presence or absence of Ku at the DSB dictate whether repair occurs via C-NHEJ or ALT-
NHEJ, respectively (Fattah et al., 2010, Cheng et al., 2011). Several DNA repair proteins have 
been implicated in ALT-NHEJ repair. These include, DNA ligase IIIα/XRCC1, poly(ADP) 
ribose polymerase-1 (PARP-1), the MRN complex (Mre11/Rad50/Nbs1), WRN and CtlP 
(Audebert et al., 2004, Wang et al., 2005, Wang et al., 2006, Rass et al., 2009, Robert et al., 
2009, Xie et al., 2009, Lee-Theilen et al., 2011, Cheng et al., 2011, Zhang and Jasin, 2011). 
Given that ALT-NHEJ is initiated by resected DNA ends, the question arises, which factors 
can bind resected DSBs to start this repair process? Recent work identified PARP-1 as an 
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additional potential contributor to ALT-NHEJ (Audebert et al., 2004). PARP-1 recognizes 
DNA strand interruptions in vivo and triggers its own modification as well as that of other 
proteins by the sequential addition of ADP-ribose to form polymers. PARP-1 intervenes in 
base excision and single strand annealing (SSA) and now also operates in ALT-NHEJ 
(Audebert et al., 2004, Wang et al., 2006). While its role in ALT-NHEJ remains to be clearly 
elucidated, Wang et al. showed that PARP-1 binds to DNA ends in direct competition with 
Ku (Wang et al., 2006). When essential components of C-NHEJ are absent, PARP-1 is 
recruited for DSB repair, particularly in the absence of Ku proteins (Wang et al., 2006, Cheng 
et al., 2011).  
The next question that arises is, which factor(s) is involved in the final joining reaction of 
ALT-NHEJ? Several studies implicate DNA ligase IIIα in ALT-NHEJ (Audebert et al., 2004, 
Wang et al., 2005, Haber, 2008). For example, using extract fractionation studies, Wang et al., 
showed that the majority of DNA end joining activity in extracts of HeLa cells could be 
attributed to DNA ligase IIIα (Wang et al., 2005). In addition, immunodepletion of DNA 
ligase IIIα from cell extracts caused loss of activity that could be recovered by the addition of 
the joining activity contributed by the purified enzyme. These experiments also ruled out a 
significant contribution to the end joining activity by DNA ligase I and DNA ligase IV. 
Furthermore, Wang et al., also addressed this question using RNA interference to 
investigate the requirements for DNA ligase IIIα and DNA ligase IV in the repair of DSBs 
(Wang et al., 2005). In vivo plasmid assays showed that DNA ligase IV-deficient mouse 
embryonic fibroblasts (MEFs) retained significant DNA end joining activity that could be 
reduced by up to 80% in cells knocked down for DNA ligase IIIα using RNAi (Wang et al., 
2005). These in vivo observations are in line with DNA ligase IIIα being a candidate 
component for ALT-NHEJ. Other studies have implicated additional factors in ALT-NHEJ, 
such as PNK, FEN-1 (Gottlich et al., 1998, Wang et al., 2003, Audebert et al., 2004, Wang et 
al., 2006), and it is expected that additional factors will also be identified in the future 
(Figure 1).  

2.2.3 Where ALT-NHEJ fits into the hierarchy of DSB repair? 
While there is strong evidence that ALT-NHEJ is enhanced in cells that are defective for C-
NHEJ, the question of where ALT-NHEJ fits into the hierarchy of DSB repair with respect to 
the cell cycle, and what would be the consequences of this repair at the genomic level, are 
still relatively unclear (Figure 2). 
2.2.3.1 ALT-NHEJ and cell cycle 
While it is well documented that HR is efficiently carried out only in the late S and G2 phases 
of the cell cycle using the newly synthesized sister chromatid, whereas C-NHEJ is the major 
DSB repair pathway in G0, G1 and early S phase (Lieber et al., 2003, Lieber et al., 2006), recent 
studies suggest that ALT-NHEJ may also be cell cycle dependent. During DNA replication, the 
newly replicated chromatids are held together by cohesin and this sister chromatid cohesion is 
maintained until mitosis. When a DSB occurs, the intact sister chromatid is preferentially used 
to repair the DSB by HR. If HR is defective, as it is demonstrated in BRCA 1/2 deficient 
cells, DSB is likely to be repaired by the following error-prone pathways (Tutt et al., 2001, 
Venkitaraman, 2001): (i) SSA that generates intrachromosomal deletions between repeated 
sequences, (ii) C-NHEJ pathway that generates small intrachromosomal deletions and 
insertions, and (iii) ALT-NHEJ pathway that generates larger deletions and chromosomal 
translocations. One of the roles of the DNA PK complex assembled on the DNA end is to 
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protect the DNA end from resection (Huertas, 2010). If C-NHEJ is defective, it is likely that 
end resection will occur (Figure 2). While the above hypothetical scenarios for error-prone 
repair of DSBs are envisioned, recent studies suggest that ALT-NHEJ may occur more 
frequently in G2. Mladenov and Iliakis enquired whether ALT-NHEJ was cell cycle 
dependent. In this study, MEFs with defects in C-NHEJ and/or HR were irradiated, G1 and 
G2 cells were isolated by cell sorting, and repair was examined by using pulse field gel 
electrophoresis (Mladenov and Iliakis, 2011). They found that wild-type and HR defective 
(Rad54-/-) MEFs repaired DSBs with similar efficiency in G1 and G2 phases. In contrast, C-
NHEJ defective (DNA ligase IV-/-, DNA PKcs-/-, and Ku70-/-) MEFs showed a more 
pronounced repair defect in G1 phase than in G2 phase. Importantly, DNA ligase IV-/-/Rad54-

/- MEFs repaired DSBs as efficiently as DNA ligase IV-/- MEFs in G2 suggesting that the 
increased repair efficiency in G2 phase relies on the enhanced function of ALT-NHEJ rather 
than on HR. Furthermore, in vivo and in vitro plasmid end joining assays confirmed an 
enhanced function of ALT-NHEJ in G2 phase (Mladenov and Iliakis, 2011). Additional studies 
along the same lines using mutant Chinese hamster cells with defects in the DNA PKcs, Ku86 
or XRCC4 components of C-NHEJ, or in the XRCC2 and XRCC3 components of HR confirmed 
these observations (Wu et al., 2008). Wild-type cells and mutants of HR repaired DSBs with 
similar efficiency in G1 and G2 phases. Mutants of C-NHEJ, showed more pronounced repair 
in G2 phase than in G1. These results in aggregate demonstrate a new and potentially 
important cell cycle regulation of ALT-NHEJ and generate a framework to investigate the 
mechanistic basis of HR contribution to DSB repair and its possible interactions with ALT-
NHEJ.  
Yet another study by Shibata et al., also examined the regulation of repair pathway usage 
at DSBs in G2 (Shibata et al., 2011). They identified the speed of DSB repair as a major 
component influencing repair pathway usage showing that DNA damage and chromatin 
complexity are factors influencing DSB repair rate and pathway choice. They found that 
loss of C-NHEJ proteins slowed DSB repair allowing increased resection. In contrast, loss 
of HR does not impair repair by C-NHEJ although CtlP-dependent end-resection precludes 
C-NHEJ usage. These data suggest that C-NHEJ initially attempts the repair of DSBs and, if 
rapid rejoining does not ensue, then resection occurs promoting repair by HR using the 
homologous chromosome as template, but this may result in loss of heterozygosity (LOH). It 
is likely that if repair does not occur by HR, DNA ends will be repaired by error-prone 
pathways, such as SSA and ALT-NHEJ, pathways that require end-resected DSBs (Shibata et 
al., 2011) (Figure 2). 
2.2.3.2 Factors regulating ALT-NHEJ 
Unlike C-NHEJ, the mechanism(s) for regulation of ALT-NHEJ and the factors involved in 
this repair pathway(s) are not clearly understood. The presence of Ku proteins appear to 
determine whether DSBs are repaired by C-NHEJ vs. ALT-NHEJ (Bennardo et al., 2008, 
Fattah et al., 2010, Cheng et al., 2011). Fattah et al., utilized an end-joining assay in isogenic 
human colon carcinoma cell lines and human somatic HCT116 with targeted deletions of the 
key C-NHEJ factors (Ku, DNA PKcs, XLF, and DNA ligase IV). The end-joining assay was a 
plasmid based repair assay of a DSB made within reporter plasmid pEGFP-Pem1-Ad2 and 
reconstitution of green fluorescent protein (GFP). They found that absence of key C-NHEJ 
factors resulted in cell lines that were profoundly impaired in DSB repair activity. 
Unexpectedly, Ku86-deleted cells showed wild-type levels of DNA DSB repair activity but 
the events were mainly repaired by microhomology joining. Using siRNA technology, ALT-
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NHEJ repair activity could also be efficiently activated in DNA ligase IV-/- and DNA PKcs-/- 
cells by subsequently reducing the level of Ku70. Recently, Cheng et al., demonstrated that 
Ku is the main factor preventing PARP-1 and MRN mobilization to the site of DSBs (Cheng 
et al., 2011). These studies demonstrate that Ku proteins are the critical C-NHEJ factors that 
regulate DSB repair pathway choice. Similarly, studies of Bennardo et al., compared the 
genetic requirements for ALT-NHEJ, using a series of chromosome integrated reporters to 
monitor repair of DSBs by the I-SceI endonuclease in mouse embryonic stem (ES) cells and 
the HEK293 cell line (Bennardo et al., 2008). Each individual reporter was designed such 
that repair of I-SceI-induced DSBs by a specific pathway restored a GFP expression cassette. 
Such repair was then scored in individual cells as green fluorescence using flow cytometric 
analysis. They found that the Ku70-/- cells exhibited a 4-fold increase in the restoration of the 
GFP+ gene over wild-type cells, and that this increase was reversed by co-transfection of a 
Ku70 expression vector (Bennardo et al., 2008). Thus, the ALT-NHEJ repair events appeared 
not only to be Ku-independent, but also appear to be inhibited by Ku proteins (Bennardo et 
al., 2008, Cheng et al., 2011). Bennardo and Stark have also highlighted the importance of the 
presence of ataxia telangiectasia-mutated (ATM) in matching correct DNA ends during end-
joining and preventing the joining of multiple chromosome ends that can lead to chromosomal 
translocation and genomic instability (Bennardo and Stark, 2010). They found that genetic or 
chemical disruption of ATM caused a substantial increase in incorrect end joining (Distal-EJ), 
but not correct end joining (Proximal-EJ). Moreover, the increase in Distal-EJ caused by ATM 
disruption was dependent on the presence of C-NHEJ factors, specifically DNA PKcs, XRCC4, 
and XLF. Thus, these authors concluded that ATM is important to limit incorrect end 
utilization during C-NHEJ. In yet another study, Zha et al. showed that ATM and XLF have 
fundamental roles in processing and joining DNA ends during V(D)J recombination, but that 
these roles were masked by functional redundancies. They found that combined deficiency of 
ATM and XLF nearly blocked mouse lymphocyte development due to an inability to process 
and join chromosomal V(D)J recombination DSB intermediates. Combined XLF and ATM 
deficiency also severely impaired C-NHEJ, but not ALT-NHEJ, during CSR. Redundant ATM 
and XLF functions in C-NHEJ appeared to be mediated by ATM kinase activity and are not 
required for extra-chromosomal V(D)J recombination, indicating a role for chromatin-
associated ATM substrates. These authors also found a role for H2AX, protein involved in the 
recruitment of DNA repair factors to nuclear foci after DSBs (Rogakou et al., 1998). Conditional 
H2AX inactivation in XLF-deficient pro-B lines leads to V(D)J recombination defects associated 
with marked degradation of unjoined V(D)J ends, revealing that H2AX also has a role in the 
repair process (Zha et al., 2011). 

Mechanistically, it is believed that during ALT-NHEJ both broken ends are resected to 
generate 3′-single-stranded overhangs (Huertas, 2010). Given that Ku-deficiency can lead to 
elevated DSB end-processing, these results raise the possibility that ALT-NHEJ, SSA and HR 
share end-processing as a common intermediate. Thus, Bennardo et al., determined also 
whether end-resecting factor CtlP is important for ALT-NHEJ, by performing siRNA knock-
down of CtlP in HEK293 cell lines with integrated GFP reporter plasmids and stable 
expression of the inducible I-SceI protein and examined ALT-NHEJ repair in CtlP-depleted 
cells vs. control cells. They observed that ALT-NHEJ was significantly reduced in CtlP-
depleted cells suggesting that CtlP-mediated DSB end-processing promotes ALT-NHEJ but 
also SSA and HR (Bennardo et al., 2008). Interestingly, disrupting RAD51 and RAD52 
expression decrease HR and SSA activity respectively without perturbing ALT-NHEJ repair 
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protect the DNA end from resection (Huertas, 2010). If C-NHEJ is defective, it is likely that 
end resection will occur (Figure 2). While the above hypothetical scenarios for error-prone 
repair of DSBs are envisioned, recent studies suggest that ALT-NHEJ may occur more 
frequently in G2. Mladenov and Iliakis enquired whether ALT-NHEJ was cell cycle 
dependent. In this study, MEFs with defects in C-NHEJ and/or HR were irradiated, G1 and 
G2 cells were isolated by cell sorting, and repair was examined by using pulse field gel 
electrophoresis (Mladenov and Iliakis, 2011). They found that wild-type and HR defective 
(Rad54-/-) MEFs repaired DSBs with similar efficiency in G1 and G2 phases. In contrast, C-
NHEJ defective (DNA ligase IV-/-, DNA PKcs-/-, and Ku70-/-) MEFs showed a more 
pronounced repair defect in G1 phase than in G2 phase. Importantly, DNA ligase IV-/-/Rad54-

/- MEFs repaired DSBs as efficiently as DNA ligase IV-/- MEFs in G2 suggesting that the 
increased repair efficiency in G2 phase relies on the enhanced function of ALT-NHEJ rather 
than on HR. Furthermore, in vivo and in vitro plasmid end joining assays confirmed an 
enhanced function of ALT-NHEJ in G2 phase (Mladenov and Iliakis, 2011). Additional studies 
along the same lines using mutant Chinese hamster cells with defects in the DNA PKcs, Ku86 
or XRCC4 components of C-NHEJ, or in the XRCC2 and XRCC3 components of HR confirmed 
these observations (Wu et al., 2008). Wild-type cells and mutants of HR repaired DSBs with 
similar efficiency in G1 and G2 phases. Mutants of C-NHEJ, showed more pronounced repair 
in G2 phase than in G1. These results in aggregate demonstrate a new and potentially 
important cell cycle regulation of ALT-NHEJ and generate a framework to investigate the 
mechanistic basis of HR contribution to DSB repair and its possible interactions with ALT-
NHEJ.  
Yet another study by Shibata et al., also examined the regulation of repair pathway usage 
at DSBs in G2 (Shibata et al., 2011). They identified the speed of DSB repair as a major 
component influencing repair pathway usage showing that DNA damage and chromatin 
complexity are factors influencing DSB repair rate and pathway choice. They found that 
loss of C-NHEJ proteins slowed DSB repair allowing increased resection. In contrast, loss 
of HR does not impair repair by C-NHEJ although CtlP-dependent end-resection precludes 
C-NHEJ usage. These data suggest that C-NHEJ initially attempts the repair of DSBs and, if 
rapid rejoining does not ensue, then resection occurs promoting repair by HR using the 
homologous chromosome as template, but this may result in loss of heterozygosity (LOH). It 
is likely that if repair does not occur by HR, DNA ends will be repaired by error-prone 
pathways, such as SSA and ALT-NHEJ, pathways that require end-resected DSBs (Shibata et 
al., 2011) (Figure 2). 
2.2.3.2 Factors regulating ALT-NHEJ 
Unlike C-NHEJ, the mechanism(s) for regulation of ALT-NHEJ and the factors involved in 
this repair pathway(s) are not clearly understood. The presence of Ku proteins appear to 
determine whether DSBs are repaired by C-NHEJ vs. ALT-NHEJ (Bennardo et al., 2008, 
Fattah et al., 2010, Cheng et al., 2011). Fattah et al., utilized an end-joining assay in isogenic 
human colon carcinoma cell lines and human somatic HCT116 with targeted deletions of the 
key C-NHEJ factors (Ku, DNA PKcs, XLF, and DNA ligase IV). The end-joining assay was a 
plasmid based repair assay of a DSB made within reporter plasmid pEGFP-Pem1-Ad2 and 
reconstitution of green fluorescent protein (GFP). They found that absence of key C-NHEJ 
factors resulted in cell lines that were profoundly impaired in DSB repair activity. 
Unexpectedly, Ku86-deleted cells showed wild-type levels of DNA DSB repair activity but 
the events were mainly repaired by microhomology joining. Using siRNA technology, ALT-
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NHEJ repair activity could also be efficiently activated in DNA ligase IV-/- and DNA PKcs-/- 
cells by subsequently reducing the level of Ku70. Recently, Cheng et al., demonstrated that 
Ku is the main factor preventing PARP-1 and MRN mobilization to the site of DSBs (Cheng 
et al., 2011). These studies demonstrate that Ku proteins are the critical C-NHEJ factors that 
regulate DSB repair pathway choice. Similarly, studies of Bennardo et al., compared the 
genetic requirements for ALT-NHEJ, using a series of chromosome integrated reporters to 
monitor repair of DSBs by the I-SceI endonuclease in mouse embryonic stem (ES) cells and 
the HEK293 cell line (Bennardo et al., 2008). Each individual reporter was designed such 
that repair of I-SceI-induced DSBs by a specific pathway restored a GFP expression cassette. 
Such repair was then scored in individual cells as green fluorescence using flow cytometric 
analysis. They found that the Ku70-/- cells exhibited a 4-fold increase in the restoration of the 
GFP+ gene over wild-type cells, and that this increase was reversed by co-transfection of a 
Ku70 expression vector (Bennardo et al., 2008). Thus, the ALT-NHEJ repair events appeared 
not only to be Ku-independent, but also appear to be inhibited by Ku proteins (Bennardo et 
al., 2008, Cheng et al., 2011). Bennardo and Stark have also highlighted the importance of the 
presence of ataxia telangiectasia-mutated (ATM) in matching correct DNA ends during end-
joining and preventing the joining of multiple chromosome ends that can lead to chromosomal 
translocation and genomic instability (Bennardo and Stark, 2010). They found that genetic or 
chemical disruption of ATM caused a substantial increase in incorrect end joining (Distal-EJ), 
but not correct end joining (Proximal-EJ). Moreover, the increase in Distal-EJ caused by ATM 
disruption was dependent on the presence of C-NHEJ factors, specifically DNA PKcs, XRCC4, 
and XLF. Thus, these authors concluded that ATM is important to limit incorrect end 
utilization during C-NHEJ. In yet another study, Zha et al. showed that ATM and XLF have 
fundamental roles in processing and joining DNA ends during V(D)J recombination, but that 
these roles were masked by functional redundancies. They found that combined deficiency of 
ATM and XLF nearly blocked mouse lymphocyte development due to an inability to process 
and join chromosomal V(D)J recombination DSB intermediates. Combined XLF and ATM 
deficiency also severely impaired C-NHEJ, but not ALT-NHEJ, during CSR. Redundant ATM 
and XLF functions in C-NHEJ appeared to be mediated by ATM kinase activity and are not 
required for extra-chromosomal V(D)J recombination, indicating a role for chromatin-
associated ATM substrates. These authors also found a role for H2AX, protein involved in the 
recruitment of DNA repair factors to nuclear foci after DSBs (Rogakou et al., 1998). Conditional 
H2AX inactivation in XLF-deficient pro-B lines leads to V(D)J recombination defects associated 
with marked degradation of unjoined V(D)J ends, revealing that H2AX also has a role in the 
repair process (Zha et al., 2011). 

Mechanistically, it is believed that during ALT-NHEJ both broken ends are resected to 
generate 3′-single-stranded overhangs (Huertas, 2010). Given that Ku-deficiency can lead to 
elevated DSB end-processing, these results raise the possibility that ALT-NHEJ, SSA and HR 
share end-processing as a common intermediate. Thus, Bennardo et al., determined also 
whether end-resecting factor CtlP is important for ALT-NHEJ, by performing siRNA knock-
down of CtlP in HEK293 cell lines with integrated GFP reporter plasmids and stable 
expression of the inducible I-SceI protein and examined ALT-NHEJ repair in CtlP-depleted 
cells vs. control cells. They observed that ALT-NHEJ was significantly reduced in CtlP-
depleted cells suggesting that CtlP-mediated DSB end-processing promotes ALT-NHEJ but 
also SSA and HR (Bennardo et al., 2008). Interestingly, disrupting RAD51 and RAD52 
expression decrease HR and SSA activity respectively without perturbing ALT-NHEJ repair 
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(Bennardo et al., 2008). In recent studies, Zhang and Jasin, showed that depletion of CtlP, 
resulted in a substantial decrease in the chromosomal translocation frequency in mouse cells 
and a significantly lower usage of microhomology at the translocation breakpoint junctions. 
This suggests that CtlP-mediated ALT-NHEJ has a primary role in translocation formation 
(Zhang and Jasin, 2011).  
Several studies have also implicated the MRN complex in ALT-NHEJ repair (Rass et al., 
2009, Xie et al., 2009). Recent studies examined the role of the nuclease MRE11 in CSR. They 
showed that loss of the nuclease MRE11 resulted in milder defects, compared with loss of 
the whole MRN complex. This suggested that the MRN complex performed activities in 
end-joining, in addition to the nuclease activity of MRE11. Studies employing atomic force 
microscopy have visualized the MRN complex bridging DNA at distances of 1200 
angstroms (Moreno-Herrero et al., 2005). Thus, MRN may perform bridging functions that 
may be particularly suited for CSR. In addition, since chromosomal translocations are 
frequently observed in ALT-NHEJ, the MRN complex may also play a role in end-bridging 
of distant DSBs, resulting in chromosomal rearrangements (Figure 2).    
A schematic representation of the regulation and the hierarchy of the DSB repair pathways 
is presented in Figure 2. 
 

 
Fig. 2. The majority of the DSBs are repaired by C-NHEJ. If this pathway is inactive, DSBs 
can be repaired by HR using the homologous chromosome as template or by SSA or ALT-
NHEJ. Positive regulators of specific stage as described in text are represented in blue while 
defective pathways are represented in red.  
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2.2.4 ALT-NHEJ at dysfunctional telomeres 
Mammalian telomeres are regions of repetitive DNA sequences at the ends of chromosomes, 
which protect them from e or from fusion with neighbouring chromosomes. Critically 
shortened telomeres are recognized as DSBs and are highly susceptible to be repaired by HR 
or NHEJ pathways (Palm et al., 2009, Rai et al., 2010). However, unequal exchange of 
telomeric sequences by HR or misrepair by C- and/or ALT-NHEJ, can lead to loss of cell 
viability or can result in genomic instability and cancer. In mammals, telomeres form single-
stranded G-rich overhangs that associate with and are protected by shelterin, a core complex 
of telomere-binding proteins that includes the double-stranded DNA-binding proteins TRF1 
and TRF2 and protection of telomeres 1 (POT1a/b) that interacts with its binding partner 
TPP1 to protect them from resection, recombination and alteration (Palm et al., 2009). 
Telomeres are maintained by the enzyme telomerase, which is limited in human somatic 
cells, resulting in progressive telomere shortening. Celli et al., showed that Ku and TRF2 
repress HR and represent an important aspect of telomere protection (Celli et al., 2006). 
Recent evidence suggests that dysfunctional telomeres that can no longer exert end-protective 
functions are recognized as DSBs by the DNA damage repair pathway. Thus, removal of TRF2 
with retrovirus-mediated shTrf2, resulted in end-to-end chromosome fusions mediated by the 
C-NHEJ pathway (Rai et al., 2010). In addition, the data of Deng et al., indicated a critical role 
for the MRN complex in sensing these dysfunctional telomeres. They showed that in the 
absence of TRF2, MRE11 nuclease activity removes the 3' telomeric overhang to promote 
chromosome fusions. MRE11 can also protect newly replicated leading strand telomeres from 
NHEJ by promoting 5' strand resection to generate POT1a-TPP1-bound 3' overhangs (Deng et 
al., 2009). Rai et al. used also MEFs in which specific components of the C-NHEJ had been 
deleted to determine how dysfunctional telomeres are joined together (Rai et al., 2010). They 
showed that DSB marker 53BP1 (Schultz et al., 2000, Anderson et al., 2001) was necessary for 
end to end fusion in TRF2 deficient MEFs. Surprisingly, they showed that removal of Tpp1-
Pot1a/b from 53BP1-/- MEFs or DNA ligase IV-/- MEFs resulted in robust end to end fusions. They 
also examined chromosome fusion in MEFs from telomerase knock-out cells that generate 
naturally shortened telomeres, and which had also been knocked out for 53BP1-/-. Lymphomas 
derived from these mice demonstrated an increase in the number of fused chromosomes. 
These data suggested that fusion of naturally shortened telomeres do not require 53BP1 and 
occur through mechanisms independent of C-NHEJ. They concluded that telomeres engage 
distinct DNA repair pathways depending on how they are rendered dysfunctional, and that 
ALT-NHEJ is a major pathway for processing of dysfunctional telomeres (Rai et al., 2010).  

2.2.5 NHEJ-defective mouse models of cancers and leukemias  
2.2.5.1 NHEJ in V(D)J recombination and CSR 
In addition to DSBs generated by exogenous and endogenous DNA damaging agents, DSBs 
also occur as a consequence of specific physiological processes such as the V(D)J 
recombination in B and T-lymphocytes and the immunoglobulin CSR within 
immunoglobulin variable domains in B-lymphocytes during the development and 
maturation of the immune system (Ferguson and Alt, 2001, Revy et al., 2005). The organism 
recruits stringent DNA repair machinery to ensure the efficient repair of the damage or the 
elimination of the damaged cells. Failure to properly repair the DNA damage may cause 
chromosomal abnormalities, which in turn may lead to genomic instability and predispose 
the cells to malignant transformation. 
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(Bennardo et al., 2008). In recent studies, Zhang and Jasin, showed that depletion of CtlP, 
resulted in a substantial decrease in the chromosomal translocation frequency in mouse cells 
and a significantly lower usage of microhomology at the translocation breakpoint junctions. 
This suggests that CtlP-mediated ALT-NHEJ has a primary role in translocation formation 
(Zhang and Jasin, 2011).  
Several studies have also implicated the MRN complex in ALT-NHEJ repair (Rass et al., 
2009, Xie et al., 2009). Recent studies examined the role of the nuclease MRE11 in CSR. They 
showed that loss of the nuclease MRE11 resulted in milder defects, compared with loss of 
the whole MRN complex. This suggested that the MRN complex performed activities in 
end-joining, in addition to the nuclease activity of MRE11. Studies employing atomic force 
microscopy have visualized the MRN complex bridging DNA at distances of 1200 
angstroms (Moreno-Herrero et al., 2005). Thus, MRN may perform bridging functions that 
may be particularly suited for CSR. In addition, since chromosomal translocations are 
frequently observed in ALT-NHEJ, the MRN complex may also play a role in end-bridging 
of distant DSBs, resulting in chromosomal rearrangements (Figure 2).    
A schematic representation of the regulation and the hierarchy of the DSB repair pathways 
is presented in Figure 2. 
 

 
Fig. 2. The majority of the DSBs are repaired by C-NHEJ. If this pathway is inactive, DSBs 
can be repaired by HR using the homologous chromosome as template or by SSA or ALT-
NHEJ. Positive regulators of specific stage as described in text are represented in blue while 
defective pathways are represented in red.  
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2.2.4 ALT-NHEJ at dysfunctional telomeres 
Mammalian telomeres are regions of repetitive DNA sequences at the ends of chromosomes, 
which protect them from e or from fusion with neighbouring chromosomes. Critically 
shortened telomeres are recognized as DSBs and are highly susceptible to be repaired by HR 
or NHEJ pathways (Palm et al., 2009, Rai et al., 2010). However, unequal exchange of 
telomeric sequences by HR or misrepair by C- and/or ALT-NHEJ, can lead to loss of cell 
viability or can result in genomic instability and cancer. In mammals, telomeres form single-
stranded G-rich overhangs that associate with and are protected by shelterin, a core complex 
of telomere-binding proteins that includes the double-stranded DNA-binding proteins TRF1 
and TRF2 and protection of telomeres 1 (POT1a/b) that interacts with its binding partner 
TPP1 to protect them from resection, recombination and alteration (Palm et al., 2009). 
Telomeres are maintained by the enzyme telomerase, which is limited in human somatic 
cells, resulting in progressive telomere shortening. Celli et al., showed that Ku and TRF2 
repress HR and represent an important aspect of telomere protection (Celli et al., 2006). 
Recent evidence suggests that dysfunctional telomeres that can no longer exert end-protective 
functions are recognized as DSBs by the DNA damage repair pathway. Thus, removal of TRF2 
with retrovirus-mediated shTrf2, resulted in end-to-end chromosome fusions mediated by the 
C-NHEJ pathway (Rai et al., 2010). In addition, the data of Deng et al., indicated a critical role 
for the MRN complex in sensing these dysfunctional telomeres. They showed that in the 
absence of TRF2, MRE11 nuclease activity removes the 3' telomeric overhang to promote 
chromosome fusions. MRE11 can also protect newly replicated leading strand telomeres from 
NHEJ by promoting 5' strand resection to generate POT1a-TPP1-bound 3' overhangs (Deng et 
al., 2009). Rai et al. used also MEFs in which specific components of the C-NHEJ had been 
deleted to determine how dysfunctional telomeres are joined together (Rai et al., 2010). They 
showed that DSB marker 53BP1 (Schultz et al., 2000, Anderson et al., 2001) was necessary for 
end to end fusion in TRF2 deficient MEFs. Surprisingly, they showed that removal of Tpp1-
Pot1a/b from 53BP1-/- MEFs or DNA ligase IV-/- MEFs resulted in robust end to end fusions. They 
also examined chromosome fusion in MEFs from telomerase knock-out cells that generate 
naturally shortened telomeres, and which had also been knocked out for 53BP1-/-. Lymphomas 
derived from these mice demonstrated an increase in the number of fused chromosomes. 
These data suggested that fusion of naturally shortened telomeres do not require 53BP1 and 
occur through mechanisms independent of C-NHEJ. They concluded that telomeres engage 
distinct DNA repair pathways depending on how they are rendered dysfunctional, and that 
ALT-NHEJ is a major pathway for processing of dysfunctional telomeres (Rai et al., 2010).  

2.2.5 NHEJ-defective mouse models of cancers and leukemias  
2.2.5.1 NHEJ in V(D)J recombination and CSR 
In addition to DSBs generated by exogenous and endogenous DNA damaging agents, DSBs 
also occur as a consequence of specific physiological processes such as the V(D)J 
recombination in B and T-lymphocytes and the immunoglobulin CSR within 
immunoglobulin variable domains in B-lymphocytes during the development and 
maturation of the immune system (Ferguson and Alt, 2001, Revy et al., 2005). The organism 
recruits stringent DNA repair machinery to ensure the efficient repair of the damage or the 
elimination of the damaged cells. Failure to properly repair the DNA damage may cause 
chromosomal abnormalities, which in turn may lead to genomic instability and predispose 
the cells to malignant transformation. 
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The immune system provides a unique platform for understanding the NHEJ pathway 
because of its requirement for V(D)J recombination and CSR for development and 
maturation. In these systems, DNA damage is initiated by recombination activating gene 1 
and 2 (RAG1/RAG2) in the case of V(D)J recombination, activation-induced cytidine 
deaminase (AID) in the case of CSR (Oettinger et al., 1990, McBlane et al., 1995, Petersen et 
al., 2001, Manis et al., 2002), that is uniquely expressed in specialized B- or T-lymphocytes. 
The rejoining of the broken DNA ends is then completed by C- and/or ALT-NHEJ pathway 
(Bassing et al., 2002). Notably, V(D)J recombination specifically recruits the C-NHEJ 
pathway components (Corneo et al., 2007). In contrast, approximately 50% of CSR events 
are completed by the ALT-NHEJ pathways (Soulas-Sprauel et al., 2007b, Yan et al., 2007, 
Han and Yu, 2008). Animal models and human conditions have demonstrated that defects 
in any of the C-NHEJ pathway components may cause immunodeficiency. The resultant 
erroneous DNA repair may predispose the cells to genomic instability and the 
development of cancer.  
2.2.5.2 Defective C-NHEJ in immunodeficiency  
Spontaneous mutant and genetically engineered animal models deficient for the various C-
NHEJ components have in common impaired V(D)J recombination and consequent 
immunodeficiency, together with increased sensitivity to ionizing radiation. 
Severe combined immune deficiency (SCID) mouse is a naturally occurring mutant mouse 
strain (Bosma and Carroll, 1991) which harbors a non-sense mutation in their highly 
conserved C-terminal part of DNA PKcs gene (Blunt et al., 1996, Araki et al., 1997). These 
mice lack mature B and T lymphocytes (Bosma and Carroll, 1991), accompanied by an 
increased cellular radiosensitivity (RS-SCIDs), indicative of a defect in DNA repair. 
Similarly, DNA PKcs knockout mice do not show overt cellular growth defects but exhibit 
immunodeficiency and ionizing radiation hypersensitivity (Gao et al., 1998, Taccioli et  
al., 1998, Kurimasa et al., 1999). Artemis-deficient mice resemble DNA PKcs-deficient mice, 
including a leaky SCID and increased cellular ionizing radiation sensitivity, supporting the 
idea that Artemis cooperates with DNA PKcs in a subset of C-NHEJ functions (Rooney et al., 
2002).  
Like the DNA-PKcs mutant SCID mice, Ku70 and Ku86 knockout mice demonstrate “leaky” 
immunodeficiency and are hypersensitive to irradiation (Nussenzweig et al., 1996, Zhu et al., 
1996, Gu et al., 1997, Ouyang et al., 1997). In addition, they also show signs of growth 
retardation and extensive apoptosis of the newly generated neurons. Mice lacking either 
XRCC4 or DNA ligase IV die in utero with massive neuronal apoptosis and a complete block in 
lymphocyte development, suggesting the requirement for Ku, XRCC4 and DNA ligase IV in 
growth control and neuron development (Barnes et al., 1998, Frank et al., 1998, Gao et al., 
1998). Mice lacking XLF are also immunodeficient and hypersensitive to ionizing radiation. 
However, they have modestly reduced lymphocyte numbers, nearly normal V(D)J 
recombination and moderately defective immunoglobulin heavy chain CSR (Li et al., 2008). 
Combined deficiency of ATM and XLF severely impairs V(D)J recombination and nearly 
blocks mouse lymphocyte development, indicative of the compensatory roles of ATM and XLF 
in C-NHEJ pathway (Zha et al., 2011), as discussed earlier in this chapter. 

2.2.5.3 Involvement of ALT-NHEJ pathways in leukemia/lymphoma in mouse models 
In the absence of C-NHEJ, the microhomology-based ALT-NHEJ is thought to be employed 
to ligate the broken DNA ends generated during V(D)J recombination and CSR.  
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Mice defective for one or more C-NHEJ components show various degrees of genomic 
instability. The absence of Ku, XRCC4, DNA ligase IV, XLF, Artemis, or DNA PKcs leads to 
the accumulation of DNA breaks and translocations in ES cells, fibroblasts or stimulated B 
cells (Guidos et al., 1996, Nacht et al., 1996, Karanjawala et al., 1999, Difilippantonio et al., 
2000, Ferguson and Alt, 2001, Zhu et al., 2002, Rooney et al., 2003, Yan et al., 2007, Franco et 
al., 2008, Li et al., 2008, Boboila et al., 2010a). In the presence of the p53-null background, 
deletion of any one of the key components of the C-NHEJ pathway invariably leads to the 
early onset of very aggressive tumors, mostly pro-B-cell lymphomas, which generally 
harbor chromosomal translocations. Mice defective for P53 and Ku86 develop pro-B-cell 
lymphoma at an early age (Difilippantonio et al., 2000). These tumors display a specific set 
of chromosomal translocations and gene amplifications involving the immunoglobulin 
heavy chain IgH/Myc locus, reminiscent of Burkitt lymphoma. Combined deficiency in 
p53/XRCC4 or p53/DNA ligase IV results in live births. However, the offspring are 
immunodeficient and develop pro-B cell lymphomas (Frank et al., 2000, Gao et al., 2000). 
Mice lacking both Artemis and p53 develop pro–B cell lymphomas harboring N-myc-IgH, 
but not the Myc-Igh translocations observed in tumors in other C-NHEJ/p53 deficient mice 
(Rooney et al., 2004). XLF/p53-double-deficient mice are not markedly prone to pro-B 
lymphomas. However, like other C-NHEJ/p53-deficient mice, they still develop 
medulloblastomas (Li et al., 2008). 
Recent studies based on C-NHEJ deficient mutant models also revealed that Ku or DNA 
ligase IV/XRCC4 are not required for, but rather suppress chromosomal translocations 
(Corneo et al., 2007, Soulas-Sprauel et al., 2007a, Yan et al., 2007, Boboila et al., 2010a). It has 
recently been reported that translocation breakpoint junctions are similar in wild-type and 
Ku or XRCC4 deficient mutants, including an unchanged bias toward microhomology. 
Complex insertions at some breakpoint junctions show that joining can be iterative, 
encompassing successive processing steps before joining, implying that ALT-NHEJ 
contributes to the translocation formation in mammalian cells (Simsek and Jasin, 2010).  
Altogether, the development of leukemia/lymphoma in C-NHEJ deficient mouse models 
suggests that ALT-NHEJ pathways play important roles in the DSB repair in V(D)J 
recombination and CSR. Its low fidelity predisposes the cells to genomic instability and the 
development of malignancy. Further investigations of the molecular mechanisms 
underlying these pathways will provide insights into the roles of ALT-NHEJ in the 
occurrence of genomic instability and the development of cancer.  

2.2.6 ALT-NHEJ in human cancer and leukemia 
Many of the studies characterizing ALT-NHEJ have been conducted in a background of 
experimentally induced deficiency of components of the C-NHEJ pathway. This has drawn 
criticism that the results demonstrating ALT-NHEJ are biased by artificial experimental 
conditions that do not exist in reality. Many human cancers are characterized by recurrent 
chromosome abnormalities and microhomologous sequences have been identified at the 
breakpoint junctions of these abnormalities. Therefore, human cancers may represent model 
systems in which to study ALT-NHEJ. 
2.2.6.1 Leukemia and lymphoma cells as models for the study of ALT-NHEJ 
Like the SCID phenotype observed in mice, defective V(D)J recombination in humans causes 
arrest of B and T lymphocyte maturation, conferring severe combined immune deficiency 
(T-B-SCID).  70% of T-B-SCID patients have mutations in RAG1 or RAG2, which disables the 
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The immune system provides a unique platform for understanding the NHEJ pathway 
because of its requirement for V(D)J recombination and CSR for development and 
maturation. In these systems, DNA damage is initiated by recombination activating gene 1 
and 2 (RAG1/RAG2) in the case of V(D)J recombination, activation-induced cytidine 
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Combined deficiency of ATM and XLF severely impairs V(D)J recombination and nearly 
blocks mouse lymphocyte development, indicative of the compensatory roles of ATM and XLF 
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Mice defective for one or more C-NHEJ components show various degrees of genomic 
instability. The absence of Ku, XRCC4, DNA ligase IV, XLF, Artemis, or DNA PKcs leads to 
the accumulation of DNA breaks and translocations in ES cells, fibroblasts or stimulated B 
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deletion of any one of the key components of the C-NHEJ pathway invariably leads to the 
early onset of very aggressive tumors, mostly pro-B-cell lymphomas, which generally 
harbor chromosomal translocations. Mice defective for P53 and Ku86 develop pro-B-cell 
lymphoma at an early age (Difilippantonio et al., 2000). These tumors display a specific set 
of chromosomal translocations and gene amplifications involving the immunoglobulin 
heavy chain IgH/Myc locus, reminiscent of Burkitt lymphoma. Combined deficiency in 
p53/XRCC4 or p53/DNA ligase IV results in live births. However, the offspring are 
immunodeficient and develop pro-B cell lymphomas (Frank et al., 2000, Gao et al., 2000). 
Mice lacking both Artemis and p53 develop pro–B cell lymphomas harboring N-myc-IgH, 
but not the Myc-Igh translocations observed in tumors in other C-NHEJ/p53 deficient mice 
(Rooney et al., 2004). XLF/p53-double-deficient mice are not markedly prone to pro-B 
lymphomas. However, like other C-NHEJ/p53-deficient mice, they still develop 
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ligase IV/XRCC4 are not required for, but rather suppress chromosomal translocations 
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Complex insertions at some breakpoint junctions show that joining can be iterative, 
encompassing successive processing steps before joining, implying that ALT-NHEJ 
contributes to the translocation formation in mammalian cells (Simsek and Jasin, 2010).  
Altogether, the development of leukemia/lymphoma in C-NHEJ deficient mouse models 
suggests that ALT-NHEJ pathways play important roles in the DSB repair in V(D)J 
recombination and CSR. Its low fidelity predisposes the cells to genomic instability and the 
development of malignancy. Further investigations of the molecular mechanisms 
underlying these pathways will provide insights into the roles of ALT-NHEJ in the 
occurrence of genomic instability and the development of cancer.  

2.2.6 ALT-NHEJ in human cancer and leukemia 
Many of the studies characterizing ALT-NHEJ have been conducted in a background of 
experimentally induced deficiency of components of the C-NHEJ pathway. This has drawn 
criticism that the results demonstrating ALT-NHEJ are biased by artificial experimental 
conditions that do not exist in reality. Many human cancers are characterized by recurrent 
chromosome abnormalities and microhomologous sequences have been identified at the 
breakpoint junctions of these abnormalities. Therefore, human cancers may represent model 
systems in which to study ALT-NHEJ. 
2.2.6.1 Leukemia and lymphoma cells as models for the study of ALT-NHEJ 
Like the SCID phenotype observed in mice, defective V(D)J recombination in humans causes 
arrest of B and T lymphocyte maturation, conferring severe combined immune deficiency 
(T-B-SCID).  70% of T-B-SCID patients have mutations in RAG1 or RAG2, which disables the 
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initiation steps in V(D)J recombination. The remaining 30% patients also show 
hypersensitivity to ionizing radiation, and therefore referred to as RS-SCID. They are caused 
by defects in the C-NHEJ pathway (de Villartay et al., 2003). So far, most genetic defects 
reported are found in the Artemis gene. In other cases, mutations in DNA ligase IV, XLF and 
DNA PKcs are reported. EBV-associated B-cell lymphomas and leukemia have been 
reported in patients with Artemis and DNA ligase IV mutations, respectively, indicative of 
the genomic instability associated with the impaired C-NHEJ (Riballo et al., 1999, Moshous 
et al., 2003). Patients with mutations in the gene encoding XLF also have greater 
chromosomal instability (Dai et al., 2003, Buck et al., 2006). These findings suggest that RS-
SCID patients defective for C-NHEJ have elevated genomic instability which may 
predispose the cells to cancer. It is also likely that ALT-NHEJ among other error-prone 
pathways may drive genomic instability in these cases.   
2.2.6.2 Microhomologies at breakpoints junction of recurrent alterations in cancer and 
leukemia 
In vivo and in vitro assays in cancer and leukemia cells demonstrate increased errors 
following repair, with the majority of errors resulting from large DNA deletions occurring at 
the repair sites characterized by sequence microhomologies. Using in vitro end-joining 
assays based on repair of pUC18 plasmids containing a DSB in cell lines derived from 
myeloid leukemias, Gaymes et al. demonstrated a significant increase in errors characterized 
by increased size of deletions and microhomologies at the repair junctions further 
suggestive of the importance of ALT-NHEJ repair in these malignancies (Gaymes et al., 
2002). Analyzing actual genomic deletions in tumors, Canning and Dryja found genomic 
deletions involving the retinoblastoma gene in 12 of 49 tumors from patients with 
retinoblastoma or osteosarcoma. They mapped the deletion breakpoints and sequenced 200 
base pairs surrounding each deletion breakpoint in DNA from 4 tumor samples. Three 
deletions had termini characterized by direct repeats ranging in size from 4 to 7 base pairs 
(Canning and Dryja, 1989).  
Recurrent chromosome translocations characterize leukemia and lymphoma and are 
specifically associated with their classification and prognosis. They occur frequently in 
both de novo and therapy-related in acute myeloid leukemia (AML) and myelodysplastic 
syndromes (MDS). Cloning of the genomic breakpoints in the common chromosome 
translocations in leukemia reveal that most of the genomic breakpoints tend to cluster in a 
restricted intronic region (Zhang and Rowley, 2006). In addition, sequencing of the 
translocation junctions identified regions of microhomology, strongly indicative of the 
involvement of ALT-NHEJ in the repair of DSBs and the generation of these chromosomal 
abnormalities (Reichel et al., 1998, Gillert et al., 1999, Strissel et al., 2000, Rassool, 2003, 
Zhang and Rowley, 2006; Wiemels and Greaves, 1999, Xiao et al., 2001, Reiter et al., 2003, 
Zhang and Rowley, 2006). An important example of such a study is sequencing of the TEL 
AML1 gene fusions found in pediatric leukemias and approximately 25% of adult acute B 
cell lymphomas. Analysis of the DNA sequence and structure surrounding the breakpoints 
revealed clues to their possible formation (Wiemels and  Greaves, 1999). A long-distance 
inverse PCR strategy was used to amplify TEL-AML1 genomic fusion sequences from 
diagnostic DNA from nine patients. Breakpoints were scattered within the 14 kb of intronic 
DNA between exons 5 and 6 of TEL and in two putative cluster regions within intron 1 of 
AML1. DNA sequences containing the breakpoint junctions exhibited characteristic signs of 
C- and ALT-NHEJ, including microhomologies at the breakpoints, small deletions and 

 
The Role of Error-Prone Alternative Non-Homologous End-Joining in Genomic Instability in Cancer 105 

duplications. Wiemels and Greaves concluded that the data was compatible with the 
possibility that TEL-AML1 translocations occur by nonhomologous recombination involving 
imprecise, constitutive repair processes following DSBs (Wiemels and Greaves, 1999, Zelent 
et al., 2004).  
2.2.6.3 Origins of DNA damage? 
Genes such as AML1, TEL or mixed lineage leukemia (MLL) have been found rearranged with 
different partner genes in lymphoid and myeloid leukemias (Zelent et al., 2004). These 
translocations have been shown to correlate with sites of double-strand DNA cleavage by 
agents to which the cells or patients have been exposed, including exogenous rare-cutting 
endonucleases, radiomimetic compounds, and topoisomerase inhibitors (Greaves and 
Wiemels, 2003). The nature of the DNA damage leading to MLL translocations in leukemia 
in infants have been examined by several investigators (Greaves and Wiemels, 2003). The 
finding of identical MLL rearrangements in the leukemias from pairs of monozygotic twins 
where both twins were affected, but not in their constitutional DNA, established that MLL 
translocations in infant leukemias are non-hereditary, non-constitutional, in utero events. 
Furthermore, the most likely explanation was that cells with the translocation were 
transferred from one twin to the other via the placenta (Felix et al., 2000). The retrospective 
finding of leukemia-associated MLL genomic breakpoint junction sequences by PCR 
analysis of genomic DNAs contained in bloodspots on neonatal Guthrie cards of infants 
who were diagnosed later with leukemia showed that MLL translocations also occur in utero 
in the non-twin cases (Gale et al., 1997). Molecular cloning and analysis of MLL genomic 
breakpoint junctions sequences in infant leukemias suggested staggered and/or multiple 
sites of breakage as elements of damage and DNA repair by C- and/or ALT-NHEJ. This 
provided further evidence that DNA damage and repair underlie the formation of the 
translocations (Greaves and Wiemels, 2003, Gilliland et al., 2004). Because MLL 
translocations are much less frequent in de novo leukemias of older patients but frequent in 
leukemias following chemotherapeutic DNA topoisomerase II poisons, e.g., etoposide, it has 
been proposed that leukemia in infants may have an etiology resembling treatment-related 
cases (Gilliland et al., 2004). The chemotherapy-leukemia association in the treatment-
related cases suggests that chromosomal breakage resulting from DNA topoisomerase II 
cleavage and attempted repair of DSBs may play a role in the formation of these 
translocations. The precision of the breakpoint junction sequences and the results of DNA 

topoisomerase II in vitro cleavage assays in treatment-related leukemias are consistent 
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leukemias, the breakpoint junction sequences and in vitro cleavage assays suggest a 
mechanism in which DNA topoisomerase II introduce separate single-stranded nicks in 
duplex DNA that are staggered by up to several hundred bases. This leads to a DNA 
damage-repair model in which various naturally occurring DNA topoisomerase II poisons 
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The large deleted regions observed in other infant cases are consistent with multiple sites 
of breakage or, alternatively, more extensive processing (Raffini et al., 2002). 
2.2.6.4 Increased ALT-NHEJ activity in leukemia  
In addition to increased DNA damage providing a substrate for error-prone repair and 
genomic instability, increased repair activity may also drive the acquisition of genomic 
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initiation steps in V(D)J recombination. The remaining 30% patients also show 
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pathways may drive genomic instability in these cases.   
2.2.6.2 Microhomologies at breakpoints junction of recurrent alterations in cancer and 
leukemia 
In vivo and in vitro assays in cancer and leukemia cells demonstrate increased errors 
following repair, with the majority of errors resulting from large DNA deletions occurring at 
the repair sites characterized by sequence microhomologies. Using in vitro end-joining 
assays based on repair of pUC18 plasmids containing a DSB in cell lines derived from 
myeloid leukemias, Gaymes et al. demonstrated a significant increase in errors characterized 
by increased size of deletions and microhomologies at the repair junctions further 
suggestive of the importance of ALT-NHEJ repair in these malignancies (Gaymes et al., 
2002). Analyzing actual genomic deletions in tumors, Canning and Dryja found genomic 
deletions involving the retinoblastoma gene in 12 of 49 tumors from patients with 
retinoblastoma or osteosarcoma. They mapped the deletion breakpoints and sequenced 200 
base pairs surrounding each deletion breakpoint in DNA from 4 tumor samples. Three 
deletions had termini characterized by direct repeats ranging in size from 4 to 7 base pairs 
(Canning and Dryja, 1989).  
Recurrent chromosome translocations characterize leukemia and lymphoma and are 
specifically associated with their classification and prognosis. They occur frequently in 
both de novo and therapy-related in acute myeloid leukemia (AML) and myelodysplastic 
syndromes (MDS). Cloning of the genomic breakpoints in the common chromosome 
translocations in leukemia reveal that most of the genomic breakpoints tend to cluster in a 
restricted intronic region (Zhang and Rowley, 2006). In addition, sequencing of the 
translocation junctions identified regions of microhomology, strongly indicative of the 
involvement of ALT-NHEJ in the repair of DSBs and the generation of these chromosomal 
abnormalities (Reichel et al., 1998, Gillert et al., 1999, Strissel et al., 2000, Rassool, 2003, 
Zhang and Rowley, 2006; Wiemels and Greaves, 1999, Xiao et al., 2001, Reiter et al., 2003, 
Zhang and Rowley, 2006). An important example of such a study is sequencing of the TEL 
AML1 gene fusions found in pediatric leukemias and approximately 25% of adult acute B 
cell lymphomas. Analysis of the DNA sequence and structure surrounding the breakpoints 
revealed clues to their possible formation (Wiemels and  Greaves, 1999). A long-distance 
inverse PCR strategy was used to amplify TEL-AML1 genomic fusion sequences from 
diagnostic DNA from nine patients. Breakpoints were scattered within the 14 kb of intronic 
DNA between exons 5 and 6 of TEL and in two putative cluster regions within intron 1 of 
AML1. DNA sequences containing the breakpoint junctions exhibited characteristic signs of 
C- and ALT-NHEJ, including microhomologies at the breakpoints, small deletions and 

 
The Role of Error-Prone Alternative Non-Homologous End-Joining in Genomic Instability in Cancer 105 

duplications. Wiemels and Greaves concluded that the data was compatible with the 
possibility that TEL-AML1 translocations occur by nonhomologous recombination involving 
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translocations. The precision of the breakpoint junction sequences and the results of DNA 

topoisomerase II in vitro cleavage assays in treatment-related leukemias are consistent 
with the processing of 4-base, staggered DSB (Gilliland et al., 2004). In the infant 
leukemias, the breakpoint junction sequences and in vitro cleavage assays suggest a 
mechanism in which DNA topoisomerase II introduce separate single-stranded nicks in 
duplex DNA that are staggered by up to several hundred bases. This leads to a DNA 
damage-repair model in which various naturally occurring DNA topoisomerase II poisons 

induce DNA topoisomerase II-mediated damage in leukemia in utero (Gilliland et al., 2004). 
The large deleted regions observed in other infant cases are consistent with multiple sites 
of breakage or, alternatively, more extensive processing (Raffini et al., 2002). 
2.2.6.4 Increased ALT-NHEJ activity in leukemia  
In addition to increased DNA damage providing a substrate for error-prone repair and 
genomic instability, increased repair activity may also drive the acquisition of genomic 
alterations. Recently, Sallmyr at al. demonstrated increased activity of the ALT-NHEJ 



 
DNA Repair and Human Health 106 

pathway in chronic myeloid leukemia (CML) cells characterized by the oncogenic fusion 
tyrosine kinase, BCR-ABL (Gaymes et al., 2002, Sallmyr et al., 2008b). They showed that key 
proteins in the major C-NHEJ pathway, Artemis and DNA ligase IV, were down-regulated, 
whereas DNA ligase IIIα, and the protein deleted in Werner syndrome, WRN, are up-
regulated in CML cells. Furthermore, they showed that DNA ligase IIIα and WRN form a 
complex that is recruited to DSBs, and that “knockdown” of either DNA ligase IIIα or WRN 
leads to increased accumulation of unrepaired DSBs, demonstrating that these DNA repair 
proteins contribute to their repair. To determine whether knockdown of either DNA ligase 
IIIα or WRN leads to differences in repair using DNA sequence microhomologies, Sallmyr et 
al. sequenced the breakpoint junctions of 15 repaired plasmids from each of the LacZα 
reactivation experiments. The majority (80%) of plasmids in CML cell line, K562 were 
repaired using DNA microhomologies of 1 to 6 bp. In contrast, plasmids from cells with 
reduced levels of either DNA ligase IIIα or WRN had a reduction in the overall percentage 
of microhomologies and these constituted 1 to 3 bp in length (DNA ligase IIIα, 25%; WRN, 
40%) at the breakpoint junctions in repaired plasmids. Notably, in cell lines established from 
normal lymphocytes, end-joining assays reveal that the DSBs are repaired mainly using the 
C-NHEJ pathway. Furthermore, sequencing of the rare DSBs that were misrepaired (1 in 
approximately 10,000) revealed deletions of only a few base pairs. These results indicate that 
while ALT-NHEJ is possibly operative at very low levels in normal cells, altered DSB repair 
in CML cells may be caused at least in part by the increased activity of ALT-NHEJ repair 
pathway, involving DNA ligase IIIα and WRN. In AML characterized by expression of the 
constitutively activated receptor tyrosine kinase Fms Like tyrosine 3/Internal tandem 
duplication (FLT3/ITD), Sallmyr et al. reported that this constitutively activated tyrosine 
kinase initiates a cycle of genomic instability that is likely to promote both aggressive 
disease and resistance to therapy (Sallmyr et al., 2008a). Specifically, Sallmyr et al. showed 
that expression of FLT3/ITD induces increased reactive oxygen species production and that 
cells transformed by FLT3/ITD, including primary AML cells and cell lines established from 
FLT3/ITD-positive AML patients, have increased endogenous DSBs (Sallmyr et al., 2008a). 
Furthermore, repair of DSBs by NHEJ is less efficient and more error-prone in FLT3/ITD-
expressing cells (Sallmyr et al., 2008a). More recently, Fan et al. reported that the steady state 
levels of Ku86 and to a lesser extent, Ku70, are significantly reduced in FLT3/ITD-
expressing cells (Fan et al., 2010). In turn, there is a concomitant increase in the steady state 
levels of ALT-NHEJ components, PARP-1 and DNA ligase IIIα (Fan et al., 2010). Similar 
alterations in Ku86 and PARP-1 are also observed in FLT3/ITD knock-in mice, but increased 
levels of DNA ligase IIIα are only seen in the homozygote mice (Fan et al, 2010). Similar 
changes in C-NHEJ and ALT-NHEJ components are observed at the transcript level (Li et al., 
2011) (Figure 3). In the FLT3/ITD mouse model, the impairment of C-NHEJ decreases the 
ability of cells to complete post-cleavage DSB ligation, resulting in failure to complete V(D)J 
recombination inhibiting B-lymphocyte maturation (Li et al, 2011). As a consequence of these 
changes in NHEJ proteins, the frequency of DNA sequence microhomologies and the size of 
deletions at repair sites are increased, reflecting the increased contribution of ALT-NHEJ to 
DSB repair. This suggests that FLT3/ITD signaling is involved in regulating both C- and ALT-
NHEJ, directly or indirectly (Figure 3). Importantly, they reported that reducing the levels of 
DNA ligase IIIα in AML cells not only reduces the frequency of DNA sequence 
microhomologies and the size of deletions at repair sites but also increases the steady state 
levels of unrepaired DSBs, indicating that the ALT-NHEJ pathway is particularly important 
for the survival of FLT3/ITD expressing AML cells (Li et al., 2011).   
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2.2.7 ALT-NHEJ as therapeutic targets  
Several lines of evidence suggest that both hereditary and sporadic cancers have abnormal 
level of DNA damage and repair responses that lead to the generation of structural 
chromosomal abnormalities and genomic instability, which are critical for survival, disease 
progression and resistance. The identification of defects in the DNA damage response 
between normal and cancer cells at the molecular level will guide the development of more 
targeted therapies by identifying biomarkers that are indicative of the abnormal DNA repair 
in cancer cells. To exploit the differences in the DNA damage response between normal and 
cancer cells, it will be necessary to characterize the DNA repair abnormalities and develop 
agents that target the abnormal DNA repair pathways that are specific for cancer cells, 
thereby reducing survival of cancer but not normal cells. In addition to participating in base 
excision and SSB repair, PARP-1 and DNA ligase IIIα also appear to be involved in ALT-
NHEJ. In recent studies, we and others have shown that PARP-1 and DNA ligase IIIα are 
upregulated in certain cancers and leukemias (Chen et al., 2008, Sallmyr et al., 2008b, Fan et 
al., 2010, Li et al., 2011) (Figure 4).  
 

 
Fig. 3. Schematic for the mechanism of regulation of C- and ALT-NHEJ by FLT3/ITD. 
FLT3/ITD signalling leads to upregulation of DNA ligase IIIα and PARP-1 and 
downregulation of Ku70/86. The consequent increase in ALT-NHEJ activity promotes the 
acquisition of genomic changes that lead to disease progression or resistance to treatment.   

2.2.7.1 PARP inhibitors 
The abundant nuclear protein PARP-1 binds avidly to SSBs, an event that activates PARP-1 
polymerase (Ame et al., 2004). Activated PARP-1 utilizes nicotinamide to synthesize 
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pathway in chronic myeloid leukemia (CML) cells characterized by the oncogenic fusion 
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proteins in the major C-NHEJ pathway, Artemis and DNA ligase IV, were down-regulated, 
whereas DNA ligase IIIα, and the protein deleted in Werner syndrome, WRN, are up-
regulated in CML cells. Furthermore, they showed that DNA ligase IIIα and WRN form a 
complex that is recruited to DSBs, and that “knockdown” of either DNA ligase IIIα or WRN 
leads to increased accumulation of unrepaired DSBs, demonstrating that these DNA repair 
proteins contribute to their repair. To determine whether knockdown of either DNA ligase 
IIIα or WRN leads to differences in repair using DNA sequence microhomologies, Sallmyr et 
al. sequenced the breakpoint junctions of 15 repaired plasmids from each of the LacZα 
reactivation experiments. The majority (80%) of plasmids in CML cell line, K562 were 
repaired using DNA microhomologies of 1 to 6 bp. In contrast, plasmids from cells with 
reduced levels of either DNA ligase IIIα or WRN had a reduction in the overall percentage 
of microhomologies and these constituted 1 to 3 bp in length (DNA ligase IIIα, 25%; WRN, 
40%) at the breakpoint junctions in repaired plasmids. Notably, in cell lines established from 
normal lymphocytes, end-joining assays reveal that the DSBs are repaired mainly using the 
C-NHEJ pathway. Furthermore, sequencing of the rare DSBs that were misrepaired (1 in 
approximately 10,000) revealed deletions of only a few base pairs. These results indicate that 
while ALT-NHEJ is possibly operative at very low levels in normal cells, altered DSB repair 
in CML cells may be caused at least in part by the increased activity of ALT-NHEJ repair 
pathway, involving DNA ligase IIIα and WRN. In AML characterized by expression of the 
constitutively activated receptor tyrosine kinase Fms Like tyrosine 3/Internal tandem 
duplication (FLT3/ITD), Sallmyr et al. reported that this constitutively activated tyrosine 
kinase initiates a cycle of genomic instability that is likely to promote both aggressive 
disease and resistance to therapy (Sallmyr et al., 2008a). Specifically, Sallmyr et al. showed 
that expression of FLT3/ITD induces increased reactive oxygen species production and that 
cells transformed by FLT3/ITD, including primary AML cells and cell lines established from 
FLT3/ITD-positive AML patients, have increased endogenous DSBs (Sallmyr et al., 2008a). 
Furthermore, repair of DSBs by NHEJ is less efficient and more error-prone in FLT3/ITD-
expressing cells (Sallmyr et al., 2008a). More recently, Fan et al. reported that the steady state 
levels of Ku86 and to a lesser extent, Ku70, are significantly reduced in FLT3/ITD-
expressing cells (Fan et al., 2010). In turn, there is a concomitant increase in the steady state 
levels of ALT-NHEJ components, PARP-1 and DNA ligase IIIα (Fan et al., 2010). Similar 
alterations in Ku86 and PARP-1 are also observed in FLT3/ITD knock-in mice, but increased 
levels of DNA ligase IIIα are only seen in the homozygote mice (Fan et al, 2010). Similar 
changes in C-NHEJ and ALT-NHEJ components are observed at the transcript level (Li et al., 
2011) (Figure 3). In the FLT3/ITD mouse model, the impairment of C-NHEJ decreases the 
ability of cells to complete post-cleavage DSB ligation, resulting in failure to complete V(D)J 
recombination inhibiting B-lymphocyte maturation (Li et al, 2011). As a consequence of these 
changes in NHEJ proteins, the frequency of DNA sequence microhomologies and the size of 
deletions at repair sites are increased, reflecting the increased contribution of ALT-NHEJ to 
DSB repair. This suggests that FLT3/ITD signaling is involved in regulating both C- and ALT-
NHEJ, directly or indirectly (Figure 3). Importantly, they reported that reducing the levels of 
DNA ligase IIIα in AML cells not only reduces the frequency of DNA sequence 
microhomologies and the size of deletions at repair sites but also increases the steady state 
levels of unrepaired DSBs, indicating that the ALT-NHEJ pathway is particularly important 
for the survival of FLT3/ITD expressing AML cells (Li et al., 2011).   
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poly(ADP-ribose) polymers on itself and other nuclear proteins. Poly(ADP-ribosylated) 
PARP-1 serves as a recruitment factor for DNA ligase IIIα/XRCC1 and other factors 
involved in the repair of SSBs (Okano et al., 2003). Although there are other PARP family 
members, PARP-1 is the predominant enzyme that synthesizes poly(ADP-ribose) in 
response to DNA damage (Menissier de Murcia et al., 2003). The replication of DNA 
containing SSBs cause DSBs and so preventing the repair of SSBs by inhibiting PARP-1 
results in an increase in DSBs. Since these replication-associated DSBs would normally be 
repaired by HR, cells that are defective in HR are hypersensitive to PARP inhibitors. Based 
on this rationale, potent and specific inhibitors of PARP were developed as therapeutic 
agents for inherited forms of breast and ovarian cancer as the PARP inhibitors should be 
cytotoxic for BRCA mutant tumors but not normal tissues with a functional BRCA allele 
(Bryant et al., 2005, Farmer et al., 2005). As expected, PARP inhibitors increased the 
cytotoxicity of a range of anti-cancer agents including temozolomide and ionizing radiation 
that cause SSBs (Tentori et al., 2002, Liu et al., 2008) and both BRCA1- and BRCA2-mutant 
cell lines were hypersensitive to PARP inhibitors in cell culture and mouse xenograft assays 
(Lord and Ashworth, 2008). These results formed the basis for a phase I clinical trial, which 
demonstrated that the PARP inhibitor AZD2281 exhibited antitumor activity in patients 
with ovarian and breast tumors resulting from either BRCA1 or BRCA2 mutations (Evers et 
al., 2008). The promising results from this clinical trial have prompted the evaluation of 
PARP inhibitors in combination with other cancer therapeutics in the treatment of different 
types of cancer.    
Unfortunately, resistance to PARP-1 inhibitors has led to the failure of phase III clinical trials 
in triple negative breast cancers, and thus there is an urgency for elucidating the 
mechanisms by which resistance occurs in cells with defects in HR (Guha, 2011). One 
potential mechanism for resistance to PARP inhibitors in BRCA-deficient cells is that 
spontaneous or induced DSBs are rerouted for repair by error-prone mechanisms, including 
NHEJ, because the preferred mode of error-free repair by HR is unavailable (Venkitaraman, 
2001). Patel et al. recently showed that in BRCA2 deficient ovarian cancer cell lines PARP 
inhibitor treatment induces phosphorylation of DNA PK substrates and stimulates C-NHEJ 
selectively. Previous studies provided evidence for interplay between key C-NHEJ proteins 
and PARP-1: (i) PARP-1 can interact in vitro and in vivo with Ku (Galande and Kohwi-
Shigematsu, 1999) and has been shown to compete with Ku80 for DNA ends in vitro (Wang 
et al., 2006), (ii) Ablation of C-NHEJ restores the survival of PARP-1-deficient cells treated 
with agents inducing DSBs (Hochegger et al., 2006). All together those results suggest that 
C-NHEJ and perhaps ALT-NHEJ could be involved in the genomic instability observed in 
HR-deficient cells treated with PARP inhibitors (Patel et al., 2011). Patel et al. showed that 
inhibiting DNA PK activity reverses the genomic instability induced by PARP inhibition in 
BRCA2 deficient cells. Moreover, disabling C-NHEJ by using genetic or pharmacologic 
approaches diminished the toxicity of PARP inhibition in HR-deficient cells. These results 
not only implicate PARP-1 catalytic activity in the regulation of C-NHEJ and perhaps ALT-
NHEJ in HR-deficient cells, but also indicate that deregulated C-NHEJ and perhaps ALT-
NHEJ plays a major role in generating cytotoxicity and genomic instability in HR-deficient 
cells treated with PARP inhibitors (Patel et al., 2011). Recently Chen et al. showed that C-
NHEJ protein DNA ligase IV was down regulated in cell lines derived from sporadic breast 
cancer (Chen et al., 2008). Thus, it would be important to evaluate C-NHEJ and ALT-NHEJ 
activity in BRCA deficient tumors in assessment of clinical response and resistance to PARP 
inhibitors.  

 
The Role of Error-Prone Alternative Non-Homologous End-Joining in Genomic Instability in Cancer 109 

2.2.7.2 DNA ligase inhibitors 
DNA joining events are required for the completion of almost all DNA repair pathways. 
Thus, inhibitors of DNA ligase are predicted to sensitize cells to a variety of DNA damaging 
agents depending upon the inhibitor specificity for the three mammalian DNA ligases. 
Using computer-aided drug design based on the structure of human DNA ligase I in 
complex with nicked DNA, a series of small molecule inhibitors of human DNA ligases have 
been identified (Chen et al., 2008, Zhong et al., 2008). Briefly, an in silico data base of about 
1.5 million commercially available small molecules was screened for candidates that were 
predicted to bind to a DNA binding pocket within the DNA binding domain (DBD) of 
human DNA ligase I. This binding pocket makes key contacts with nicked DNA (Chen et al., 
2008). Out of 233 candidate molecules, 192 were assayed for their ability to inhibit human 
DNA ligase I but not T4 DNA ligase and for their ability to inhibit cell proliferation because 
human DNA ligase I is the major replicative DNA ligase. The in vitro DNA joining assays 
identified 10 small molecules that specifically inhibit human DNA ligase I by more than 50% 
at 100 mM, with 5 of these molecules also inhibiting the proliferation of cultured human 
cells. Since the amino acid sequences of the DBDs of human DNA ligases III and IV are 
closely related to that of the human DNA ligase I DBD, Chen et al. enquired whether the 
inhibitors of human DNA ligase I are also active against the other human DNA ligases. 
Molecules that inhibit DNA ligase I alone (L82), DNA ligase I and III (L67), and all three 
human DNA ligases (L189) in vitro, that were also active in cell culture assays, were 
further characterized. In accord with the screening strategy, all the ligase inhibitors with 
the exception of L82 act as competitive inhibitors with respect to nicked DNA. The 
structure of L67 and the other inhibitors consists of heterocyclic rings separated by a 
flexible linker. Interestingly, L67 and L189 are cytotoxic, whereas L82 is cytostatic. It is 
possible that this reflects the different mechanisms of inhibition. Alternatively, while 
inhibition of DNA ligase I alone is not toxic, inhibition of either DNA ligase III or DNA 
ligase IV alone or in combination with human DNA ligase I may be cytotoxic. Another 
interesting feature of the ligase inhibitors is that sub-toxic concentrations specifically 
potentiate the cytotoxicity of DNA-damaging agents in cancer cells (Figure 4). As in cell 
lines expressing BCR-ABL and FLT3/ITD (Sallmyr et al., 2008b, Fan et al., 2010), DNA 
ligase IIIα is also overexpressed in cancer cell lines, whereas the levels of DNA ligase IV 
are reduced compared to a non-cancerous breast epithelial cell line (Chen et al., 2008). 
Together these results suggests that ligase inhibitors will not only provide a novel 
approach to delineating the cellular functions of these enzyme, but may also serve as lead 
compounds for the development of therapeutic agents that target DNA replication and/or 
repair (Chen et al., 2008).  
Notably, these compounds exhibit different specificities for the three human DNA ligases in 
vitro and a subset of these molecules preferentially sensitize cancer cells to DNA alkylating 
agents and ionizing radiation, suggesting that they may have utility as lead compounds for 
the development of novel therapeutic agents. Notably, the ligase inhibitors would constitute 
an extremely versatile group of agents in that, depending on their specificity, they can be 
used to target a variety of DNA repair pathways that would be chosen based on the DNA 
damaging agent.  For example, a DNA ligase IV specific inhibitor would sensitize cells with 
a functional C-NHEJ pathway to ionizing radiation whereas a DNA ligase III specific 
inhibitor would sensitize cancer cells that are dependent upon ALT-NHEJ to ionizing 
radiation and other agents that cause DSBs, such as PARP inhibitors (Figure 4). 
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(Lord and Ashworth, 2008). These results formed the basis for a phase I clinical trial, which 
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al., 2008). The promising results from this clinical trial have prompted the evaluation of 
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et al., 2006), (ii) Ablation of C-NHEJ restores the survival of PARP-1-deficient cells treated 
with agents inducing DSBs (Hochegger et al., 2006). All together those results suggest that 
C-NHEJ and perhaps ALT-NHEJ could be involved in the genomic instability observed in 
HR-deficient cells treated with PARP inhibitors (Patel et al., 2011). Patel et al. showed that 
inhibiting DNA PK activity reverses the genomic instability induced by PARP inhibition in 
BRCA2 deficient cells. Moreover, disabling C-NHEJ by using genetic or pharmacologic 
approaches diminished the toxicity of PARP inhibition in HR-deficient cells. These results 
not only implicate PARP-1 catalytic activity in the regulation of C-NHEJ and perhaps ALT-
NHEJ in HR-deficient cells, but also indicate that deregulated C-NHEJ and perhaps ALT-
NHEJ plays a major role in generating cytotoxicity and genomic instability in HR-deficient 
cells treated with PARP inhibitors (Patel et al., 2011). Recently Chen et al. showed that C-
NHEJ protein DNA ligase IV was down regulated in cell lines derived from sporadic breast 
cancer (Chen et al., 2008). Thus, it would be important to evaluate C-NHEJ and ALT-NHEJ 
activity in BRCA deficient tumors in assessment of clinical response and resistance to PARP 
inhibitors.  
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2.2.7.2 DNA ligase inhibitors 
DNA joining events are required for the completion of almost all DNA repair pathways. 
Thus, inhibitors of DNA ligase are predicted to sensitize cells to a variety of DNA damaging 
agents depending upon the inhibitor specificity for the three mammalian DNA ligases. 
Using computer-aided drug design based on the structure of human DNA ligase I in 
complex with nicked DNA, a series of small molecule inhibitors of human DNA ligases have 
been identified (Chen et al., 2008, Zhong et al., 2008). Briefly, an in silico data base of about 
1.5 million commercially available small molecules was screened for candidates that were 
predicted to bind to a DNA binding pocket within the DNA binding domain (DBD) of 
human DNA ligase I. This binding pocket makes key contacts with nicked DNA (Chen et al., 
2008). Out of 233 candidate molecules, 192 were assayed for their ability to inhibit human 
DNA ligase I but not T4 DNA ligase and for their ability to inhibit cell proliferation because 
human DNA ligase I is the major replicative DNA ligase. The in vitro DNA joining assays 
identified 10 small molecules that specifically inhibit human DNA ligase I by more than 50% 
at 100 mM, with 5 of these molecules also inhibiting the proliferation of cultured human 
cells. Since the amino acid sequences of the DBDs of human DNA ligases III and IV are 
closely related to that of the human DNA ligase I DBD, Chen et al. enquired whether the 
inhibitors of human DNA ligase I are also active against the other human DNA ligases. 
Molecules that inhibit DNA ligase I alone (L82), DNA ligase I and III (L67), and all three 
human DNA ligases (L189) in vitro, that were also active in cell culture assays, were 
further characterized. In accord with the screening strategy, all the ligase inhibitors with 
the exception of L82 act as competitive inhibitors with respect to nicked DNA. The 
structure of L67 and the other inhibitors consists of heterocyclic rings separated by a 
flexible linker. Interestingly, L67 and L189 are cytotoxic, whereas L82 is cytostatic. It is 
possible that this reflects the different mechanisms of inhibition. Alternatively, while 
inhibition of DNA ligase I alone is not toxic, inhibition of either DNA ligase III or DNA 
ligase IV alone or in combination with human DNA ligase I may be cytotoxic. Another 
interesting feature of the ligase inhibitors is that sub-toxic concentrations specifically 
potentiate the cytotoxicity of DNA-damaging agents in cancer cells (Figure 4). As in cell 
lines expressing BCR-ABL and FLT3/ITD (Sallmyr et al., 2008b, Fan et al., 2010), DNA 
ligase IIIα is also overexpressed in cancer cell lines, whereas the levels of DNA ligase IV 
are reduced compared to a non-cancerous breast epithelial cell line (Chen et al., 2008). 
Together these results suggests that ligase inhibitors will not only provide a novel 
approach to delineating the cellular functions of these enzyme, but may also serve as lead 
compounds for the development of therapeutic agents that target DNA replication and/or 
repair (Chen et al., 2008).  
Notably, these compounds exhibit different specificities for the three human DNA ligases in 
vitro and a subset of these molecules preferentially sensitize cancer cells to DNA alkylating 
agents and ionizing radiation, suggesting that they may have utility as lead compounds for 
the development of novel therapeutic agents. Notably, the ligase inhibitors would constitute 
an extremely versatile group of agents in that, depending on their specificity, they can be 
used to target a variety of DNA repair pathways that would be chosen based on the DNA 
damaging agent.  For example, a DNA ligase IV specific inhibitor would sensitize cells with 
a functional C-NHEJ pathway to ionizing radiation whereas a DNA ligase III specific 
inhibitor would sensitize cancer cells that are dependent upon ALT-NHEJ to ionizing 
radiation and other agents that cause DSBs, such as PARP inhibitors (Figure 4). 
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Fig. 4. Schematic of the effect of DNA ligase and PARP inhibitors on base excision repair, 
DNA replication and ALT-NHEJ in cancer and leukemia cells.  

3. Conclusion  
ALT-NHEJ is involved in the development of a variety of cancers, including leukemias, and 
is likely to play a key role in the generation of chromosomal abnormalities, including 
translocations, that drive cancer progression. It appears that cancer cells are more dependent  

on ALT-NHEJ for the repair of DSBs and survival, compared with normal cells. Thus 
targeting this pathway may be an attractive therapeutic strategy. Elucidation of the 
pathways components, and how they are regulated, will further guide the design of these 
therapies. Finally, investigation of the molecular mechanisms underlying abnormal DNA 
damage and repair in cancers and leukemias, together with the development of new animal 
models, will better our understanding of the complex relations between DNA repair and 
neoplastic transformation, which will provide new targets for the treatment of cancer. 
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pathways components, and how they are regulated, will further guide the design of these 
therapies. Finally, investigation of the molecular mechanisms underlying abnormal DNA 
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models, will better our understanding of the complex relations between DNA repair and 
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1. Introduction 
Cancer ranks as one of the most frequent causes of death worldwide and in Western society it 
is competing with cardiovascular disease as the number one killer. This high frequency in 
Western countries can be attributed to lifestyle and environmental factors, only 5-10% of all 
cancers are directly due to heredity. Common environmental factors leading to cancer include: 
tobacco (25-30%), diet and obesity (30-35%), infections (15-20%), radiation, lack of physical 
activity and environmental pollutants or chemicals (Anand et al.,2008). Exposure to these 
environmental factors cause or enhance abnormalities in the genetic material of cells (Kinzler 
KW et al.,2002). These changes in the DNA or hereditary predisposition can result in 
respectively uncontrolled cell growth, invasion and metastasis. Cancer cells can damage tissue 
and disturb homeostasis leading to dysfunctions in the body that can eventually lead to death.  
Under normal conditions cell growth is under strict conditions and control. Hereditary 
dysfunctions or introduced DNA damage in tumor suppressor genes, oncogenes or DNA 
repair genes can create an imbalance that may lead to cancer development. DNA repair and 
cell cycle arrest pathways are essential cellular mechanisms to prevent or repair substantial 
DNA damage which, if left unattended, can cause diseases.  
Here, one of the most important and versatile DNA repair pathways, the Nucleotide 
Excision Repair (NER) pathway, will be discussed in relation to DNA damage accumulation 
and carcinogenesis together with its mechanistic mode of action.  

2. DNA damage 
One of the initial steps in cancer development is the accumulation of DNA damage. These 
genomic assaults are abundant due to environmental factors and continuously ongoing 
metabolic processes inside the cell (Lodish et al.,2004). Endogenous DNA damage occurs at an 
estimated frequency of approximately 20,000 – 50,000 lesions per cell per day in humans 
(Lindahl,1993; Friedberg,1995), which roughly adds up to 10 - 40 trillion lesions per second in 
the human body. Endogenously generated lesions can occur through metabolic cellular 
processes and result in hydrolysis (e.g. depurination, depyrimidination and deamination), 
oxidation (8-oxoG, thymine glycol, cytosine hydrates and lipid peroxidation products) and 
non-enzymatic methylation of the DNA components (Cadet et al.,2003; Friedberg et al.,2006b). 
Besides these endogenous insults to the DNA, exogenous factors can play a significant role in 
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damaging the DNA. Examples of exogenous insults are ionizing radiation, ultraviolet (UV) 
radiation and exposure to chemical agents. One hour of sunbathing in Europe for example 
generates around 80,000 lesions per cell in the human skin (Mullaart et al.,1990). The 
endogenous and exogenous primary lesions can result in persistent DNA damage if left 
unattended. Therefore, repair pathways and cellular responses are of vital importance in the 
prevention of cancer and age-related diseases. DNA repair pathways come in many varieties, 
Figure 1 shows a schematic overview of biological responses to several types of DNA damage.  
Reversal of DNA damage and excision repair pathways are responsible for the fundamental 
repair of damaged nucleotides, resulting into the correct nucleotide sequence and DNA 
structure. Besides damaged nucleotides, cells often sustain fracture of the sugar-phosphate 
backbone, resulting in single- or double-strand breaks (SSB or DSB) (Friedberg et al.,2006b). 
Repairing the DNA damage can occur in an error-free (e.g. Nucleotide Excision Repair 
(NER), Base Excision Repair (BER), Homologous Recombination (HR)) or by an error-prone 
pathway like Non-Homologous End-Joining (NHEJ). Besides DNA repair pathways, DNA 
damage tolerance mechanisms are active to bypass lesion that normally block replication 
like Translesion Synthesis (TLS) or template switching. Template switching occurs in an 
error-free way, while TLS acts in an often error-prone manner (although a few polymerases 
of this pathway are able to handle the lesions in an error-free way). Even though error-prone 
mechanisms do not result in the original coding information they do enhance the chances of 
cell survival, which is preferred over correct genomic maintenance in these cases. In light of 
this, cell cycle checkpoint activation and scheduled cell death (apoptosis) also enhance 
chances of genomic stability and in some cases cell survival. The responses, in which tumor 
suppressor factor p53 plays a major role, greatly facilitate the efficiency of repair and 
damage tolerance. Arrested cell cycle progression will result in an increased time window 
for DNA repair or damage tolerance to occur. In addition, apoptosis will attenuate the risk 
of genomic instability by programming the cells with extensive DNA damage for cell death, 
thereby, annulling the possible negative effect of the DNA damage in those cells and hence 
maintaining homeostasis.  

3. Nucleotide excision repair 
The abundant targeting of bases and nucleotides in the genome makes the Nucleotide 
Excision Repair one of the most essential repair pathways. NER can restore the correct 
genomic information, but also replication and transcription after these types of damage. The 
pathway can deal with a broad spectrum of (mostly) structurally unrelated bulky DNA 
lesions, arisen from either endogenous or exogenous agents. NER for example removes 
DNA lesions from the genome such as photolesions, crosslinks, bulky aromatic hydrocarbon 
and alkylation adducts (Figure 1).  
Nucleotide excision repair is a multistep pathway using over 30 proteins that eliminate the 
helix-distorting lesions. As mentioned, lesions of this matter can originate upon exposures 
to several damaging agents. For instance, UV radiation (sunshine) is a physical DNA 
damaging agent that mainly produces cyclobutane pyrimidine dimers (CPDs) and 
pyrimidine-(6,4)-pyrimidone products (6-4PP) but is also believed to induce oxidative DNA 
damage (Lo et al.,2005). Exposure to numerous chemicals can result in helix-distorting bulky 
adducts, for example polycyclic aromatic hydrocarbons (present in cigarette smoke or 
charcoaled meat) (de Boer et al.,2000). Interstrand crosslinks, alkylation adducts and oxygen 
free-radical induced minor base damage can trigger NER (Friedberg et al.,2006b). 
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Schematic overview of DNA repair pathways. Several types of induced DNA damage can trigger 
different repair pathways, which can repair the DNA in an error-free or an error-prone manner.  
NER (Nucleotide Excision Repair), BER (Base Excision Repair), HR (Homologous Recombination), 
MMR (Mismatch Repair), NHEJ (Non-Homologous End-Joining).  

Fig. 1. DNA Repair pathways.  

3.1 Global genome-NER and transcription coupled-NER 
NER is divided into two subpathways which mechanistically initiate in a divergent manner, 
but after damage recognition both pathways proceed along the same molecular route (see 
Figure 2). The subpathways are designated Global Genome NER (GG-NER) and 
Transcription Coupled NER (TC-NER). GG-NER recognizes and removes lesions 
throughout the entire genome, and is considered to be a relatively slow and somewhat more 
inefficient process, since it scans the whole genome for DNA damage (Guarente et al.,2008). 
However, UV induced helix-distorting lesions like 6-4PPs, are rapidly cleared by GG-NER 
(Garinis et al.,2006). TC-NER is responsible for eliminating lesions in the transcribed strand 
of active genes. This repair process takes care of lesions blocking the transcription 
machinery and otherwise possible resulting dysfunctions. Since TC-NER is directly coupled 
to the transcription machinery it is considered to be faster acting and more efficient than 
GG-NER, but is only initiated when transcription of a gene is blocked.  

3.2 DNA damage recognition 
The difference between the two sub pathways is the initial damage recognition step  
(Figure 2). As mentioned previously, a helical distortion and alteration of DNA chemistry 
appears to be the first structural element that is recognized. For GG-NER, the XPC/hHR23B 
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complex (including centrin2), together with the UV-Damaged DNA Binding (UV-DDB) 
protein (assembled by the DDB1 (p127) and DDB2/XPE (p48) subunits), are involved in 
lesion recognition (Dip et al.,2004). The XPC/hHR23B complex is additionally essential for 
recruitment of the consecutive components of the NER machinery to the damaged site, also 
known as the preincision complex (Yokoi et al.,2000; Araujo et al.,2001).  
 

 
Fig. 2. Nucleotide Excision Repair.  

Schematic overview of the Nucleotide Excision Repair (NER) pathway. Damaged DNA is 
recognized by either initial factors of the Global Genome Repair (e.g. Xpc) or Transcription 
Coupled Repair (CSA and CSB), which constitute the two different repair pathways in NER. 
After DNA damage recognition the repair route progresses along the same way. After helix 
unwinding and verification of the damage incisions are made to remove the faulty stretch of 
DNA. Finally, DNA synthesis and subsequent ligation reproduce the correct DNA sequence. 
It has been shown that XPC itself has affinity for DNA and can initiate GG-NER in vitro, but 
its functionality is enhanced when hHR23b and centrin2 are added (Nishi et al.,2005; Araki 
et al.,2001). The latter two are not able to bind to DNA themselves. Centrin2 as well as 
hHR23B stabilize the heterotrimer complex, putatively by inhibiting polyubiquitination of 
XPC and hence preventing subsequent degradation by the 26S proteasome (Nishi et 
al.,2005). XPC recognizes various helix-distorting base lesions that do not share a common 
chemical structure. Biochemical studies have revealed that XPC recognizes a specific 
secondary DNA structure rather than the lesions themselves and the presence of single-
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stranded DNA seems a crucial factor (Sugasawa et al.,2001; Sugasawa et al.,2002; Min et 
al.,2007). XPC appears to scan the DNA for distortions by migrating over the DNA, 
repeatedly binding and dissociating from the helix. When XPC encounters a lesion the 
protein changes its conformation and aromatic amino acid residues stack with unpaired 
nucleotides opposite the lesion, thereby increasing its affinity and creating a conformation 
which makes it possible to interact with other NER factors (Hoogstraten et al.,2008).  
Binding affinity of XPC to the DNA seems to correlate with the extent of helical distortion. 
6-4PP products substantially distort the DNA structure and are therefore more easily 
recognized than CPDs, which only induce a minimal helical distortion (Sugasawa et 
al.,2005). More recent studies have indicated that UV-DDB facilitates recognition of lesions 
that are less well-recognized by the XPC-hHR23B complex, like CPDs, via ubiquitylation of 
XPC (Fitch et al.,2003).  
The UV-DDB is able to recognize UV-induced photoproducts in the DNA and is now 
believed to precede the binding of XPC-hHR23B to the UV-damaged site. CPD repair is UV-
DDB dependent (Fitch et al.,2003; Tang et al.,2000). Since affinity of the XPC-hHR23B to 
CPD sites is low, DDB2 is needed for efficient binding (Tang et al.,2000). Affinity of DDB2 
for 6-4PP is also extremely high and the protein is furthermore able to bind to DNA lesions 
such as apurinic/apyrimidinic (AP) sites and mismatches (Nichols et al.,2000; Wittschieben 
et al.,2005). DDB2 is also part of the E3 ubiquitin ligase complex which is further comprised 
of CUL4A, ROC1/RBX1, COP9 signalosome (CSN) and DDB1 (Groisman et al.,2003). Live 
cell imaging studies show prompt recruitment of DDB1, DDB2 and Cul4a to UV induced 
lesions (Alekseev et al.,2008). CUL4A displays ubiquitin ligase activity and was shown to 
ubiquitylate DDB2 (Chen et al.,2001; Nag et al.,2001; Matsuda et al.,2005). The CSN subunit 
contains deubiquitylation capacities. This interactive mechanism is thought to be 
responsible for (poly)ubiquitylation of XPC and DDB2, but not in a similar fashion and 
result. Upon ubiquitylation DDB2 is degraded by the 26S proteasome (Fitch et al.,2003; 
Rapic-Otrin et al.,2002). XPC is not degraded after UV DNA damage, hereby increasing its 
binding affinity to the DNA as well as stimulating the interaction with hHR23B (Araki et 
al.,2001; Ortolan et al.,2004; Ng et al.,2003). Degradation of UV-DDB enhances the binding of 
XPC-hHR23B to the DNA in vitro (Sugasawa et al.,2005). Timing of the programmed 
degradation of DDB2 determines the recruitment of XPC-hHR23B to the UV-damaged site 
(El Mahdy et al.,2006).  
The XPC protein contains several binding domains, a DNA binding domain, a hHR23B 
binding domain, centrin2 binding domain and a TFIIH binding domain (Sugasawa,2008). 
TFIIH is a multifunctional transcription factor and NER complex and amongst others 
contains the helicases XPB and XPD (Figure 2). This complex is essential for the continuation 
of the NER pathway and is responsible for unwinding the DNA helix after damage 
recognition by XPC/hHR23B. XPC has been shown to physically interact with TFIIH and in 
vivo and in vitro studies have shown the recruitment of the NER complex to unwind the 
DNA is executed in a XPC-dependent manner (Sugasawa,2008; Friedberg et al.,2006b).  
The XPC protein is redundant in TC-NER. Here a stalled RNA polymerase II (RNA polII) is 
the onset of the NER machinery. The proteins CSA and CSB play a crucial role in setting the 
transcription coupled repair in motion, but are also implicated in RNA polII transcription 
functions. The CSB protein interacts with RNA polII (Tantin et al.,1997), while CSA does not 
(Tantin,1998). CSA mainly interacts with CSB, XAB2 (XPA binding protein 2) and the p44 
subunit of the TFIIH complex (Henning et al.,1995; Nakatsu et al.,2000). The function of CSA 
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DNA is executed in a XPC-dependent manner (Sugasawa,2008; Friedberg et al.,2006b).  
The XPC protein is redundant in TC-NER. Here a stalled RNA polymerase II (RNA polII) is 
the onset of the NER machinery. The proteins CSA and CSB play a crucial role in setting the 
transcription coupled repair in motion, but are also implicated in RNA polII transcription 
functions. The CSB protein interacts with RNA polII (Tantin et al.,1997), while CSA does not 
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remains to be elucidated but is implicated to be required for TC-NER during elongation of 
the transcription process (Groisman et al.,2003; Kamiuchi et al.,2002). CSA is also part of an 
E3 ubiquitin ligase complex in which CUL4A, CSN and DDB1 are involved. Both CSA and 
CSB are part of RNA PolII associated complexes, but for CSB additional functions are 
assigned outside NER (Sunesen et al.,2002).  
In TC-NER, CSB is thought to be responsible for displacement of the stalled RNA 
polymerase. Additionally, as with XPC in GG-NER, the preincision complex of NER is 
recruited in a CSB-dependent manner (Fousteri et al.,2008; Fousteri et al.,2006). But first, as 
in GG-NER, the TFIIH complex is recruited after damage recognition.  

3.3 DNA helix unwinding 
From DNA damage recognition and subsequent recruitment of TFIIH on, GG-NER and TC-
NER converge into the same pathway. The TFIIH complex consists of 10 proteins: XPB, 
XPD, p62, pP52, p44, p34, p8 and the CDK-activating kinase (CAK) complex: MAT1, CDK7 
and Cyclin H. TFIIH forms an open bubble structure in the DNA helix (Giglia-Mari et 
al.,2004; Goosen,2010). The DNA helicases XPB and XPD facilitate the partial unwinding of 
the DNA duplex in an ATP-dependent manner, allowing the preincision complex to enter 
the site of the lesion (Figure 2) (Oksenych et al.,2010). The preincision complex consists of 
the XPA, RPA and XPG proteins and is assembled at the damage site (Zotter et al.,2006) 
(Figure 2). The function of XPA is verification of the lesion; in addition, XPA acts, together 
with the single strand DNA binding complex RPA, as an organizational orchestrator, so that 
the repair machinery is positioned around the lesion. The arrival of XPA and RPA leads to 
complete opening of the damaged DNA and catalyzes the release of the CAK complex from 
the TFIIH complex. Data suggest this step is essential for the initiation of incision/excision 
of the damaged DNA (Andressoo et al.,2006; Coin et al.,2008).  
XPA and RPA in the preincision complex bind to the damaged DNA. Specific binding 
properties for certain structural DNA distortions have been reported for XPA, which 
suggests the protein recognizes conformations of the DNA and is able to verify the 
damage (Lao et al.,2000; Krasikova et al.,2010). XPA has no enzymatic activity to attribute 
to the incision step, but nevertheless is indispensable for DNA incision (Miyamoto et 
al.,1992). Through zinc finger motifs of XPA interaction with RPA is established (Ikegami 
et al.,1998). RPA consists of 3 subunits and with high affinity binds to the undamaged 
strand (de Laat et al.,1998b) (Figure 2). The protein roughly covers 30 nucleotides 
(corresponding in size to the excised product later in NER) and acts as a wedge between 
the DNA strands. It is also believed to protect the undamaged intact strand from 
inappropriate nuclease activity (de Laat et al.,1998a; Hermanson-Miller et al.,2002). RPA is 
concerned as the major component in the preincision complex, thereby also protecting the 
native template strand. Furthermore, RPA interacts with several other factors of the 
nucleotide excision repair pathway, like the endonucleases XPG and the ERCC1-XPF 
dimer, which are required for the dual incision of the damaged strand (Figure 2). RPA 
hereby facilitates the correct positioning of the endonucleases and orchestrates the open 
complex formation (Krasikova et al.,2010; Park et al.,2006). Besides that, RPA later plays a 
role in the DNA repair synthesis and ligation steps (Shivji et al.,1995). XPA exhibits a 
moderate preference for binding to damaged DNA, as do other NER factors. Individually, 
the proteins XPA and RPA do not show sufficient selectivity to explain the high efficiency 
of NER lesion removal, which is most likely due to a discrimination cascade of recognition 
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and verification steps (Lin et al.,1992). XPA is thought to play a major role in verification, 
possibly by acting as a molecular sensor of aberrant electrostatic potential along the DNA 
substrate (Camenisch et al.,2008). Structural changes, like kinked backbones, in damaged 
DNA can induce deviant electrostatic potentials. Bulky adducts often result in sharply 
bent backbones due to the decrease of rigidity. Normally, base stacking supplies the DNA 
helix with strength and structure, but bulky lesions and hence loss of base stacking can 
weaken the sturdiness of the backbone. It is known that XPA has a higher affinity for 
kinked backbones. However how the exact recognition of the lesion is executed remains to 
be elucidated. But it is clear that the XPA-RPA complex is indispensable for the high 
efficiency of NER (Camenisch et al.,2008). 

3.4 Incision, DNA repair synthesis and ligation 
When the preincision complex is accurately positioned in relation to the damaged site by the 
XPA-RPA complex, single strand breaks are introduced by XPG and ERCC1-XPF (Figure 2). 
Several mechanistic theories were postulated over the years. A general consensus is that the 
combined actions of XPG and ERCC1-XPF result in excision of a 24-32 nucleotide long single 
strand fragment including the damaged site (Hess et al.,1997). XPG is responsible for the 3’ 
incision and is putatively recruited by the TFIIH complex (Zotter et al.,2006). According to 
some studies its presence appears to be necessary for ERCC1-XPF activity, which is 
responsible for carrying out the 5’ incision (Friedberg et al.,2006b; Wakasugi et al.,1997). 
Others propose a ‘cut-patch-cut-patch’ mechanism for the incision and resynthesis process 
within NER, where the 5’ incision possibly precedes the 3’ incision (Staresincic et al.,2009).  
XPG is expected to have additional stabilization features, because of its ability to interact 
with XPB, XPD and several other subunits of the TFIIH complex(Friedberg et al.,2006b). 
Since loss of XPG results in very early death(Wijnhoven et al.,2007) the protein might be 
involved in systemic and important additional mechanisms, like transcription (Bessho,1999; 
Lee et al.,2002). Furthermore, XPG is suggested to have a role in oxidative damage removal 
(Dianov et al.,2000). The ERCC1-XPF seems to be a multifunctional complex as well, since it 
is also involved in interstand crosslink repair and homologous recombination (Niedernhofer 
et al.,2001; Al Minawi et al.,2009).  
The excision of the damaged fragment is restored in original (undamaged) state by DNA 
synthesis and ligation steps (either by cut-patch-cut-patch mechanism or full excision 
followed by resynthesis and ligation). Both XPG and RPA are thought to be required for the 
transition between (pre)incision and post-incision events (Mocquet et al.,2008). XPG is 
thought to be involved in the recruitment of PCNA (Staresincic et al.,2009; Mocquet et 
al.,2008). Resynthesis of DNA requires PCNA because of its ability to interact with DNA 
polymerases (Mocquet et al.,2008). The mechanism of involvement of these polymerases in 
DNA resynthesis is not yet fully elucidated. Recent studies show at least three DNA 
polymerases are involved. Pol δ, Pol κ and Pol ε are recruited to damage sites (Figure 2). 
Recent in vivo studies show Pol β most likely plays no major role in NER (Ogi et al.,2010; 
Moser et al.,2007). To complete the repair of the damaged DNA site the resynthesized strand 
needs to be ligated. The primary participant in the subsequent ligation process of NER 
appears to be the XRCC1-Ligase 3 complex, which is shown to accumulate in both quiescent 
as well as proliferating cells after local UV irradiation (Moser et al.,2007). Ligase 1 appears to 
be involved in the ligation step in proliferating cells only (Moser et al.,2007). To date, the 
cross play of over 30 proteins in total is involved in NER to counteract DNA damage in the 
error free manner described above.  
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and verification steps (Lin et al.,1992). XPA is thought to play a major role in verification, 
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helix with strength and structure, but bulky lesions and hence loss of base stacking can 
weaken the sturdiness of the backbone. It is known that XPA has a higher affinity for 
kinked backbones. However how the exact recognition of the lesion is executed remains to 
be elucidated. But it is clear that the XPA-RPA complex is indispensable for the high 
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When the preincision complex is accurately positioned in relation to the damaged site by the 
XPA-RPA complex, single strand breaks are introduced by XPG and ERCC1-XPF (Figure 2). 
Several mechanistic theories were postulated over the years. A general consensus is that the 
combined actions of XPG and ERCC1-XPF result in excision of a 24-32 nucleotide long single 
strand fragment including the damaged site (Hess et al.,1997). XPG is responsible for the 3’ 
incision and is putatively recruited by the TFIIH complex (Zotter et al.,2006). According to 
some studies its presence appears to be necessary for ERCC1-XPF activity, which is 
responsible for carrying out the 5’ incision (Friedberg et al.,2006b; Wakasugi et al.,1997). 
Others propose a ‘cut-patch-cut-patch’ mechanism for the incision and resynthesis process 
within NER, where the 5’ incision possibly precedes the 3’ incision (Staresincic et al.,2009).  
XPG is expected to have additional stabilization features, because of its ability to interact 
with XPB, XPD and several other subunits of the TFIIH complex(Friedberg et al.,2006b). 
Since loss of XPG results in very early death(Wijnhoven et al.,2007) the protein might be 
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polymerases are involved. Pol δ, Pol κ and Pol ε are recruited to damage sites (Figure 2). 
Recent in vivo studies show Pol β most likely plays no major role in NER (Ogi et al.,2010; 
Moser et al.,2007). To complete the repair of the damaged DNA site the resynthesized strand 
needs to be ligated. The primary participant in the subsequent ligation process of NER 
appears to be the XRCC1-Ligase 3 complex, which is shown to accumulate in both quiescent 
as well as proliferating cells after local UV irradiation (Moser et al.,2007). Ligase 1 appears to 
be involved in the ligation step in proliferating cells only (Moser et al.,2007). To date, the 
cross play of over 30 proteins in total is involved in NER to counteract DNA damage in the 
error free manner described above.  
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4. NER in cancer 
DNA repair is vital to humans and other organisms and a defect in one of the genes can 
result in some severe syndromes or diseases by loss of genomic stability. Essential 
consequences of genomic instability can be cancer and other age-related diseases, such as 
neurological disorders as Huntington’s disease and ataxias (Friedberg et al.,2006b). DNA 
damage for example can cause mutations that trigger (pre-)oncogenes, inactivate tumor 
suppressor genes or other indispensable genes which cause loss of homeostasis. Defects in 
the DNA repair machinery will inflate the mutational load, since DNA damage will be left 
unattended and subsequently gene mutations will accumulate. Therefore, organisms that 
harbor defective DNA repair are often more prone to develop cancer or (segmental) age-
related diseases. 
In humans, several syndromes have been identified which are the result of an impaired 
nucleotide excision repair pathway, of which Xeroderma Pigmentosum (XP), Cockayne 
syndrome (CS) and Trichothiodystrophy (TTD) are the most well-known. Since NER is the 
major defense against UV-induced DNA damage, all three syndromes are hallmarked by an 
extreme UV-sensitivity, of which XP ensues a highly elevated risk of developing skin cancer 
(Friedberg et al.,2006b; Cleaver et al.,2009).  
The involvement of NER genes in rare and severe syndromes underscores the vital 
importance of this repair pathway. It is known that accumulative DNA damage is one of the 
most important causes in cancer development and loss of homeostasis in organisms 
(Mullaart et al.,1990; Lindahl,1993; Friedberg et al.,2006b; de Boer et al.,2000; Cleaver et 
al.,2009). Defects in DNA repair pathways are therefore also considered to accelerate aging 
and tumorigenesis. In defective NER both types of endpoints occur, XP patients are 
predisposed to cancer development while CS and TTD patients are not. The latter exhibit 
premature aging features which XP patients lack (Friedberg et al.,2006b; de Boer et al.,2000; 
Cleaver et al.,2009). Reason for this might be the involvement of several NER proteins in 
other significant cellular mechanisms. CSB is believed to be involved in (TC-)BER, while 
XPD is also associated with replication and transcription. Some of these affected 
mechanisms could overshadow the NER deficiency and ever increasing mutational load 
eventually predisposing an individual to cancer. Severely affected developmental and 
neurological systems could be more life threatening on the shorter term than tumor 
development is. This could be the rationale behind the fact that CS and TTD patients are 
extremely short-lived and not cancer prone. 

5. Xeroderma pigmentosum 
Xeroderma pigmentosum (XP), meaning parchment pigmented skin, was the first human 
causal NER-deficient disease identified (Cleaver et al.,2009). It is a rare, autosomal inherited 
neurodegenerative and skin disease in which exposure to sunlight (UV) can lead to skin 
cancer. In Western Europe and the USA the incidence frequency is approximately 1:250,000, 
rates are higher in Japan (1:40,000). XP-C and XP-A are the most common complementation 
forms of XP (Bhutto et al.,2008).  
Early malignancies (from 1-2 years of age) in parts of the skin, eyes and the tip of the tongue 
develop due to sun-exposure (Table 1). Additionally, benign lesions like blistering, 
hyperpigmented spots and freckles are abundant (Figure 3). XP is associated with a more 
than 1,000-fold increase in risk of developing skin cancer. These cancers are mainly basal 
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Feature % / age Feature % / age 
Cutaneous abnormalities  Neurological abnormalities  
   Median age of onset of 
   symptoms 1.5 yr    Median age of onset 6 mo 

   Median age of onset of freckling 1.5 yr    Association with skin 
   problems 33% 

   Photosensitivity 19%    Association with ocular 
   abnormalities 36% 

   Cutaneous atrophy 23%    Low intelligence 80% 
   Cutaneous telangiectasia 17%    Abnormal motor activity 30% 
   Actinic keratoses 19%    Areflexia 20% 
   Malignant skin neoplasms 45%    Impaired hearing 18% 
   Median age of first cutaneous 
   neoplasm 8 yr    Abnormal speech 13% 

Ocular abnormalities     Abnormal EEG 11% 
   Frequency 40%    Microcephaly 24% 

   Median age of onset 4 yr Abnormalities associated with 
neurological defects  

   Conjunctival injection 18%    Slow growth 23% 

   Corneal abnormalities 17%    Delayed secondary sexual 
   development 12% 

   Impaired vision 12%   
   Photophobia 2%   
   Ocular neoplasms 11%   
   Median age of first ocular  
   neoplasm 11 yr   

Adapted from Friedberg, E.C et al. 2006b 

Table 1. Overview of some XP features and their average age of onset or frequency 

and squamous cell carcinomas (45% of the XP patients) and to a lesser extent melanomas 
(Friedberg et al.,2006b) (Table 1). Besides skin cancers, XP patients have a 10-20 fold 
increased risk to develop internal cancers (Kraemer et al.,1984). The disease is mostly 
symptomatic during childhood. The mean latency time for cutaneous neoplasms is 8 years, 
this is in comparison to the general population in which the mean latency time is 50 years 
later (Kraemer,1997). Progressive neurological degeneration occurs in approximately 20% of 
the XP cases and can be correlated to deficiencies in specific XP genes (XPA, XPB, XPD and 
XPG) (Cleaver et al.,2009). XP-C and XP-F patients rarely develop neurological degeneration 
and if so with a later onset when compared for example to XP-A and XP-D patients 
(Kraemer,1997; Friedberg et al.,2006b). The heterogeneity in exhibited symptoms is 
correlated to the genetic heterogeneity in XP patients. XP-A, XP-B, XP-D and XP-G patients 
are in general the most severely affected and all these patients are defective in both GG-NER 
and TC-NER. Solely GG-NER is defective in XP-C and XP-E patients. XP-C and XP-E cells 
show higher survival rate after UV exposure than XP-A and XP-D cells for example 
(Friedberg et al.,2006b). This could be the reason that XP-C patients suffer less from 
sunburn. Most abundant XP variants in human are XP-A and XP-C (~50% of all XP cases) 
(Zeng et al.,1997).  
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eventually predisposing an individual to cancer. Severely affected developmental and 
neurological systems could be more life threatening on the shorter term than tumor 
development is. This could be the rationale behind the fact that CS and TTD patients are 
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(Friedberg et al.,2006b) (Table 1). Besides skin cancers, XP patients have a 10-20 fold 
increased risk to develop internal cancers (Kraemer et al.,1984). The disease is mostly 
symptomatic during childhood. The mean latency time for cutaneous neoplasms is 8 years, 
this is in comparison to the general population in which the mean latency time is 50 years 
later (Kraemer,1997). Progressive neurological degeneration occurs in approximately 20% of 
the XP cases and can be correlated to deficiencies in specific XP genes (XPA, XPB, XPD and 
XPG) (Cleaver et al.,2009). XP-C and XP-F patients rarely develop neurological degeneration 
and if so with a later onset when compared for example to XP-A and XP-D patients 
(Kraemer,1997; Friedberg et al.,2006b). The heterogeneity in exhibited symptoms is 
correlated to the genetic heterogeneity in XP patients. XP-A, XP-B, XP-D and XP-G patients 
are in general the most severely affected and all these patients are defective in both GG-NER 
and TC-NER. Solely GG-NER is defective in XP-C and XP-E patients. XP-C and XP-E cells 
show higher survival rate after UV exposure than XP-A and XP-D cells for example 
(Friedberg et al.,2006b). This could be the reason that XP-C patients suffer less from 
sunburn. Most abundant XP variants in human are XP-A and XP-C (~50% of all XP cases) 
(Zeng et al.,1997).  
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Fig. 3. Xeroderma pigmentosum.  

Photo of a 19 year old Xeroderma pigmentosum patient suffering from hyperpigment skin 
lesions and a tongue carcinoma (IARC). 

6. NER mouse models in cancer research 
To investigate the role of the proteins involved in NER on survival and cancer development 
several transgenic mouse models were created, mimicking the existing NER mutations or 
deletions in humans. Table 2 shows an overview of NER mouse models and their 
accompanying spontaneous phenotypes. Selected knockout mouse models (Xpa, Xpc and 
Xpe) are described in more detail further below. These three models show a decreased 
lifespan in comparison to their concurrent wild type controls, but not as extreme as several 
other NER-deficient mouse models in Table 2. Therefore the mouse models survive long 
enough to study the effect of impaired NER on cancer development. Others, like Xpb, Xpf, 
Xpg and Ercc1 deficient models are too short- lived to study carcinogenesis.  

6.1 Xpa deficient mouse model 
The first DNA repair defective models were the Xpa-deficient mouse models, generated by 
de Vries et al. (de Vries et al.,1995) and independently by Nakane et al (Nakane et al.,1995). 
Xpa-deficient mice appeared more cancer prone compared to their heterozygous and wild 
type littermates when exposed to carcinogenic and genotoxic compounds (de Vries et 
al.,1997b; Takahashi et al.,2002; Ide et al.,2001; Hoogervorst et al.,2005; Hoogervorst et 
al.,2004). As in humans, the mouse model exhibited a marked predisposition to skin cancer 
upon UV treatment of shaved dorsal skin (de Vries et al.,1995). 
Survival studies without directed exposure were performed initially but always in a mixed 
genetic background, C57BL/6J/Ola129 (de Vries et al.,1997b) and C3H/heN 
strains(Takahashi et al.,2002) and fairly small numbers. However, both studies indicated 
that Xpa-/- mice (from here mentioned as Xpa mice) developed a significant number of 
spontaneous liver tumors. The C3H/heN strain wild type mice already showed 47% liver 
tumor incidence in the male mice within 16 months. The C57BL/6J/Ola129 mice were more 
resilient, no enhanced mortality was observed until the age of 1.5 years. The Xpa mice 
showed a 15% hepatocellular adenoma tumor incidence after 20 months, while there were 
no tumors in the wild type and heterozygous littermates. The lack of a pure genetic 
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Mouse 
model 

Affected 
repair 

pathway 

Enhanced 
spontaneous 

tumor 
response 

Reference 
Accelerated 

aging/development
al problems 

Reference 

Xpa−/− 
GG-

NER/TC-
NER 

Yes, liver 

(de Vries et 
al.,1997b; Melis 

et al.,2008; 
Tanaka et 
al.,2001) 

Shorter life span, no 
pathology 

(Melis et 
al.,2008) 

Xpb−/− NER/transcri
ption n.a.  Impaired embryonic 

development 
(Friedberg et 

al.,2006a) 

Xpc−/− GG-NER Yes, lung 
(Hollander et 

al.,2005; Melis et 
al.,2008) 

Shorter life span (Melis et 
al.,2008) 

XpdTTD NER/transcri
ption No 

(de Boer et 
al.,2002; 

Wijnhoven et 
al.,2005) 

Shorter life span, 
aging and CR 

pathology 

(de Boer et 
al.,2002; 

Wijnhoven 
et al.,2005) 

XpdXPCS NER/transcri
ption n.d.    

Xpe (DDB2)−/− GG-NER Yes, various (Ng et al.,2003; 
Yoon et al.,2005)   

 

Xpfm/m NER/ICL n.a.  Very short life span, 
maximum 3 weeks 

(Tian et 
al.,2004) 

Xpg−/− 
TC-

NER/transcri
ption 

n.a.  Very short life span, 
maximum 3 weeks 

(Harada et 
al.,1999) 

mHR23B−/− GG-NER n.a.  
Very short life 

span/embroynic 
lethality 

(Ng et 
al.,2002) 

Csa−/− TC-NER No (van der Horst 
et al.,2002)   

Csb−/− 
TC-

NER/transcri
ption 

No (van der Horst 
et al.,1997) 

Normal life span, 
mild pathology 

(van der 
Horst et 
al.,1997), 

unpublishe
d results 

Ercc1−/− NER/ICL n.a.  Very short life span, 
maximum 4 weeks 

(McWhir et 
al.,1993; 

Weeda et 
al.,1997) 

Ercc1Δ7/− NER/ICL No 
Personal 

communication 
van Steeg/Dollé

Short life span of 4–6 
months 

(Weeda et 
al.,1997) 

ICL = interstrand cross link, CR = caloric restriction 
n.a.: not applicable, mouse models are too short lived to develop tumors 
n.d.: not determined 

Table 2. Overview of spontaneous phenotypes of NER-deficient mouse models 

background for this and other mouse models made it harder to investigate the underlying 
cause of the phenotypic responses in these mice. An Xpa mouse model in a pure genetic 
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Xpa-deficient mice appeared more cancer prone compared to their heterozygous and wild 
type littermates when exposed to carcinogenic and genotoxic compounds (de Vries et 
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upon UV treatment of shaved dorsal skin (de Vries et al.,1995). 
Survival studies without directed exposure were performed initially but always in a mixed 
genetic background, C57BL/6J/Ola129 (de Vries et al.,1997b) and C3H/heN 
strains(Takahashi et al.,2002) and fairly small numbers. However, both studies indicated 
that Xpa-/- mice (from here mentioned as Xpa mice) developed a significant number of 
spontaneous liver tumors. The C3H/heN strain wild type mice already showed 47% liver 
tumor incidence in the male mice within 16 months. The C57BL/6J/Ola129 mice were more 
resilient, no enhanced mortality was observed until the age of 1.5 years. The Xpa mice 
showed a 15% hepatocellular adenoma tumor incidence after 20 months, while there were 
no tumors in the wild type and heterozygous littermates. The lack of a pure genetic 
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Mouse 
model 

Affected 
repair 

pathway 

Enhanced 
spontaneous 

tumor 
response 

Reference 
Accelerated 

aging/development
al problems 

Reference 
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Shorter life span, no 
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(Melis et 
al.,2008) 

Xpb−/− NER/transcri
ption n.a.  Impaired embryonic 

development 
(Friedberg et 

al.,2006a) 

Xpc−/− GG-NER Yes, lung 
(Hollander et 

al.,2005; Melis et 
al.,2008) 

Shorter life span (Melis et 
al.,2008) 

XpdTTD NER/transcri
ption No 

(de Boer et 
al.,2002; 

Wijnhoven et 
al.,2005) 

Shorter life span, 
aging and CR 

pathology 

(de Boer et 
al.,2002; 

Wijnhoven 
et al.,2005) 

XpdXPCS NER/transcri
ption n.d.    

Xpe (DDB2)−/− GG-NER Yes, various (Ng et al.,2003; 
Yoon et al.,2005)   

 

Xpfm/m NER/ICL n.a.  Very short life span, 
maximum 3 weeks 

(Tian et 
al.,2004) 

Xpg−/− 
TC-

NER/transcri
ption 

n.a.  Very short life span, 
maximum 3 weeks 

(Harada et 
al.,1999) 

mHR23B−/− GG-NER n.a.  
Very short life 

span/embroynic 
lethality 

(Ng et 
al.,2002) 

Csa−/− TC-NER No (van der Horst 
et al.,2002)   

Csb−/− 
TC-

NER/transcri
ption 

No (van der Horst 
et al.,1997) 

Normal life span, 
mild pathology 

(van der 
Horst et 
al.,1997), 

unpublishe
d results 

Ercc1−/− NER/ICL n.a.  Very short life span, 
maximum 4 weeks 

(McWhir et 
al.,1993; 

Weeda et 
al.,1997) 

Ercc1Δ7/− NER/ICL No 
Personal 

communication 
van Steeg/Dollé

Short life span of 4–6 
months 

(Weeda et 
al.,1997) 

ICL = interstrand cross link, CR = caloric restriction 
n.a.: not applicable, mouse models are too short lived to develop tumors 
n.d.: not determined 

Table 2. Overview of spontaneous phenotypes of NER-deficient mouse models 

background for this and other mouse models made it harder to investigate the underlying 
cause of the phenotypic responses in these mice. An Xpa mouse model in a pure genetic 
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C57BL/6J background more recently was investigated (Melis et al.,2008). C57BL/6J mice 
showed a low baseline tumor response and appear therefore suitable for studying 
mutagenesis and tumorigenesis. In a pure genetic background a significant increase in liver 
tumors was observed (10%). A small (but not significant) increase in lung tumors was also 
observed (6.6% of the Xpa mice) (Melis et al.,2008).  Correspondingly, mutation 
accumulation in the C57BL/6J Xpa mice was significantly increased during survival 
compared to wild type mice in liver, implicating an Xpa repair defect and subsequent 
mutation induction in carcinogenesis (Melis et al.,2008).  
Like human XP-A patients, Xpa mice appeared predisposed to skin cancer after UV light 
exposure to shaved dorsal skin of the mice (de Vries et al.,1995; Tanaka et al.,2001). 
Heterozygous Xpa mice did not show this cancer prone phenotype after UV exposure, not 
even when the Xpa mutation was crossed in in hairless mice (Berg et al.,1997). Skin cancer 
predisposition in XP mice might not only involve NER deficiency, but several reports 
indicate enhanced immunosuppression and impaired natural killer cell function are 
involved (Gaspari et al.,1993; Horio et al.,2001; Miyauchi-Hashimoto et al.,2001). Xpa mice 
were also predisposed to tumors of the cornea when exposed to UV radiation, see Table 3 
(de Vries et al.,1998).  
Chemical exposure of Xpa mice to 7,12-dimethyl-1,2-benz[a]anthracene (DMBA) also 
resulted in skin cancer (de Vries et al.,1995). Several chemical exposures in Xpa mice 
however shed some more light on the cancer development other than skin cancer, which in 
humans is the predominant tumor phenotype (Table 3). For example, oral treatment of Xpa 
deficient mice with genotoxic carcinogens like benzo[a]pyrene (B[a]P), 2-
acetylaminofluorene (2-AAF), and 2-amino-1-methyl-6-phenylimidazo [4,5-b]-pyridine 
(PhIP) resulted in lung tumors and lymphomas (B[a]P), liver and bladder tumors (2-AAF) 
and intestinal adenomas plus lymphomas (PhIP) (de Vries et al.,1997b; van Steeg et al.,1998; 
van Steeg et al.,2000; Ide et al.,2000). Other human carcinogens like cyclosporin A (CsA) and 
diethylstilbestrol (DES), although not directly mutagenic, showed to be carcinogenic in Xpa 
mice after 39 week exposure, but in contrary the low potent human carcinogen phenacetin 
did not result in a significant increase in tumors.  
LacZ and Hprt mutation measurements in Xpa mice after B[a]P and 2-AAF treatment 
showed a 2-3 fold increase in mutations compared to wild type mice after only 12-13 weeks 
of exposure (Hoogervorst et al.,2005; van Oostrom et al.,1999; Bol et al.,1998; de Vries et 
al.,1997b). This increase in mutational load in comparison to wild type indicates Xpa mice 
are more sensitive to mutation accumulation, which consequently corresponds to the 
increased cancer susceptibility of Xpa mice. 
The increased sensitivity towards cancer development of Xpa mice made it possible to 
identify genotoxic carcinogens even more accurate and faster when combined with 
heterozygosity for p53. This latter mouse model could be beneficial in reducing and refining 
in vivo carcinogenicity testing of compounds.  

6.2 Xpc deficient mouse model 
Two independent Xpc-deficient mouse models were also created in the mid-nineties (Cheo 
et al.,1997; Sands et al.,1995). As the Xpa mouse model, this model is informative for human 
XP and cancer development in general. The model is especially interesting since it is only 
defective for GG-NER and not for TC-NER. Hereby, differences between pathways can be 
investigated. 
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Mouse 
model Treatment Target 

Enhanced 
tumor 

response*
References 

Xpa 

UV-B radiation Skin Yes (de Vries et al.,1995; Nakane 
et al.,1995) 

DMBA paint + TPA Skin Yes (de Vries et al.,1995; Nakane 
et al.,1995) 

B[a]P gavage Multiple, 
lymphomas Yes (de Vries et al.,1997a; van 

Oostrom et al.,1999) 

B[a]P diet Stomach, 
esophagus Yes (Hoogervorst et al.,2003) 

B[a]P intratracheal 
instillation Lung Yes (Ide et al.,2000) 

AFB1  i.p. injection Liver Yes (Takahashi et al.,2002) 

PhIP diet 
Lymphoma, 

small 
intestine 

No (Klein et al.,2001) 

4NQO drinking water Tongue Yes (Ide et al.,2001) 

2-AAF diet 
Liver, 

bladder, gall 
bladder 

Yes (Hoogervorst et al.,2005; van 
Kreijl et al.,2001) 

CsA Lymphoma Yes (van Kesteren et al.,2009) 

DES Osteosarcom
a, lymphoma Yes (McAnulty et al.,2005) 

Wy Liver Yes (van Kreijl et al.,2001) 
DEHP Liver No Unpublished results 
p-cres Liver Yes Unpublished results 

    

Xpc 

UV-B radiation Skin Yes (Sands et al.,1995; Berg et 
al.,1998) 

2-AAF diet Liver, 
bladder Yes (Hoogervorst et al.,2005) 

AAF i.p. injection Liver, lung Yes (Cheo et al.,1999) 
NOH-AAF i.p. injection Liver, lung Yes (Cheo et al.,1999) 

DEHP Liver No Unpublished results 
p-cres Liver Yes Unpublished results 

    

Xpe/ 
DDB2 

UV-B radiation Skin Yes (Itoh et al.,2004) 
DMBA paint Skin No (Itoh et al.,2004) 

* in comparison to the untreated controls 
DEHP = Di(2-ethylhexyl) phthalate 
AFB1 = Aflatoxin B1 
4NQO = 4-Nitroquinoline 1-oxide 
WY = Wyeth-14643 
p-cres = p-cresidine 
NOH-AAF = N-hydroxyacetylaminofluorene 

Table 3. Tumor responses in Xpa, Xpc and Xpe mice upon exposure 
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C57BL/6J background more recently was investigated (Melis et al.,2008). C57BL/6J mice 
showed a low baseline tumor response and appear therefore suitable for studying 
mutagenesis and tumorigenesis. In a pure genetic background a significant increase in liver 
tumors was observed (10%). A small (but not significant) increase in lung tumors was also 
observed (6.6% of the Xpa mice) (Melis et al.,2008).  Correspondingly, mutation 
accumulation in the C57BL/6J Xpa mice was significantly increased during survival 
compared to wild type mice in liver, implicating an Xpa repair defect and subsequent 
mutation induction in carcinogenesis (Melis et al.,2008).  
Like human XP-A patients, Xpa mice appeared predisposed to skin cancer after UV light 
exposure to shaved dorsal skin of the mice (de Vries et al.,1995; Tanaka et al.,2001). 
Heterozygous Xpa mice did not show this cancer prone phenotype after UV exposure, not 
even when the Xpa mutation was crossed in in hairless mice (Berg et al.,1997). Skin cancer 
predisposition in XP mice might not only involve NER deficiency, but several reports 
indicate enhanced immunosuppression and impaired natural killer cell function are 
involved (Gaspari et al.,1993; Horio et al.,2001; Miyauchi-Hashimoto et al.,2001). Xpa mice 
were also predisposed to tumors of the cornea when exposed to UV radiation, see Table 3 
(de Vries et al.,1998).  
Chemical exposure of Xpa mice to 7,12-dimethyl-1,2-benz[a]anthracene (DMBA) also 
resulted in skin cancer (de Vries et al.,1995). Several chemical exposures in Xpa mice 
however shed some more light on the cancer development other than skin cancer, which in 
humans is the predominant tumor phenotype (Table 3). For example, oral treatment of Xpa 
deficient mice with genotoxic carcinogens like benzo[a]pyrene (B[a]P), 2-
acetylaminofluorene (2-AAF), and 2-amino-1-methyl-6-phenylimidazo [4,5-b]-pyridine 
(PhIP) resulted in lung tumors and lymphomas (B[a]P), liver and bladder tumors (2-AAF) 
and intestinal adenomas plus lymphomas (PhIP) (de Vries et al.,1997b; van Steeg et al.,1998; 
van Steeg et al.,2000; Ide et al.,2000). Other human carcinogens like cyclosporin A (CsA) and 
diethylstilbestrol (DES), although not directly mutagenic, showed to be carcinogenic in Xpa 
mice after 39 week exposure, but in contrary the low potent human carcinogen phenacetin 
did not result in a significant increase in tumors.  
LacZ and Hprt mutation measurements in Xpa mice after B[a]P and 2-AAF treatment 
showed a 2-3 fold increase in mutations compared to wild type mice after only 12-13 weeks 
of exposure (Hoogervorst et al.,2005; van Oostrom et al.,1999; Bol et al.,1998; de Vries et 
al.,1997b). This increase in mutational load in comparison to wild type indicates Xpa mice 
are more sensitive to mutation accumulation, which consequently corresponds to the 
increased cancer susceptibility of Xpa mice. 
The increased sensitivity towards cancer development of Xpa mice made it possible to 
identify genotoxic carcinogens even more accurate and faster when combined with 
heterozygosity for p53. This latter mouse model could be beneficial in reducing and refining 
in vivo carcinogenicity testing of compounds.  

6.2 Xpc deficient mouse model 
Two independent Xpc-deficient mouse models were also created in the mid-nineties (Cheo 
et al.,1997; Sands et al.,1995). As the Xpa mouse model, this model is informative for human 
XP and cancer development in general. The model is especially interesting since it is only 
defective for GG-NER and not for TC-NER. Hereby, differences between pathways can be 
investigated. 
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Mouse 
model Treatment Target 

Enhanced 
tumor 

response*
References 
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UV-B radiation Skin Yes (de Vries et al.,1995; Nakane 
et al.,1995) 

DMBA paint + TPA Skin Yes (de Vries et al.,1995; Nakane 
et al.,1995) 

B[a]P gavage Multiple, 
lymphomas Yes (de Vries et al.,1997a; van 

Oostrom et al.,1999) 

B[a]P diet Stomach, 
esophagus Yes (Hoogervorst et al.,2003) 

B[a]P intratracheal 
instillation Lung Yes (Ide et al.,2000) 

AFB1  i.p. injection Liver Yes (Takahashi et al.,2002) 

PhIP diet 
Lymphoma, 

small 
intestine 

No (Klein et al.,2001) 

4NQO drinking water Tongue Yes (Ide et al.,2001) 

2-AAF diet 
Liver, 

bladder, gall 
bladder 

Yes (Hoogervorst et al.,2005; van 
Kreijl et al.,2001) 

CsA Lymphoma Yes (van Kesteren et al.,2009) 

DES Osteosarcom
a, lymphoma Yes (McAnulty et al.,2005) 

Wy Liver Yes (van Kreijl et al.,2001) 
DEHP Liver No Unpublished results 
p-cres Liver Yes Unpublished results 

    

Xpc 

UV-B radiation Skin Yes (Sands et al.,1995; Berg et 
al.,1998) 

2-AAF diet Liver, 
bladder Yes (Hoogervorst et al.,2005) 

AAF i.p. injection Liver, lung Yes (Cheo et al.,1999) 
NOH-AAF i.p. injection Liver, lung Yes (Cheo et al.,1999) 

DEHP Liver No Unpublished results 
p-cres Liver Yes Unpublished results 

    

Xpe/ 
DDB2 

UV-B radiation Skin Yes (Itoh et al.,2004) 
DMBA paint Skin No (Itoh et al.,2004) 

* in comparison to the untreated controls 
DEHP = Di(2-ethylhexyl) phthalate 
AFB1 = Aflatoxin B1 
4NQO = 4-Nitroquinoline 1-oxide 
WY = Wyeth-14643 
p-cres = p-cresidine 
NOH-AAF = N-hydroxyacetylaminofluorene 

Table 3. Tumor responses in Xpa, Xpc and Xpe mice upon exposure 
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As in human XP-C patients, Xpc mice are highly predisposed to UV radiation-induced skin 
cancer (Table 3) (Berg et al.,1998; Cheo et al.,1996; Cheo et al.,2000; Friedberg et al.,1999; Sands 
et al.,1995). Contrasting to Xpa+/- mice the heterozygous Xpc mice are more susceptible to UV-
induced skin cancer (but only at approximately from 1 year old) when compared to their wild 
type littermates. The haploinsufficient sensitivity could mean that XPC is a rate limiting factor 
in NER and since XPC is involved in damage recognition might explain the difference with 
Xpa heterozygous mice. Exposure studies with 2-AAF using Xpc mice showed a significant 
predisposition to liver and lung tumors compared to the heterozygous Xpc and wild type mice 
(Table 3) (Cheo et al.,1999; Friedberg et al.,2006b). Internal tumor incidence is higher in XP 
mice than in human XP, since patients normally develop skin cancer at a faster rate and die of 
resulting metastatic complications. NER is believed to be the sole pathway to remove CPD and 
6-4PP lesions, while for chemical carcinogenic exposure other repair mechanisms are also 
present in the cell. In human, other types of cancer generally do not develop fast enough and 
are possibly overshadowed by skin cancers in XP.    
In a mixed genetic background (C57BL/6J/129) no decrease in survival was found in 
relation to wild type mice, even though Xpc mice showed an extremely high and 
significantly increased lung tumor incidence (100%). However, in this study the wild type 
mice were not genetically related to the Xpc mice (Hollander et al.,2005). The spontaneous 
survival characteristics of Xpc mice in a pure genetic C57BL/6J background together with 
their related wild type littermates were also investigated. Xpc mice showed a significant 
decrease in survival, again exhibited a significant increase in lung and liver tumors and an 
increased mutation accumulation in these tissues compared to wild type mice (Melis et al., 
2008). Here, Xpc mice showed a divergent tumor spectrum from Xpa mice in the same 
genetic C57BL/6J background. The additional increase in lung tumor development in two 
independent spontaneous survival studies indicate XPC is involved in other pathways 
besides NER. A corresponding strong increase in mutational load during aging was found 
in lungs of the C57BL/6J Xpc mice, which was not the case in Xpa mice (Melis et al.,2008). 
Uehara et al. have shown that enhanced spontaneous age-related mutation accumulation in 
Xpc mice is tissue dependent. Liver, lung, heart and spleen exhibited an increase in mutant 
frequency compared to wild type, while this difference was not visible in brain and small 
intestine. Mutant frequencies of liver, lung and spleen are higher in Xpc mice compared to 
Xpa mice, just as the tumor incidence in this study (Melis et al.,2008). The additional increase 
in mutational load in Xpc mice might be caused by increased sensitivity towards oxidative 
DNA damage. XPC functioning has been implied in other DNA repair pathways like base 
excision repair and non-homologous end joining or might be involved in redox homeostasis 
(D'Errico et al.,2006; Despras et al.,2007; Liu et al.,2010; Okamoto et al.,2008; Rezvani et 
al.,2010; Shimizu et al.,2003; Uehara et al.,2009).  
Chemical exposures to B[a]P (Wickliffe et al.,2006), 3,4-epoxy-1-butene (EB) (Wickliffe et 
al.,2006), DMBA (Wijnhoven et al.,2001) and UV-B (Ikehata et al.,2007) also showed 
significantly enhanced mutant frequencies compared to wild type mice in several tissues. 
Direct comparisons to Xpa mice in these studies have not been made, however when Xpa 
and Xpc mice were exposed to pro-oxidants (DEHP and paraquat) for 39 weeks, Xpc again 
exhibited a higher mutant frequency than Xpa.  

6.3 Xpe deficient mouse model 
In 2004 and 2005 Itoh et al. and Yoon et al. independently generated a strain of DDB2-/- mice 
(Itoh,2006; Itoh et al.,2004; Yoon et al.,2005). The latter group reported that DDB2-/- mice 
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show a decrease in spontaneous survival (n=10) compared to wild type (Yoon et al.,2005). 
Also the heterozygous DDB2+/- mice showed a decreased lifespan, although not as severe as 
the DDB2-/- mice. Six out of 10 DDB2-/- mice harbored tumors at the end of life, while 3 out of 
10 DDB2+/- mice were tumor bearing (Yoon et al.,2005). DDB2-/- mice additionally showed to 
be cancer prone upon UV-B exposure, resulting in a significant increase in skin tumors 
(Table 3) (Itoh,2006; Itoh et al.,2004; Yoon et al.,2005). DMBA treatment however did not 
enhance tumor incidence compared to wild type (Table 3) (Itoh,2006; Itoh et al.,2004). DDB2 
deficiency is, due to these and other studies, since being classified as a XPE phenotype. 
Besides UV-B and DMBA exposure, other in vivo carcinogen exposures have not been 
reported in these models so far. DDB2 is well conserved between humans and mice and 
appears to function as a tumor suppressor, at least in part, by controlling p53-mediated 
apoptosis after UV-irradiation (Itoh et al.,2004). 

7. Conclusion 
DNA repair has proven to be of vital importance and protects or at least delays cancer 
development and several age-related diseases. DNA damage accumulation and consequent 
mutation accumulation is considered pathogenic. NER has been shown to be a highly 
versatile and important DNA repair pathway, removing helix distorting DNA damages. 
Mutations in the XP genes of NER in human can result in the severe syndrome Xeroderma 
pigmentosum, which is accompanied by a cancer predisposition and severe UV sensitivity. 
Mouse models mimicking this human syndrome are important to study cancer development 
and the consequences of persistent DNA damage. Novel functionality of DNA repair 
proteins and implications of their deficiency in mutagenesis, cell cycle regulation, 
carcinogenesis and aging were discovered using NER-deficient models. Besides mechanistic 
insight these models can be used as a refined model in carcinogenicity testing, especially in 
combination with p53 heterozygosity. The increased cancer susceptibility can be beneficial 
towards a decrease in the number of animals used and the duration of carcinogenicity 
testing.  
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As in human XP-C patients, Xpc mice are highly predisposed to UV radiation-induced skin 
cancer (Table 3) (Berg et al.,1998; Cheo et al.,1996; Cheo et al.,2000; Friedberg et al.,1999; Sands 
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2008). Here, Xpc mice showed a divergent tumor spectrum from Xpa mice in the same 
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Xpc mice is tissue dependent. Liver, lung, heart and spleen exhibited an increase in mutant 
frequency compared to wild type, while this difference was not visible in brain and small 
intestine. Mutant frequencies of liver, lung and spleen are higher in Xpc mice compared to 
Xpa mice, just as the tumor incidence in this study (Melis et al.,2008). The additional increase 
in mutational load in Xpc mice might be caused by increased sensitivity towards oxidative 
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al.,2006), DMBA (Wijnhoven et al.,2001) and UV-B (Ikehata et al.,2007) also showed 
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Direct comparisons to Xpa mice in these studies have not been made, however when Xpa 
and Xpc mice were exposed to pro-oxidants (DEHP and paraquat) for 39 weeks, Xpc again 
exhibited a higher mutant frequency than Xpa.  
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In 2004 and 2005 Itoh et al. and Yoon et al. independently generated a strain of DDB2-/- mice 
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show a decrease in spontaneous survival (n=10) compared to wild type (Yoon et al.,2005). 
Also the heterozygous DDB2+/- mice showed a decreased lifespan, although not as severe as 
the DDB2-/- mice. Six out of 10 DDB2-/- mice harbored tumors at the end of life, while 3 out of 
10 DDB2+/- mice were tumor bearing (Yoon et al.,2005). DDB2-/- mice additionally showed to 
be cancer prone upon UV-B exposure, resulting in a significant increase in skin tumors 
(Table 3) (Itoh,2006; Itoh et al.,2004; Yoon et al.,2005). DMBA treatment however did not 
enhance tumor incidence compared to wild type (Table 3) (Itoh,2006; Itoh et al.,2004). DDB2 
deficiency is, due to these and other studies, since being classified as a XPE phenotype. 
Besides UV-B and DMBA exposure, other in vivo carcinogen exposures have not been 
reported in these models so far. DDB2 is well conserved between humans and mice and 
appears to function as a tumor suppressor, at least in part, by controlling p53-mediated 
apoptosis after UV-irradiation (Itoh et al.,2004). 

7. Conclusion 
DNA repair has proven to be of vital importance and protects or at least delays cancer 
development and several age-related diseases. DNA damage accumulation and consequent 
mutation accumulation is considered pathogenic. NER has been shown to be a highly 
versatile and important DNA repair pathway, removing helix distorting DNA damages. 
Mutations in the XP genes of NER in human can result in the severe syndrome Xeroderma 
pigmentosum, which is accompanied by a cancer predisposition and severe UV sensitivity. 
Mouse models mimicking this human syndrome are important to study cancer development 
and the consequences of persistent DNA damage. Novel functionality of DNA repair 
proteins and implications of their deficiency in mutagenesis, cell cycle regulation, 
carcinogenesis and aging were discovered using NER-deficient models. Besides mechanistic 
insight these models can be used as a refined model in carcinogenicity testing, especially in 
combination with p53 heterozygosity. The increased cancer susceptibility can be beneficial 
towards a decrease in the number of animals used and the duration of carcinogenicity 
testing.  
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The genome of all living organisms is constantly threatened by a number of endogenous 
and exogenous DNA damaging agents. Such damage may disturb essential cellular 
processes, such as DNA replication and transcription, thereby resulting in double-strand 
breaks (referred to as ‘replication fork collapse’), which can lead to chromosomal aberrations 
and/or cell death, ultimately contributing to mutagenesis, early aging and tumorigenesis 
(Ciccia & Elledge, 2010). One of the most important exogenous sources of DNA damage is 
the ultraviolet radiation (UV) component of sunlight, since it is responsible for a wide range 
of biological effects, including alteration in the structure of biologically essential molecules, 
such as proteins and nucleic acids. Indeed, UV is one of the most effective and carcinogenic 
exogenous agents that act on DNA, threatening the genome integrity and affecting normal 
life processes in different aquatic and terrestrial organisms, ranging from prokaryotes to 
mammals (Rastogi et al., 2010). In addition, UV is the major etiologic agent in the 
development of human skin cancers (Narayanan et al., 2010). 
Sunlight is the primary UV source, whose spectrum is usually classified according to its 
wavelength in UVA (320-400 nm; lowest energy), UVB (280-320 nm) and UVC (200-280 nm; 
highest energy). Although these three UV bands are present in sunlight, the stratospheric 
ozone layer entirely blocks the UVC and most of UVB, thus the solar UV spectrum that 
reaches the Earth’s ground is composed by UVA and some UVB, even though ozone layer 
depletion can cause changes in this spectral distribution (Kuluncsics et al., 1999). 
The chemical nature and efficiency in the formation of DNA lesions greatly depend on the 
wavelength of the incident photons. Despite its lowest energy, UVA light can deeply 
penetrate into the cells, mostly damaging DNA by indirect effects caused by the generation 
of reactive oxygen species which may react with nitrogen bases, resulting in base alterations 
and breaks in the DNA molecule. On the other hand, UVB can be directly absorbed by DNA 
bases, producing two main types of DNA damage, the cyclobutane pyrimidine dimers 
(CPDs) and pyrimidine-pyrimidone-(6-4)-photoproducts (6-4PPs), both resulting from 
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and breaks in the DNA molecule. On the other hand, UVB can be directly absorbed by DNA 
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covalent linkages between adjacent pyrimidines located on the same DNA strand, which 
leads to severe structural distortions in the DNA double helix. Interestingly, it has been 
recently demonstrated that UVA can also be directly absorbed by the DNA molecule, 
efficiently generating both CPDs and 6-4PPs (Schuch et al, 2009). 
CPDs correspond to the formation of a four-member ring structure involving carbons C5 
and C6 of both neighboring bases, whereas 6-4PPs are formed by a non-cyclic bond between 
C6 (of the 5’-end) and C4 (of the 3’-end) of the involved pyrimidines. Since those lesions 
induce strong distortions in the DNA molecule, they may lead to severe consequences to the 
cell if not properly removed, such as transcription arrest and replication blockage, thus 
disturbing cell metabolism, interfering with the cell cycle and, eventually, inducing cell 
death. DNA mutations can also result from misleading DNA processing. Long term 
consequences may include even more deleterious events, such as photoaging and cancer 
(Sinha & Häder, 2002; Narayanan et al., 2010; Rastogi et al., 2010). 

1.2 DNA repair of UV lesions and related human syndromes 
To ensure the maintenance of the genome integrity, several mechanisms that counteract 
DNA damage have emerged very early in evolution, including an intricate machinery of 
DNA repair, damage tolerance, and checkpoint pathways (Figure 1). 
 

 
Fig. 1. Main consequences of DNA damage. DNA damage can be induced by a variety of 
endogenous and exogenous agents. Several mechanisms, including an intricate machinery 
of DNA repair, damage tolerance, and checkpoint pathways, counteract DNA damage, 
aiming for the maintenance of genome stability, and guaranteeing normal cell proliferation. 
When these mechanisms fail, errors in DNA replication and/or aberrant chromosomal 
segregations take place, increasing mutagenesis and genetic instability and contributing to a 
higher risk of cancer development. Alternatively, these damages may disturb the 
transcription and/or cause replication blockage, leading to cell death , thus contributing to 
early aging. 
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The nucleotide excision repair (NER) is one of the most versatile and exible DNA repair 
systems, removing a wide range of structurally unrelated DNA double-helix distorting 
lesions, including UV photoproducts, bulky chemical adducts, DNA-intrastrand crosslinks, 
and some forms of oxidatively generated damage by orchestrating the concerted action of 
over 30 proteins, including the seven that are functionally impaired in xeroderma 
pigmentosum  patients (XPA to XPG) (Costa et al., 2003; de Boer & Hoeijmakers, 2000). The 
NER pathway has been extensively studied at the molecular level in both prokaryotic and 
eukaryotic organisms. Depending on whether the damage is located in a transcriptionally 
active or inactive domain in the genome, its repair will be processed by one of two NER 
subpathways: global genome repair (GG-NER) or transcription-coupled repair (TC-NER). 
Indeed, while GG-NER is a random process, removing distorting lesions over the entire 
genome, TC-NER focus on those lesions which block RNA polymerases elongation, thus 
being highly specic and efficient (Fousteri & Mullenders, 2008; Hanawalt, 2002). 
Briefly, the NER pathway involves a sequential cascade of events that starts with damage 
recognition, which defines the major difference between GG-NER and TC-NER. The latter is 
triggered upon blockage of RNA polymerase translocation at the DNA damage site, 
whereas GG-NER is evoked by specialized damage recognition factors, including the XPC-
hHR23B heterodimer, and also XPE for certain lesions. The subsequent steps are carried out 
by a common set of NER factors that are shared by both subpathways and involve opening 
of the DNA helix around the lesion site by the concerted action of two helicases; dual 
incision of the damaged strand at both sides of the lesion by two endonucleases; removal of 
the damaged oligonucleotide (24-32 mer); gap filling of the excised patch using the 
undamaged strand as a template by the action of the replication machinery; and ligation of 
the new fragment to the chromatin by DNA ligase (Cleaver et al., 2009; Costa et al., 2003). 
Even though the core NER proteins that carry out damage recognition, excision, and repair 
reactions have been identied and extensively characterized, the regulatory pathways which 
govern the threshold levels of NER have not been fully elucidated (Liu et al., 2010). A 
schematic representation of this repair mechanism in humans is illustrated in Figure 2. 
Several human autosomal recessive diseases are caused by dysfunction of the NER 
pathway, xeroderma pigmentosum (XP) being the prototype. Although this chapter will 
mainly focus on the XP syndrome, deficiencies in NER can also lead to other genetic 
diseases, such as trichothiodystrophy (TTD), Cockayne syndrome (CS), cerebro–oculo–
facial–skeletal syndrome (COFS) and UV-sensitive syndrome (UVsS), all of which have 
photosensitivity as a common feature. 
Xeroderma pigmentosum (XP) is a rare human disorder transmitted in an autosomal 
recessive fashion characterized by severe UV light photosensitivity, pigmentary changes, 
premature skin aging and a greater than 1,000-fold increase incidence of skin and mucous 
membrane cancer, including squamous and basal cell carcinomas and melanomas, with a 
30-year reduction in life span (Cleaver et al., 2009; Karalis et al., 2011; Narayanan et al., 
2010). In addition to cutaneous features, patients often develop ocular abnormalities, 
including neoplasms which may cause blindness. For most patients, often referred to as 
classical XP, this syndrome is caused by an impaired GG-NER activity, with or without 
deficiencies in TC-NER, determined by mutations in one of seven NER genes (XPA to XPG). 
When TC-NER is also affected (mutations in XPA, XPB, XPD and XPG genes), accelerated 
neurodegeneration may also occur in a substantial number of patients, suggesting increased 
neuronal cell death due to accumulated endogenous damage (Gerstenblith et al., 2010; 
Hoeijmakers, 2009). The eighth complementation group corresponds to the XP-variant  
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Fig. 2. Schematic representation of repair of DNA lesions by nucleotide excision repair 
(NER). Depending on where the DNA damage is located in the genome, it will be processed 
by one of the two NER subpathways: the global genome repair (GG-NER) or the 
transcription-coupled repair (TC-NER), that basically differ in the lesion recognition step. 
Lesions occurring randomly in the genome are recognized by the XPC-HR23B complex, 
with the participation of XPE (DDB1-DDB2) for certain lesions, both complexes are GG-
NER-specific. On the other hand, lesions present in the transcribed strand of active genes 
that lead to the RNA polymerase arrest trigger the TC-NER subpathway, which involves the 
CSA and CSB proteins. The following steps are common to both subpathways. The DNA 
double helix around the lesion is opened by XPB and XPD (helicases belonging to the TFIIH 
complex) and the single strand region is stabilized by RPA, allowing damage verification by 
the XPA protein. The DNA around the damaged site is then cleaved by the XPF–ERCC1 and 
XPG endonucleases, excising an oligonucleotide of 24-32 mer, and this patch is 
resynthesized by the replication machinery using the undamaged strand as a template. 
Finally, the new fragment is sealed to the chromatin by the DNA ligase. 
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(XPV) patients, whose XP phenotype is related to mutations in the POLH gene, which 
encodes the translesion synthesis DNA polymerase eta responsible for the replication 
process on UV-irradiated DNA templates (Johnson et al., 1999; Masutani et al., 1999). 
A list of NER genes, which are related to XP syndrome, with their specific functions is given 
in Table 1. 
 

Gene Protein Protein size 
(A.A.) Function Pathway 

 
XPA 

 
XPA 273 

Interacts with RPA and other NER 
proteins, stabilizing ssDNA regions 

and also facilitating the repair 
complex assembly. 

GG-NER 
TC-NER 

XPB XPB 782 Belongs to TFIIH complex, working 
as a 3` → 5` helicase. 

GG-NER 
TC-NER 

XPC XPC 940 Responsible for lesion recognition in 
GG-NER. GG-NER 

XPD XPD 760 Belongs to the TFIIH complex, 
working as a 5` → 3` helicase. 

GG-NER 
TC-NER 

DDB2 XPE/p48 
subunit 428 

Forms a complex with XPE/p127 
subunit, which is believed to facilitate 

the identification of lesions that are 
poorly recognized by XPC-hHR23B. 

GG-NER 

XPF XPF 905 
Found as a complex with ERCC1, 

which functions as an endonuclease 
5’ of the lesion. 

GG-NER 
TC-NER 

XPG XPG 1186 Functions as an endonuclease 3’ of 
the lesion. 

GG-NER 
TC-NER 

 

*GG-NER- global genome repair; TC-NER- transcription-coupled repair. 

Table 1. List of NER genes related to xeroderma pigmentosum and their roles in human 
DNA repair. 

The Cockayne syndrome (CS) is predominantly a developmental and neurological disorder, 
caused by mutations leading to a defective TC-NER, which prevents recovery from blocked 
transcription after DNA damage. CS patients are characterized by early growth and 
development cessation, severe and progressive neurodysfunction associated with 
demyelination, sensorineural hearing loss, cataracts, cachexia, and frailty (Weidenheim et 
al., 2009). Curiously, although severe photosensitivity is a common feature reported for 
most CS patients, it is not linked to an increased frequency of skin cancers, like it is in XP 
patients. Interestingly, specific mutations in one of three XP genes (XPB, XPD and XPG) 
may result in a clinical phenotype which reflects a combination of the traits associated with 
XP and CS (XP/CS patients). This observation indicates that simultaneous defects in GG-
NER and TC-NER can cause mutagenesis and cancer in some tissues and accelerated cell 
death and premature aging in others (Hoeijmakers, 2009). 
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*GG-NER- global genome repair; TC-NER- transcription-coupled repair. 

Table 1. List of NER genes related to xeroderma pigmentosum and their roles in human 
DNA repair. 

The Cockayne syndrome (CS) is predominantly a developmental and neurological disorder, 
caused by mutations leading to a defective TC-NER, which prevents recovery from blocked 
transcription after DNA damage. CS patients are characterized by early growth and 
development cessation, severe and progressive neurodysfunction associated with 
demyelination, sensorineural hearing loss, cataracts, cachexia, and frailty (Weidenheim et 
al., 2009). Curiously, although severe photosensitivity is a common feature reported for 
most CS patients, it is not linked to an increased frequency of skin cancers, like it is in XP 
patients. Interestingly, specific mutations in one of three XP genes (XPB, XPD and XPG) 
may result in a clinical phenotype which reflects a combination of the traits associated with 
XP and CS (XP/CS patients). This observation indicates that simultaneous defects in GG-
NER and TC-NER can cause mutagenesis and cancer in some tissues and accelerated cell 
death and premature aging in others (Hoeijmakers, 2009). 
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The hallmark of trichothiodystrophy (TTD) is sulfur-deficient brittle hair, caused by a 
greatly reduced content of cysteine-rich matrix proteins in the hair shafts. In severe cases, 
mental abilities are also affected. Abnormal characteristics at birth and pregnancy 
complications are also common features of TTD, which may imply a role for DNA repair 
genes in normal fetal development (Stefanini et al., 2010). As CS patients, TTD patients do 
not present a high incidence of skin cancers. Genetically, three genes were identified for this 
disease (XPB, XPD and TTDA), but most TTD patients exhibit mutations on the two alleles 
of the XPD gene (Itin et al., 2001). 
Cerebro–oculo–facial–skeletal syndrome (COFS) is a disorder determined by mutations in 
CSB, XPD, XPG and ERCC1 genes, leading to a defective TC-NER (Suzumura & Arisaka, 
2010). It is characterized by congenital microcephaly, congenital cataracts and/or 
microphthalmia, arthrogryposis, severe developmental delay, an accentuated postnatal 
growth failure and facial dysmorphism. 
Photosensitivity and freckling are the main features of patients with UV-sensitive syndrome 
(UVsS), but these patients have mild symptoms and no neurological or developmental 
abnormalities or skin tumors. Although other genes may be involved, mutations in the CSB 
gene were found in some of these patients, leading to defective TC-NER of UV damage 
(Horibata et al., 2004; Spivak, 2005). 
Therefore, the general relationship between defects in NER genes and clinical disease 
phenotypes is complex, since mutations in several genes can cause the same phenotype, 
and different mutations in the same gene can cause different phenotypes (Kraemer  
et al., 2007). 
Even though DNA repair malfunctions are autosomal recessive diseases and their incidence 
is therefore relatively low (~1/100,000), many of the individuals with DNA repair 
deficiencies die in early childhood since there is no effective treatment, only palliative care. 
Therefore, the search for a long-term treatment has been intense. Several strategies using 
recombinant viral vectors are being used in order to improve the resistance of cells from 
these patients to DNA damaging agents (Lima-Bessa et al., 2009; Menck et al., 2007). Also, 
the studies of DNA repair mechanisms have yielded a better understanding of  specific cell 
processes which lead to human diseases such as cancer, neurodegeneration and aging 
(Hoeijmakers, 2009). This review will focus on the use of recombinant viral vectors for the 
purposes of investigating both the cellular responses to DNA damage and the perspectives 
of providing therapy for XP patients. 

2. Recombinant viral vectors as gene delivery tools 
An ideal gene delivery tool should have the ability to transduce proliferating and fully 
differentiated cells with high efficiency; mediate high-level, prolonged and controlled 
transgene expression; have little toxicity (both at cellular and organism levels); elicit small 
immune responses in vivo; and be able to accommodate large DNA fragments for transgene 
transduction (Howarth et al., 2010). Unfortunately, there is no single tool that fulfills all 
these criteria. 
Viruses have had million of years to improve their capacity to infect cells with the aid of 
evolutionary pressures. Researchers have been trying to take advantage of this ability 
creating recombinant viral vectors. In general, for that purpose, the viral genome is 
manipulated and sequences needed to form the infective virion are deleted, opening space 
to insert the transgene of interest. 
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Several viral vectors have been created and the most widely used are: adenovirus, retrovirus 
(including lentivirus) and adeno-associated virus. The main characteristics of these vectors 
are presented in Table 2. 
 

Virus Nucleic acid Genome 
size (Kb) Envelope

Virion 
size 
(nm) 

Integration Transgene 
size (Kb) 

Immune 
response 

Transgene 
expression 

Adenovirus dsDNA linear 36  90 episomal 8 - 25 *** days - 
months 

Adeno-
associated 

virus 
ssDNA linear 4.7  25 site-specific 4.7 - 9 * months-

years 

Retrovirus ssRNA 
(homodimer) 7 - 12 * 100 random <10 ** years 

Lentivirus ssRNA 
(homodimer) 9 * 100 random 10 - 16 ** years 

Table 2. Main features of viruses currently used as recombinant vectors for gene delivery. 

Searching for the perfect gene delivery tool, intense modifications have been added to the 
vectors’ genomes, nucleocapsid and envelopes, always searching for less immunogenic 
vectors, with higher and more specific transduction properties. Currently, recombinant 
viruses are the vector of choice for research and clinical trials worldwide, but still only few 
phase II or III trials are being conducted (Atkinson & Chalmers, 2010). All viral vectors cited 
here have already been used in in vitro, ex vivo and in vivo experiments and in clinical trials.  

2.1 Recombinant adenoviral vectors 
Adenoviruses (Ad) are non-enveloped double-stranded DNA viruses with tropism for the 
respiratory and ocular tissues. The first generation recombinant vector can carry up to 8 Kbp 
of DNA, while the last generation, in which the viral DNA sequence is completely deleted 
(also named gutless), is able to efficiently transduce over 25 Kbp of DNA (Atkinson & 
Chalmers, 2010). 
Despite the fact that the gutless vector needs the aid of helper viral proteins supplied in 
trans, adenoviral vectors are easily produced in high titers. Once the transgene has been 
delivered inside the nucleus it remains episomal, reducing the risk of tumorigenesis induced 
by insertional mutagenesis. On the other hand, the episomal DNA is not replicated and its 
segregation in mitosis leads to the eventual loss of the transgene in the daughter cells. Thus, 
the transgene expression is short-lived. A possible solution is to add a site-specific 
integration sequence next to the transgene, leading to a prolonged transgene expression 
(Atkinson & Chalmers, 2010). Another advantage of the adenoviral vectors is their ability to 
transduce post mitotic cells since the transgene is already delivered in its active form, as a 
double-stranded DNA. This property is of particular interest when aiming for gene therapy 
in neurons (Atkinson & Chalmers, 2010). 
The biggest challenge for the use of adenoviral vectors in vivo is the immunological response 
it elicits. This strong response is not only due to the natural immunogenicity of its 
components, but also to pre-existing immunity  caused by previous contact with at least one 
of the over 50 serotypes of human infecting adenovirus (Seregin & Amalfitano, 2009). 
Taking into consideration that these vectors are only capable of a transient expression of the 
transgene and that repeated dosage might be necessary, a strong immune response is very 



 
DNA Repair and Human Health 

 

150 
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of the XPD gene (Itin et al., 2001). 
Cerebro–oculo–facial–skeletal syndrome (COFS) is a disorder determined by mutations in 
CSB, XPD, XPG and ERCC1 genes, leading to a defective TC-NER (Suzumura & Arisaka, 
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(Horibata et al., 2004; Spivak, 2005). 
Therefore, the general relationship between defects in NER genes and clinical disease 
phenotypes is complex, since mutations in several genes can cause the same phenotype, 
and different mutations in the same gene can cause different phenotypes (Kraemer  
et al., 2007). 
Even though DNA repair malfunctions are autosomal recessive diseases and their incidence 
is therefore relatively low (~1/100,000), many of the individuals with DNA repair 
deficiencies die in early childhood since there is no effective treatment, only palliative care. 
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these patients to DNA damaging agents (Lima-Bessa et al., 2009; Menck et al., 2007). Also, 
the studies of DNA repair mechanisms have yielded a better understanding of  specific cell 
processes which lead to human diseases such as cancer, neurodegeneration and aging 
(Hoeijmakers, 2009). This review will focus on the use of recombinant viral vectors for the 
purposes of investigating both the cellular responses to DNA damage and the perspectives 
of providing therapy for XP patients. 

2. Recombinant viral vectors as gene delivery tools 
An ideal gene delivery tool should have the ability to transduce proliferating and fully 
differentiated cells with high efficiency; mediate high-level, prolonged and controlled 
transgene expression; have little toxicity (both at cellular and organism levels); elicit small 
immune responses in vivo; and be able to accommodate large DNA fragments for transgene 
transduction (Howarth et al., 2010). Unfortunately, there is no single tool that fulfills all 
these criteria. 
Viruses have had million of years to improve their capacity to infect cells with the aid of 
evolutionary pressures. Researchers have been trying to take advantage of this ability 
creating recombinant viral vectors. In general, for that purpose, the viral genome is 
manipulated and sequences needed to form the infective virion are deleted, opening space 
to insert the transgene of interest. 
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Several viral vectors have been created and the most widely used are: adenovirus, retrovirus 
(including lentivirus) and adeno-associated virus. The main characteristics of these vectors 
are presented in Table 2. 
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size (Kb) Envelope

Virion 
size 
(nm) 

Integration Transgene 
size (Kb) 

Immune 
response 

Transgene 
expression 

Adenovirus dsDNA linear 36  90 episomal 8 - 25 *** days - 
months 

Adeno-
associated 

virus 
ssDNA linear 4.7  25 site-specific 4.7 - 9 * months-

years 

Retrovirus ssRNA 
(homodimer) 7 - 12 * 100 random <10 ** years 

Lentivirus ssRNA 
(homodimer) 9 * 100 random 10 - 16 ** years 

Table 2. Main features of viruses currently used as recombinant vectors for gene delivery. 

Searching for the perfect gene delivery tool, intense modifications have been added to the 
vectors’ genomes, nucleocapsid and envelopes, always searching for less immunogenic 
vectors, with higher and more specific transduction properties. Currently, recombinant 
viruses are the vector of choice for research and clinical trials worldwide, but still only few 
phase II or III trials are being conducted (Atkinson & Chalmers, 2010). All viral vectors cited 
here have already been used in in vitro, ex vivo and in vivo experiments and in clinical trials.  

2.1 Recombinant adenoviral vectors 
Adenoviruses (Ad) are non-enveloped double-stranded DNA viruses with tropism for the 
respiratory and ocular tissues. The first generation recombinant vector can carry up to 8 Kbp 
of DNA, while the last generation, in which the viral DNA sequence is completely deleted 
(also named gutless), is able to efficiently transduce over 25 Kbp of DNA (Atkinson & 
Chalmers, 2010). 
Despite the fact that the gutless vector needs the aid of helper viral proteins supplied in 
trans, adenoviral vectors are easily produced in high titers. Once the transgene has been 
delivered inside the nucleus it remains episomal, reducing the risk of tumorigenesis induced 
by insertional mutagenesis. On the other hand, the episomal DNA is not replicated and its 
segregation in mitosis leads to the eventual loss of the transgene in the daughter cells. Thus, 
the transgene expression is short-lived. A possible solution is to add a site-specific 
integration sequence next to the transgene, leading to a prolonged transgene expression 
(Atkinson & Chalmers, 2010). Another advantage of the adenoviral vectors is their ability to 
transduce post mitotic cells since the transgene is already delivered in its active form, as a 
double-stranded DNA. This property is of particular interest when aiming for gene therapy 
in neurons (Atkinson & Chalmers, 2010). 
The biggest challenge for the use of adenoviral vectors in vivo is the immunological response 
it elicits. This strong response is not only due to the natural immunogenicity of its 
components, but also to pre-existing immunity  caused by previous contact with at least one 
of the over 50 serotypes of human infecting adenovirus (Seregin & Amalfitano, 2009). 
Taking into consideration that these vectors are only capable of a transient expression of the 
transgene and that repeated dosage might be necessary, a strong immune response is very 
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undesirable. Possible alternatives to circumvent this issue are: manipulation of the viral 
capsid proteins and DNA, making them less immunogenic; the usage of a different serotype 
on each application; and the use of immunosuppressants (Atkinson & Chalmers, 2010; 
Seregin & Amalfitano, 2009). 
The great importance of the immunological response against a gene therapy vector was 
brought to attention when, in 1999, a patient suffering from an ornithine transcarbamylase 
deficiency, died due to an unexpected inflammatory response reaction to the adenoviral 
vector used in a clinical trial (Edelstein et al., 2007). Still, adenoviral vectors are currently the 
most widely used viral vectors in clinical trials, accounting for approximately 24% of all 
vectors used in gene therapy clinical trials (Edelstein et al., 2007; Hall et al., 2010). 

2.2 Recombinant adeno-associated viral (AAV) vectors 
Adeno-associated viruses (AAV) are non enveloped, single-stranded DNA, with serotype-
specific tropism viruses. To date, 12 serotypes have been identified in primate or human 
tissues (Schmidt et al., 2008) in a total of over 100 known serotypes (Wang et al., 2011). Their 
productive lytic infection depends on the presence of a helper virus, adeno or herpesvirus, 
that provide in trans the necessary genes for the AAV replication and virion production. In 
the absence of a helper virus, the AAV establishes its latent cycle integrating specifically in 
the 19q13.4 region of the human genome (Daya & Berns, 2008). The site-specific integration 
is mainly dependent on the virus internal terminal repeats (ITRs), the integration efficiency 
element (IEE) and Rep 68 and Rep 78 genes. In the 19q13.4 region, several muscle-related 
genes are present, including some responsible for actin organization. No significant side 
effects have been observed due to AAV genome integration in this chromosome region 
(Daya & Berns, 2008). 
The onset of transgene expression delivered by an AAV vector is delayed, usually starting 
several days after the transduction, probably due to the time invested in the synthesis of the 
DNA second strand (Michelfelder & Trepel, 2009). Although late, the transgene expression 
is long lasting and there is a very low humoral response, mainly related to previous 
exposure to the viral antigens (Daya & Berns, 2008). Despite the small size of the AAV 
nucleocapsid and genome, it has been shown that transgenes up to 7.2 Kb can be delivered 
by AAV vectors, but the oversized genomes reduce at least 10 fold the transduction 
efficiency (Dong et al., 2010). Several strategies have been developed seeking to optimize the 
vector capacity, such as the trans-splicing vector. With the simultaneous usage of two AAV 
vectors, this technology takes advantage of the concatamers formed by the ITRs that can 
recombine to form the desired transgene inside the transduced cell. These trans-splicing 
vectors allow the final transgene to have up to 9 Kb (Daya & Berns, 2008). 
Only recently adeno-associated viral vectors started being used in gene therapy research 
and account for less than 4% of all vectors used in gene therapy clinical trials (Edelstein et 
al., 2007; Hall et al., 2010). Although these vectors do not behave as the parental virus, since 
they do not integrate in the genome (due to the lack of the REP protein), gene expression can 
be very long and elicit low immunological responses, making AAV vectors promising in 
gene therapy investigations. 

2.3 Recombinant retroviral vectors 
The Retroviridae family is characterized by a single-stranded RNA genome which can only 
replicate inside the host cell with the aid of an RNA-dependent DNA polymerase, the 
reverse transcriptase. This enzyme transcribes the virus’ RNA into a DNA sequence that the 
host cell machinery can transcribe and translate (Froelich et al., 2010). 
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Retroviral vectors are capable of transducing a wide range of cell types, are able to 
accommodate extensive changes in their genome, accept long transgenes, have low 
immunogenicity, can be produced in high titers, and promote a prolonged transgene 
expression due to their ability to integrate into the host cell genome (Froelich et al., 2010).  
On the other hand, most retroviral vectors can only transduce replicating cells since the 
transport of the transcribed viral DNA to the nucleus is mitosis-dependent. Additionally, 
there is always the risk of insertional mutagenesis due to the semi-random integration of the 
vector genome in the host cell’s genome (Froelich et al., 2010). Nowadays, the most widely 
used retroviruses as gene therapy tools are the lentiviruses (LVs), such as the human 
immunodeficiency virus (HIV). These vectors have the same advantages as other retroviral 
vectors and are capable of transducing post mitotic cells. Moreover, the LVs tend not to 
integrate by transcription initiation sites, reducing the risk of insertional tumorigenesis 
(Froelich et al., 2010). 
The retroviral vectors were the first vectors used in gene therapy clinical trials in 1989 
(Edelstein et al., 2007, Rosenberg et al., 1990) and are extensively used in fundamental 
biological research, functional genomics and gene therapy (Mátrai et al., 2010). In 2004, 28% 
of the clinical trials involving viral vectors included retroviral vectors (Edelstein et al., 2007); 
in 2010 that number dropped to approximately 23% (Voigt et al., 2008). This drawback is 
due to the unfortunate events of the French severe combined immunodeficiency (SCID) trial 
in 2002, where two out of ten children died in consequence of a leukemia, which was related 
to the insertional mutagenesis of the retroviral vector used (Edelstein et al., 2007). 
Since then, special attention has been paid to the safety of these vectors as many are known 
to derive from viruses that cause severe diseases, such as the acquired immunodeficiency 
syndrome (AIDS). Strategies are constantly developed to prevent the risk of insertional 
mutagenesis. For that purpose, in addition to the virions being replication-defective, 
generated by trans-complementation, several further manipulations of the viral genome 
were made. The development of a self-inactivating (SIN) vector (Iwakuma et al., 1999) 
prevents horizontal and vertical gene transfer and diminishes the probability of the 
production of a replicating virion or over-expression of a host cell oncogene (Edelstein et al., 
2007). 

3. Investigating DNA damage responses with adenoviral vectors in  
human cells 
3.1 In vitro and in vivo adenoviral gene transduction for the correction of DNA  
repair defects 
The knowledge of the molecular defects in XP cells was the starting point for understanding 
how human cells handle lesions in their genome. So far, different techniques have been used 
to study DNA repair mechanisms and reverse malfunctions in this essential system. One 
powerful tool employed in these studies has been the use of recombinant adenoviral vectors 
to transduce DNA repair genes directly into human skin cells, aiming to improve the 
knowledge of basic mechanisms that cells use to protect their genome. 
Experiments using first generation recombinant adenoviral vectors have been successfully 
employed in the transduction of both SV40-transformed and primary fibroblasts derived 
from XP-A, XP-C, XP-D and XP-V patients (Armelini et al., 2007). The expression of the 
respective functional proteins in all transduced defective cell populations was significantly 
increased, reaching levels even higher than seen for wild type cells (Armelini et al., 2005; 
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undesirable. Possible alternatives to circumvent this issue are: manipulation of the viral 
capsid proteins and DNA, making them less immunogenic; the usage of a different serotype 
on each application; and the use of immunosuppressants (Atkinson & Chalmers, 2010; 
Seregin & Amalfitano, 2009). 
The great importance of the immunological response against a gene therapy vector was 
brought to attention when, in 1999, a patient suffering from an ornithine transcarbamylase 
deficiency, died due to an unexpected inflammatory response reaction to the adenoviral 
vector used in a clinical trial (Edelstein et al., 2007). Still, adenoviral vectors are currently the 
most widely used viral vectors in clinical trials, accounting for approximately 24% of all 
vectors used in gene therapy clinical trials (Edelstein et al., 2007; Hall et al., 2010). 

2.2 Recombinant adeno-associated viral (AAV) vectors 
Adeno-associated viruses (AAV) are non enveloped, single-stranded DNA, with serotype-
specific tropism viruses. To date, 12 serotypes have been identified in primate or human 
tissues (Schmidt et al., 2008) in a total of over 100 known serotypes (Wang et al., 2011). Their 
productive lytic infection depends on the presence of a helper virus, adeno or herpesvirus, 
that provide in trans the necessary genes for the AAV replication and virion production. In 
the absence of a helper virus, the AAV establishes its latent cycle integrating specifically in 
the 19q13.4 region of the human genome (Daya & Berns, 2008). The site-specific integration 
is mainly dependent on the virus internal terminal repeats (ITRs), the integration efficiency 
element (IEE) and Rep 68 and Rep 78 genes. In the 19q13.4 region, several muscle-related 
genes are present, including some responsible for actin organization. No significant side 
effects have been observed due to AAV genome integration in this chromosome region 
(Daya & Berns, 2008). 
The onset of transgene expression delivered by an AAV vector is delayed, usually starting 
several days after the transduction, probably due to the time invested in the synthesis of the 
DNA second strand (Michelfelder & Trepel, 2009). Although late, the transgene expression 
is long lasting and there is a very low humoral response, mainly related to previous 
exposure to the viral antigens (Daya & Berns, 2008). Despite the small size of the AAV 
nucleocapsid and genome, it has been shown that transgenes up to 7.2 Kb can be delivered 
by AAV vectors, but the oversized genomes reduce at least 10 fold the transduction 
efficiency (Dong et al., 2010). Several strategies have been developed seeking to optimize the 
vector capacity, such as the trans-splicing vector. With the simultaneous usage of two AAV 
vectors, this technology takes advantage of the concatamers formed by the ITRs that can 
recombine to form the desired transgene inside the transduced cell. These trans-splicing 
vectors allow the final transgene to have up to 9 Kb (Daya & Berns, 2008). 
Only recently adeno-associated viral vectors started being used in gene therapy research 
and account for less than 4% of all vectors used in gene therapy clinical trials (Edelstein et 
al., 2007; Hall et al., 2010). Although these vectors do not behave as the parental virus, since 
they do not integrate in the genome (due to the lack of the REP protein), gene expression can 
be very long and elicit low immunological responses, making AAV vectors promising in 
gene therapy investigations. 

2.3 Recombinant retroviral vectors 
The Retroviridae family is characterized by a single-stranded RNA genome which can only 
replicate inside the host cell with the aid of an RNA-dependent DNA polymerase, the 
reverse transcriptase. This enzyme transcribes the virus’ RNA into a DNA sequence that the 
host cell machinery can transcribe and translate (Froelich et al., 2010). 
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Retroviral vectors are capable of transducing a wide range of cell types, are able to 
accommodate extensive changes in their genome, accept long transgenes, have low 
immunogenicity, can be produced in high titers, and promote a prolonged transgene 
expression due to their ability to integrate into the host cell genome (Froelich et al., 2010).  
On the other hand, most retroviral vectors can only transduce replicating cells since the 
transport of the transcribed viral DNA to the nucleus is mitosis-dependent. Additionally, 
there is always the risk of insertional mutagenesis due to the semi-random integration of the 
vector genome in the host cell’s genome (Froelich et al., 2010). Nowadays, the most widely 
used retroviruses as gene therapy tools are the lentiviruses (LVs), such as the human 
immunodeficiency virus (HIV). These vectors have the same advantages as other retroviral 
vectors and are capable of transducing post mitotic cells. Moreover, the LVs tend not to 
integrate by transcription initiation sites, reducing the risk of insertional tumorigenesis 
(Froelich et al., 2010). 
The retroviral vectors were the first vectors used in gene therapy clinical trials in 1989 
(Edelstein et al., 2007, Rosenberg et al., 1990) and are extensively used in fundamental 
biological research, functional genomics and gene therapy (Mátrai et al., 2010). In 2004, 28% 
of the clinical trials involving viral vectors included retroviral vectors (Edelstein et al., 2007); 
in 2010 that number dropped to approximately 23% (Voigt et al., 2008). This drawback is 
due to the unfortunate events of the French severe combined immunodeficiency (SCID) trial 
in 2002, where two out of ten children died in consequence of a leukemia, which was related 
to the insertional mutagenesis of the retroviral vector used (Edelstein et al., 2007). 
Since then, special attention has been paid to the safety of these vectors as many are known 
to derive from viruses that cause severe diseases, such as the acquired immunodeficiency 
syndrome (AIDS). Strategies are constantly developed to prevent the risk of insertional 
mutagenesis. For that purpose, in addition to the virions being replication-defective, 
generated by trans-complementation, several further manipulations of the viral genome 
were made. The development of a self-inactivating (SIN) vector (Iwakuma et al., 1999) 
prevents horizontal and vertical gene transfer and diminishes the probability of the 
production of a replicating virion or over-expression of a host cell oncogene (Edelstein et al., 
2007). 

3. Investigating DNA damage responses with adenoviral vectors in  
human cells 
3.1 In vitro and in vivo adenoviral gene transduction for the correction of DNA  
repair defects 
The knowledge of the molecular defects in XP cells was the starting point for understanding 
how human cells handle lesions in their genome. So far, different techniques have been used 
to study DNA repair mechanisms and reverse malfunctions in this essential system. One 
powerful tool employed in these studies has been the use of recombinant adenoviral vectors 
to transduce DNA repair genes directly into human skin cells, aiming to improve the 
knowledge of basic mechanisms that cells use to protect their genome. 
Experiments using first generation recombinant adenoviral vectors have been successfully 
employed in the transduction of both SV40-transformed and primary fibroblasts derived 
from XP-A, XP-C, XP-D and XP-V patients (Armelini et al., 2007). The expression of the 
respective functional proteins in all transduced defective cell populations was significantly 
increased, reaching levels even higher than seen for wild type cells (Armelini et al., 2005; 
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Lima-Bessa et al., 2006; Muotri et al., 2002). Moreover, different phenotypical analyses, 
including cell cycle, apoptosis and cell survival assays, have been carried out, all indicating 
that the protein expression mediated by the recombinant adenoviruses was clearly 
accompanied by the recovery of the DNA repair ability and increased resistance to UV 
radiation, thereby demonstrating functional correction of the XP phenotype. It is worth 
mentioning that, even though transgene expression mediated by adenoviruses is typically 
short-lived, sustainable high expression of XPA and XPC proteins with parallel increased 
UV-irradiation resistance was obtained even two months after cell transduction (Muotri et 
al., 2002). 
For XP-A, XP-C and XP-D transduced cell lines, phenotypic analyses also involved assays 
aiming to investigate their ability to perform DNA repair after UV irradiation. This has been 
measured through determination of unscheduled DNA repair synthesis (UDS), which 
corresponds to the incorporation of [methyl-3H] thymidine in cells that are not in S-phase, 
and is visualized by autoradiography as the presence of radioactive grains inside nuclei. 
Interestingly, UDS activity in all transduced deficient cell lines was restored to levels 
comparable to NER proficient cell lines, indicating those cells became able to efficiently 
remove UV lesions by restoring NER activity. 
It is well known that UV radiation promotes DNA elongation delay as a result of replication 
blockage by UV photolesions (Cleaver et al., 1983), which can be easily seen by running 
pulse-chase experiments in alkaline sucrose gradients. Using this approach, it has been 
possible to show that XP-V transduced cells were able to elongate nascent DNA on UV-
damaged DNA templates as efficiently as wild type cells (Lima-Bessa et al., 2006), once 
again demonstrating the great potential of recombinant adenoviruses in the transduction 
and expression of functional proteins. 
One interesting conclusion came from the observation that even though XPA, XPC and XPD 
genes were over-expressed in all transduced cell lines when compared to NER proficient 
cells, this had no impact in the UV-resistance or NER capability, suggesting that neither of 
these proteins is limiting for NER in human cells. Another possible explanation is that once 
the NER pathway requires a coordinated action of several proteins, increasing only one of 
these proteins does not result in speeding up removal of the DNA lesions. Similarly, the 
excess of polη (XPV) mediated by adenoviral transduction has not affected cell survival nor 
elongation of replication products in UV-treated XP-A human cells, suggesting not only that 
polη is not a limiting factor for the efficient replication of the UV-damaged DNA in XP-A 
cells, but also demonstrating that the deleterious effects caused by the remaining DNA 
lesions in the genome cannot be mitigated by an efficient bypass mediated by polη. 
However, the potential of such vectors is not restricted to in vitro assays. Indeed, another 
real perspective is their use to investigate the molecular mechanisms of DNA repair and 
their consequences in vivo, thus opening new avenues for a better understanding of cellular 
and physiologic responses to DNA damage. In vivo experiments may also help to establish 
the relationship between DNA repair, cancer and aging, as mice models for different DNA 
repair syndromes have been developed by different groups worldwide. Despite the 
extensive use of these models to broaden the understanding of several DNA repair related 
disorders, little work has been done in vivo testing gene therapy strategies for these diseases. 
Indeed, up to the present moment, only one study showed an efficient in vivo gene therapy 
protocol for complementation of the XP phenotype (Marchetto et al., 2004). 
Exciting results by Marchetto and co-workers showed that the administration of 
subcutaneous injections of an adenoviral vector carrying the XPA human gene directly into 
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the dorsal region of XP-A knockout mice led to an extensive expression of the heterologous 
protein in different skin cells, including dermal fibroblasts, cells of the hair follicle and basal 
replicating keratinocytes, which are believed to be the starting point of most skin tumors. As 
a result, the repair capability of these transduced cells was restored, thus preventing UVB-
induced deleterious skin effects, such as persistent scars, skin hyperkeratosis and, 
ultimately, avoiding the formation of squamous cell carcinomas (Marchetto et al., 2004). 
Despite the promising results of this work, no others followed. Researchers are now aware 
of several possible limitations and complications of gene therapy after some unexpected 
severe events in clinical trials (Edelstein et al., 2007) and are spending more time improving 
gene targeting tools and techniques before risking in vivo approaches. In that sense, extreme 
progress has been made with experiments in vitro, as previously presented. A general panel 
showing the main uses of the recombinant adenoviral vectors carrying DNA repair genes is 
presented in Figure 3. 
 

 
Fig. 3. DNA repair gene transduction by recombinant adenoviruses. Adenoviral vectors 
have been successfully employed to transduce human XP genes directly into established 
human cell lines (left), XP knockout mice skin (center), and  fibroblasts  from the skin of XP 
patients (right ). Endpoints are indicated for each particular case. 

Based on the successful complementation of the XP phenotype both in vitro and in vivo, 
adenoviral vectors could be proposed as an efficient tool for diagnosis and identification of 
XP patients’ complementation groups. This hypothesis was recently tested and confirmed: 
with the use of adenoviruses carrying DNA repair genes, it has been possible to determine 
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Lima-Bessa et al., 2006; Muotri et al., 2002). Moreover, different phenotypical analyses, 
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the dorsal region of XP-A knockout mice led to an extensive expression of the heterologous 
protein in different skin cells, including dermal fibroblasts, cells of the hair follicle and basal 
replicating keratinocytes, which are believed to be the starting point of most skin tumors. As 
a result, the repair capability of these transduced cells was restored, thus preventing UVB-
induced deleterious skin effects, such as persistent scars, skin hyperkeratosis and, 
ultimately, avoiding the formation of squamous cell carcinomas (Marchetto et al., 2004). 
Despite the promising results of this work, no others followed. Researchers are now aware 
of several possible limitations and complications of gene therapy after some unexpected 
severe events in clinical trials (Edelstein et al., 2007) and are spending more time improving 
gene targeting tools and techniques before risking in vivo approaches. In that sense, extreme 
progress has been made with experiments in vitro, as previously presented. A general panel 
showing the main uses of the recombinant adenoviral vectors carrying DNA repair genes is 
presented in Figure 3. 
 

 
Fig. 3. DNA repair gene transduction by recombinant adenoviruses. Adenoviral vectors 
have been successfully employed to transduce human XP genes directly into established 
human cell lines (left), XP knockout mice skin (center), and  fibroblasts  from the skin of XP 
patients (right ). Endpoints are indicated for each particular case. 
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the complementation group of three Brazilian XP patients, now characterized as XP-C 
patients. To that end, adenoviral transduced cells from these patients have been submitted 
to UV treatment and then analyzed by simple assays, such as cell survival and UDS (Leite et 
al., 2009). This diagnosis has been performed using the patients’ skin fibroblasts but the 
potential use of adenoviral vectors for this purpose becomes even more exciting, 
considering that the adenoviral transduction could be held in cells present in the patients’ 
blood, thus becoming a faster and less invasive technique. Besides scientic and 
epidemiological goals, the identication of the gene defect may help to predict clinical 
prognosis for the XP patients and guide appropriate genetic counseling for their families. 
Direct gene sequencing can be performed to identify the mutated genes, but as there are 
eight potential candidate genes for XP, functional complementation assays are still used for 
the genetic diagnosis of these patients.  

3.2 Investigating UV-induced cell responses employing photolyases 
Photoreactivation is a very efficient DNA repair mechanism, which specifically removes the 
two main UV photoproducts. Photoreactivation is carried out by flavoproteins known as 
photolyases. These enzymes recognize and specifically bind to UV lesions, thus reverting 
them back to the undamaged monomers, using a blue-light photon as energy source (Brettel 
& Byrdin, 2010; Sancar, 2008). Interestingly, photolyases demonstrate a great efficiency for 
discriminating the target lesion, either CPDs or 6-4PPs, and so far no photolyase has been 
shown to be able to repair both lesions. Thus, enzymes that repair CPDs are referred to as 
CPD-photolyases, while 6-4PP-photolyases specifically repair 6-4PPs (Müller & Carell, 
2009). Both classes of photolyases are evolutionarily related, but functionally distinct (Lucas-
Lledó & Lynch, 2009). Curiously, genes encoding genuine photolyases have been lost 
somehow in the course of the evolution of placental mammals, including humans. Instead, 
these organisms retain cryptochromes, photolyase-homologous proteins that participate in 
the maintenance of circadian rhythm, but that do not keep any residual activity related to 
DNA repair (Partch & Sancar, 2005). 
Previous studies have confirmed that the CPD-photolyase is active when delivered to 
human cells, reducing mutagenesis (You et al., 2001), preventing UV-induced apoptosis 
(Chiganças et al., 2000) and recovering RNA transcription driven by RNA polymerase II 
(Chiganças et al., 2002). These successful studies have motivated the adenoviruses-mediated 
expression of the CPD-photolyase from the rat kangaroo Potorous tridactylus and the plant  
6-4PP-photolyase from Arabidopsis thaliana in human cells aiming to discriminate the precise 
role of UV-induced cellular responses in both NER-deficient and NER-proficient human 
cells. Employing immunofluorescence, immunoblot and local UV experiments, it has been 
possible to see that these enzymes are not only very specific for their lesions, but are also 
really fast to find them, colocalizing with regions of damaged DNA and other DNA repair 
enzymes in less than two minutes (Chiganças et al., 2004; Lima-Bessa et al., 2008). 
Adenoviral-mediated photorepair of CPDs substantially prevented apoptosis in all UV-
irradiated cell lines (both NER-deficient and NER-proficient cells), conrming the 
involvement of these lesions in cell death signaling, as previously reported. On the other 
hand, 6-4PP repair by the 6-4PP-photolyase decreased UV-induced apoptosis only in those 
cell lines deficient for both NER subpathways, causing minimal effect, if any, in NER-
procient cells, including those lacking polη. These results suggest that, when not efficiently 
repaired, 6-4PPs also have important biological consequences, triggering cell responses 
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leading to the activation of apoptotic cascades. Interestingly, in CS-A cells (TC-NER 
deficient), a substantial attenuation of apoptotic levels could be again detected when CPDs 
were removed from the genome by the means of CPD-photolyase, while no detectable effect 
was observed as a consequence of photorepair of 6-4PPs, indicating that CPD lesions are the 
major UV-induced DNA damage leading to cell death, also in cells that are only procient in 
GG-NER, the main subpathway of NER responsible for the removal of 6-4PPs in humans 
(Lima-Bessa et al., 2008).  
These results suggest that CPDs and 6-4PPs may play different roles in UV-induced 
apoptosis depending on the repair capacity of human cells. In GG-NER proficient cells, the 
harmful effects of UV light seem to be predominantly due to the prolonged remaining CPDs 
in the genome caused by their slow removal by NER, with the minor participation of 6-4PPs 
(Lima-Bessa et al., 2008). Indeed, it has been reported that about 80–90% of 6-4PPs are 
removed from the human genome in the rst 4 hours following UV exposure, whereas 40–
50% of CPDs still remain to be repaired 24 hours later, probably due to the higher affinity of 
the XPC/hHR23B complex for 6-4PPs (Kusumoto et al., 2001). Thus, the lack of noticeable 
effects on UV-induced apoptosis in NER-procient cells after 6-4PPs photorepair may be 
simply due to their fast repair by GG-NER. On the other hand, as for CPDs, the remaining of 
6-4PPs in the genome seems to cause major disturbances in cell metabolism that lead to cell 
death. A summary of these results is shown in Figure 4. 
To further confirm the idea that the roles of CPDs and 6-4PPs in UV-killing are related to 
the cellular repair capacity, authors have expressed these photolyases in TTD1V1 cells, a 
particular TTD cell line with a slower kinetics of 6-4PPs repair, eliminating about 50% and 
70% of 6-4PPs at 6 and 24 hours post-UV treatment, respectively. Once again, repair of 
both lesions by the respective photolyase notably reduced apoptosis in these cells, even 
though the 6-4PP photorepair was less effective than seen for NER-deficient cell lines 
(Lima-Bessa et al., 2008). These photolyases were also used to identify a defect in the 
recruitment of downstream NER factors on certain XPD/TTD mutated cells, slowing 
down the removal of UV-induced lesions. As this recruitment was recovered by treatment 
with the histone deacetylase inhibitor trichostatin A, the data indicated that this defect is 
partially related to the accessibility of DNA damage in closed chromatin regions 
(Chiganças et al., 2008).  
Another interesting finding came from assays investigating the time-dependent kinetics of 
the apoptosis commitment after UV treatment. Transduced XP-A cells were UV-treated and 
photoreactivated (to allow photorepair of the respective UV lesions) at increasing periods of 
time. Surprisingly, the data suggests that the initial trigger event to cell death after UV 
irradiation is relatively delayed, since photorepair of CPDs or 6-4PPs was able to reduce 
apoptosis even when photoreactivation was performed up to 8 hours after UV irradiation. 
After that, photoreactivation did not prevent UV-killing in these cells, indicating a 
commitment by events that irreversibly lead to cell death. These results are also in 
agreement with the indications that fast removed lesions (such as 6-PPs) do not activate 
apoptosis in NER-proficient human cells (Lima-Bessa et al., 2008). The main implication of 
all these findings is the fact that skin carcinogenesis in XP patients may also have 6-4PP 
lesions as important players, suggesting that tumors from these individuals are not only 
quantitatively different from those of normal people, but may also have different causative 
lesions. Transduction of XP knockout mice with adenoviral vectors carrying photolyase 
genes may help to address this question. 
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Fig. 4. Effects of photorepair of CPDs and 6-4PPs on UV-induced apoptosis. (A) Summary of 
the impact of the specific removal of CPDs and 6-4PPs by photorepair in human cell lines 
with different DNA repair capabilities. (B) Schematic representation of the main conclusions 
of the results shown in panel A. Those results clearly implicate that CPDs and 6-4PPs play 
different roles on UV-induced apoptosis depending on the cellular repair capacity.  
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4. Employing retroviral vectors for correcting XP phenotype 
The first genetic analysis of XP patients was performed through somatic cell fusion followed 
by analysis of restoration of normal UDS. If somatic cell fusion complements XP genetic 
deficiency, it will then be positive for UDS activity. These experiments were able to identify the 
seven classical XP complementation groups and the variant group (Zeng et al., 1998). This 
implies that DNA repair deficiencies can, in fact, be corrected by the introduction of a normal 
copy of the affected gene, giving hope for the development of gene therapy protocols for XP 
patients. In fact, the introduction of a normal copy of the defective gene in XP cells can 
complement the DNA repair ability, as demonstrated by the delivery of conventional 
expression vectors, via calcium precipitation and microneedle injection (Mezzina et al., 1994). 
In 1995, viral vectors were first used as gene delivery tools in DNA repair experiments 
(Carreau et al., 1995a). In this study, a LXPDSN retroviral vector carrying the wild-type XPD 
gene was capable of complementing primary fibroblasts of XPD patients with a long-term 
expression. A subsequent study showed that this complementation was gene-specific and 
that there was a long-term expression of the transgene (Quilliet et al, 1996). The use of 
retroviral vectors for DNA repair genes delivery was further validated in 1996 and 1997, 
when XP-A, XP-B, XP-C and TTD-D cells were also complemented with the aid of gene-
specific retroviral vectors (Marionnet et al., 1996; Zeng et al., 1998). 
The compilation of these results shows that the retroviral delivery of several DNA repair 
genes was able to specifically complement several deficiencies presented by XP, CS and TTD 
patients such as UDS, reduced catalase activity, UV-sensitivity, recovery of RNA synthesis, 
increased mutation frequency, stabilization of p53 (Dumaz et al., 1998) and deregulation of 
ICAM-1 (Ahrens et al., 1997). 
Since XP patients already receive autologous graft transplants after massive skin tissue 
removal surgery (Atabay et al., 1991; Bell et al., 1983), most researches in the field of XP gene 
therapy focus on the three-dimensional skin reconstruction in vitro, using the patients’ cells 
genetically corrected ex vivo. In this technique, the patients’ fibroblasts and keratinocytes are 
cultured in vitro after a skin biopsy of a non-UV-irradiated area. Then, retroviral vectors are 
used to stably complement the genetic deficiency of these cells. Finally, the keratinocytes 
and the fibroblasts are used to three-dimensionally reconstruct the epidermis and dermis, 
respectively. This construct can then be used as a graft when the part of patient’s damaged 
skin is removed in a necessary surgery. To that end, Arnaudeau-Bégard and co-workers 
managed to complement XP-C keratinocytes, recovering a wild-type phenotype and UV-
resistance with the aid of a retroviral vector carrying a normal copy of the XPC gene 
(Arnaudeau-Bégard et al., 2003). Furthermore, Bergoglio and co-workers have also 
developed a selection method for genetically corrected keratinocytes that does not involve 
particles derived from microorganisms which could lead to immunological clearance of the 
transgene, using CD24 as an ectopic marker (Bergoglio et al., 2007). 
In 2005, Bernerd and co-workers were able to reconstruct a three-dimensional skin model in 
vitro using fibroblasts and keratinocytes from a donor XP-C patient. With this model, they 
were able to see that the XP skin has peculiar characteristics: hypoplastic horny layers, 
decreased and delayed keratinocyte differentiation, epidermal invaginations, a generally 
altered proliferation control and fibroblasts with distinct morphology and orientation. 
Furthermore, the epidermal invaginations were proven to be related to alterations of both 
keratinocytes’ and fibroblasts’ functions and were characterized as epidermoid carcinoma-
like structures (Bernerd et al., 2005). It is important to keep in mind that an XP skin biopsy 
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Fig. 4. Effects of photorepair of CPDs and 6-4PPs on UV-induced apoptosis. (A) Summary of 
the impact of the specific removal of CPDs and 6-4PPs by photorepair in human cell lines 
with different DNA repair capabilities. (B) Schematic representation of the main conclusions 
of the results shown in panel A. Those results clearly implicate that CPDs and 6-4PPs play 
different roles on UV-induced apoptosis depending on the cellular repair capacity.  
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might give us further and more precise knowledge of the XP skin physiology, but this is a 
delicate procedure which requires the patients’ agreement.  
Since the use of common retroviral vectors in gene therapy can be dangerous due to semi-
random insertional mutagenesis, researchers have developed several self-inactivating-
lentiviral vectors carrying DNA repair genes. These vectors were shown to efficiently 
transduce primary and transformed fibroblasts, complementing in a gene-specific manner 
XP-A, XP-C and XP-D cells. Furthermore, the recovery of normal levels of UV-resistance in 
the transduced cells was shown to be persistent for at least 3 months (Marchetto et al., 2006). 
The reconstruction of a genetically corrected, three-dimensional XP skin followed by the 
implantation of the graft on a patient (Figure 5) is still an ongoing chore that has to be taken 
very cautiously, always prioritizing the patient’s well-being. 
 

 
Fig. 5. Schematic representation of ex vivo gene therapy for XP patients using recombinant 
retrovirus (Rt). Skin-derived fibroblasts and keratinocytes from an XP patient are cultivated 
in vitro, and transduced with retroviral vector carrying the wild type XP cDNA. Transduced 
cells are then used to reconstruct the human skin in vitro, with a normal phenotype. Dashed 
line raises the possibility of engraftment of the reconstructed skin directly on XP patients. 
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It is also important to keep in mind that these grafts do not include melanocytes, responsible 
for the very common melanomas in these patients (Khavari, 1998), and that the skin will 
only be genetically complemented in the areas that receive the grafts, all the other areas of 
the body will still be extremely photosensitive since no paracrine effect is known for DNA 
repair proteins and that immunological clearance or gene silencing by cellular methylation 
can always prohibit a long-term transgene expression (Magnaldo & Sarasin, 2002). 
Importantly, several XP complementation groups also present other relevant symptoms, 
such as neurodegeneration, which will not be improved by the skin grafts. For those 
patients, another kind of gene therapy might be more efficient, such as the development of 
genetically corrected stem cells (ESs) (Magnaldo & Sarasin, 2002) or induced pluripotent 
cells (iPSCs, see below (Alison, 2009). Unfortunately, there is still no reference on that kind 
of research for xeroderma pigmentosum. 

5. Host cell reactivation (HCR) as a tool for DNA repair research 
The host cell reactivation (HCR) technique was first described in human cells by Protic-
Sabljic and co-workers in 1985 (Protic-Sabljic et al., 1985). In this first work, the technique 
consisted of transducing cells with a plasmid containing a putative cDNA with a selective 
gene into XP cells to look for a reversion of the UV sensitivity due to gene complementation, 
allowing identification of the genes responsible for that phenotype.  
Other studies have refined the technique which is now widely used as an indirect measure 
of cellular DNA repair capacity. Mostly, a plasmid containing a reporter gene such as 
luciferase (LUC) or chloramphenicol acetyltransferse (CAT) is treated with a genotoxic agent 
such as UV radiation and introduced in the cell where DNA repair capacity is to be 
evaluated. If the cell is able to remove the lesions from the plasmid, the reporter gene will be 
expressed. Different DNA repair rates can be addresses by differences on the amount of 
gene reporter expression at a certain time (Merkle et al., 2004). A schematic representation of 
HCR is shown in Figure 6. 
 

 
Fig. 6. Schematic representation of host cell reactivation (HCR) assay. A plasmid carrying a 
reporter gene (in this case, the luciferase gene) is UV-irradiated in vitro and then transfected 
into host cells. 48 hours later, the cellular DNA repair capacity is indirectly estimated by 
measurement of the reporter gene activity in the cellular extract. 

In 1995, the HCR assay was further used to visualize the genetic complementation of 
mammalian expression vectors carrying the DNA repair genes XPA, XPB, XPC, XPD and 
CSB. In this study, plasmids containing LUC or CAT were UV irradiated and co-transfected 
with the plasmids containing each of the complementing genes of the DNA-repair deficient 



 
DNA Repair and Human Health 

 

160 

might give us further and more precise knowledge of the XP skin physiology, but this is a 
delicate procedure which requires the patients’ agreement.  
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very cautiously, always prioritizing the patient’s well-being. 
 

 
Fig. 5. Schematic representation of ex vivo gene therapy for XP patients using recombinant 
retrovirus (Rt). Skin-derived fibroblasts and keratinocytes from an XP patient are cultivated 
in vitro, and transduced with retroviral vector carrying the wild type XP cDNA. Transduced 
cells are then used to reconstruct the human skin in vitro, with a normal phenotype. Dashed 
line raises the possibility of engraftment of the reconstructed skin directly on XP patients. 
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cells. Again, only the cells with the correct complementation were capable of removing the 
DNA damage in the reporter gene, allowing the expression of that protein. This technique 
facilitates the identification of the complementation group of a given patient, being 
particularly useful in cases of CS, TTD and some XP patients such as XP-E that present a 
normal UDS after UV treatment (Carreau et al., 1995b).  
Recent data using the HCR assay has shown that the CS proteins are essential for the 
reversion of oxidated lesions (Pitsikas et al., 2005; Spivak & Hanawalt, 2006; Leach & 
Rainbow, 2011) and evidence obtained with HCR suggests that, unlike what was previously 
shown with UDS assays, DNA repair capacity in fibroblasts does not decrease with aging 
(Merkle et al., 2004). This reduction may however be cell type-specific and DNA repair 
pathway-specific since blood cells repair capacity decreases approximately 0.6% per year of 
age (Moriwaki et al., 1996). This technique is still widely used and its great advantage is that 
the DNA plasmids or the viral vectors are treated in a controlled manner, not being subject 
to the cell’s global response to the same treatment. Further technique improvements will 
surely allow HCR to be used in different assays such as in vivo, yielding a better knowledge 
of the DNA repair pathways and their interactions with other pathways and physiological 
events. 

6. Other treatments for xeroderma pigmentosum 
6.1 General care 
There is no treatment that has been proven so far to be 100% effective in all XP cases. The 
only palliative measure that patients can rely on is complete sun avoidance. This includes 
not only avoiding going out even on cloudy days and covering all exposed body areas such 
as skin and eyes, but also using special artificial lights that emit no UV wavelengths 
(Kraemer, 2008). Premalignant lesions, such as actinic keratoses, and malignant lesions must 
be quickly treated with topical 5-fluoracil or liquid nitrogen, imiquimod cream, 
electrodesiccation and curettage, surgical excision or chemosurgery, as needed. When 
extensive areas are damaged and have to be surgically removed, skin grafts from sun 
unexposed areas of the same patient should be used. When eyes are affected, 
methylcellulose eye drops or contact lenses can help prevent trauma and corneal 
transplantations might be needed in extreme cases (Kraemer, 2008). 
When caring for XP patients, it is very important to keep in mind that the total sun 
avoidance also prevents the production of vitamin D in the skin, so dietary supplementation 
might be needed. Furthermore, the DNA repair deficiencies which prevent the repair of 
photolesions may also make individuals sensitive to other mutagens such as cigarette 
smoke, so patients should be protected against these agents (Kraemer, 2008). 
Aside from removal of local lesions and total sun avoidance, two other palliative treatments 
might help improving the XP patient’s quality of life: topical use of T4 endonuclease (Yarosh 
et al., 2001) and oral intake of retinoids (Campbell & DiGiovanna, 2006). 

6.2 Topical use of T4 endonuclease 
In 1975, Tanaka and co-workers demonstrated that the bacteriophage T4 endonuclease V is 
capable of making an incision 5’ within a CPD lesion. The resulting DNA flap is recognized 
and removed by a 5’3’ exonuclease, leaving a gap that is filled by a DNA polymerase, 
using the undamaged single strand as a template. A DNA ligase then joins the repaired 
fragment to the parental DNA (Tanaka et al., 1975).  
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In the 80’s, Yarosh’s laboratory discovered that the T4 endonuclease V could be delivered 
into cells using 200 nm liposomes as a delivery vehicle. The anionic liposomes not only 
protect the cationic enzyme inside, but also promote the escape from a clatrin-coated 
endosome after cellular intake by destabilizing the vesicle’s membrane with an acid pH. By 
cleaving DNA at the site of UV-induced lesions, the enzyme reverses the DNA repair defect 
of XP cells (Yarosh, 2002). Further work by the same group also showed that these T4N5 
liposomes in a 1% hydrogel lotion when applied in cultured human fibroblasts, mouse 
dorsal back or cultured human breast skin is capable of delivering the enzyme into cells in 
less than one hour, being almost entirely restricted to the epidermis (Ceccoli et al., 1989; 
Kibitel et al., 1991). 
An inverse correlation was later shown between the T4N5 dose and the level of CPDs that 
remained in the epidermis. This curve reached a plateau (at 0.5 μg/ml), probably due to 
saturation of the cell machinery for further repairing the damage after the initial incision by 
the T4 enzyme (Yarosh et al., 1994). These studies also showed that even in the higher dose 
of T4N5 liposomes, only ~50% of the CPD lesions were removed but that was capable of 
reducing the mutagenesis rate by 99% in transformed fibroblasts and 30% in primary 
fibroblast cell culture. These numbers are probably not only related to the number of 
remaining lesions, but also to the smaller size of the repair patch filled by BER compared to 
that needed in NER (Yarosh, 2002; Cafardi & Elmets, 2008). 
Finally, after two phase I clinical trials (Yarosh et al., 1996 as cited in Cafardi & Elmets, 2008) 
and three phase II clinical trials (Wolf et al., 2000 and Yarosh et al., 1996 as cited in Cafardi & 
Elmets, 2008), in 2001 the T4N5 liposomes were tested in XP patients. The patients were 
instructed to apply 4-5 ml of the lotion containing 1 mg/ml of endonuclease everyday for a 
year. Except for lesion removal when necessary, and daily use of sunscreens of 15 SPF or 
higher, no concomitant treatments were allowed. The treatment was shown to be efficient, 
reducing the rate of actinic keratoses and basal-cell carcinomas to 68% and 30% respectively 
in the placebo and treatment groups, reducing tumor promotion and progression. The 
treatment was also capable of reducing some immunosuppressant molecules, such as 
interleukin-10 (IL-10) and tumor necrosis factor-α (TNF- α). Unfortunately, the treatment 
was only effective for patients under 18 years-old. This might be because XP patients older 
than that already had too much DNA damage in their cells that could not be reversed 
(Yarosh et al., 2001). Despite the promising results, there are currently no topical DNA 
repair enzymes approved by the FDA. Clinical trials are still being conducted to analyze the 
application of T4N5 liposomes in other deficiencies and immunosuppressed patients 
(Cafardi & Elmets, 2008). 

6.3 Oral use of retinoids 
Despite interventions such as sunlight avoidance and tumor removal, most of the XP 
patients continue to develop a large number of skin cancers. These high-risk patients may 
suffer from field cancerization that may happen when a wide field of the epithelium has 
been exposed to the same genotoxic agent and adjacent but not contiguous areas present 
genetic and morphological alterations that may lead to a carcinogenesis process. As the 
whole skin area has been exposed to sunlight, inducing independent tumors with different 
growth rates, this hypothesis may explain why the patients have a 30% increase in the 
chances of having a second basal cell carcinoma (BCC) and then a 50% increase of a third 
BCC (Campbell & DiGiovanna, 2006).  
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In XP patients, the oral use of retinoids might be beneficial, regardless of the strong side 
effects. In chemoprevention the goal is to identify early biological events in the epithelium 
which may lead to a carcinogenesis process and intervene with chemicals which will help 
stop or reverse the process (Campbell & DiGiovanna, 2006). Retinoids, also known as 
vitamin A, are the most studied chemopreventive agent for skin cancers, upper 
aerodigestive tract and breast and cervical cancers. The exact mechanisms through which 
the retinoids are capable of reducing cancer incidence are still unclear, but it has been 
shown that they are capable of altering keratinocytes’ growth, increasing their 
differentiation status, affecting their cell surface and immune modulation. Retinoids 
mediate gene transcription by binding to two families of nuclear receptors, the retinoid 
acid receptors (RARs) and the retinoid X receptors (RXRs). Retinoids have only a mild 
effect on existing tumors, but can suppress the development of new lesions (Campbell & 
DiGiovanna, 2006). In 1988, it was shown in a three year study that isotretinoin in a dose 
up to 2 mg/day/Kg was able to reduce skin cancers in XP patients by 63%. Unfortunately, 
in the year following the discontinuation of the treatment there was an increase of 8.5% of 
cancer incidence in those patients with reference to the two years of treatment (Kraemer et 
al., 1988). 
Furthermore, the constant use of retinoids can have severe side effects ranging from 
inflammation in existing tumors, dry skin and mucosa and hair loss to pancreatitis, 
osteoporosis, hyperostosis and myalgia among others. The retinoids’ toxicity is dose related 
and cumulative, but most of the side effects can be prevented with constant check-ups and 
use of local special moisturizers (Campbell & DiGiovanna, 2006). Indeed, several retinoids 
can be used as chemopreventives. The two most common are isotretinoin and acitretin, the 
first having a shorter half-life and being the drug of choice for women due to retinoids’ 
theratogenic potential, especially in fetuses (Campbell & DiGiovanna, 2006).  

6.4 Potential effects of DNA repair adjuvants 
The use of DNA repair adjuvants and antioxidants may also help reducing skin cancer 
incidence in XP patients. Some known DNA repair adjuvants are selenium, aquosum extract 
of Urcaria tomentosa and Interleukin-12 (IL-12) (Emanuel & Scheinfeld, 2007). 
Selenium seems to interact with Ref-1, activating p53, inducing the DNA repair branch of 
the p53 pathway, in a BRCA1-dependent manner, dealing mainly with oxidative stress 
(Fisher et al., 2006). On the other hand, it has been already reported that high levels of 
selenium can be mutagenic, carcinogenic and possibly teratogenic (Shamberger, 1985), 
probably due to non-specific sulfur substitution on proteins and consequent TC-NER 
activity decrease (Abul-Hassan et al., 2004). Thus, special attention should be taken 
regarding the dose of dietary selenium supplementation. 
The aquosum extract of Urcaria tomentosa (cat’s claw) seems to increase the removal of 
CPDs and reduce oxidative damage, either by an increase in base excision repair (BER) or 
by an antioxidant property, reducing erythema and blistering after UV. Despite several 
studies in vitro and in vivo, the precise mechanisms are still unknown (Emanuel & 
Scheinfeld, 2007). 
Another interesting finding is that, besides IL-12 being a strong immunomodulatory 
molecule, able to prevent UV-induced immunosuppression through IL-10 inhibition (de 
Gruijl, 2008), it is also capable of increasing DNA repair by inducing NER, as shown by the 
RNA level increase in some NER molecules (Schwarz et al., 2005). 
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6.5 Gene therapy targeted approaches: The use of meganucleases for correcting  
XP-C cells 
There are several techniques to specifically target, substitute, or correct a gene, diminishing 
the chances of insertional recombination, such as the use of recombinases, transposons, zinc-
finger nucleases, endonucleases and meganucleases (Silva et al., 2011). Meganucleases can 
function as RNA maturases, facilitating the maturation of their own intron or as specific 
endonucleases that can recognize and cleave the exon-exon junction sequence wherein their 
intron resides, creating a specific double strand break (DSB), giving rise to the moniker 
“homing endonuclease”. The meganuclease function is probably related to the current status 
of its lifecycle (Silva et al., 2011). 
Meganucleases can be used as gene targeting tools in several ways. Ideally, they can provide 
a true reversion of the mutation, but the efficacy of correction is invertionally correlated to 
the distance of the initial DNA DSB. Alternatively, it can insert a functional gene upstream 
of the mutated one or in a safe location where it will not induce insertional mutagenesis. 
Also, meganucleases can be used for introducing specific mutations for research purposes 
such as understanding the role of a gene or of a specific point mutation. Furthermore, 
meganucleases capable of targeting viral sequences are being researched as antiviral agents 
(Silva et al., 2011). 
Recently, the design of a specific I-CreI meganuclease targeting for the XPC gene was able to 
specifically target two XPC sequences, showing in vitro for the first time that extensive 
redesign of homing endonuclease can modify a specific chromosome region without lost of 
specificity or efficiency (Arnould et al., 2007). These results are very promising for the 
development of future gene therapy strategies for XP patients. 

6.6 Induced Pluripotent Cells (iPSCs) as gene therapy agents 
In 2006, the induction of pluripotent cells (iPSCs) by the expression of Oct3/4, Sox2, c-Myc 
and Klf4 in fibroblasts gave hope for a new gene therapy using pluripotent cells that would 
not elicit an immunological response in the patient, since his own cells would be used to 
induce the iPSCs and that would not be confronted by ethical issues like the use of 
embryonic stem cells (Takahashi & Yamanaka, 2006). Since then, this technology has been 
improved and iPSCs have been induced in a variety of cell types from different species. 
Also, iPSCs have been differentiated to several different cell types, from fibroblasts to 
neurons (Sidhu, 2011).  
Fanconi Anemina (FA) is a DNA repair related disease, where mutations in one of 
fourteen genes lead to extreme sensitivity to interstrand crosslinking agents. Patients 
show progressive bone marrow failure, congenital developmental abnormalities and early 
onset of cancers, mostly acute myelogenous leukemia and squamous cell carcinomas. 
Bone marrow transplantation is a palliative treatment for the secondary leukemia but no 
cure is currently available for FA patients (Kitao &.Takata, 2011). In 2009, Raya and co-
workers were able to use lentiviral vectors to genetically correct fibroblast and 
keratinocytes from patients with various FA complementation group deficiencies and 
then induce their dedifferentiation into pluripotent stem cells. Interestingly, uncorrected 
FA cells did not generate iPSCs, indicating a role for DNA repair in nuclear 
reprogramming. Thus, the generated iPSCs had normal FA genes and have the potential 
of being used for gene therapy of the donor patients, with no risk of inducing 
immunological rejection (Raya et al., 2009). Hopefully soon FA patients and others will be 
able to benefit from this technology as a safe gene therapy approach.  
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Gruijl, 2008), it is also capable of increasing DNA repair by inducing NER, as shown by the 
RNA level increase in some NER molecules (Schwarz et al., 2005). 
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6.5 Gene therapy targeted approaches: The use of meganucleases for correcting  
XP-C cells 
There are several techniques to specifically target, substitute, or correct a gene, diminishing 
the chances of insertional recombination, such as the use of recombinases, transposons, zinc-
finger nucleases, endonucleases and meganucleases (Silva et al., 2011). Meganucleases can 
function as RNA maturases, facilitating the maturation of their own intron or as specific 
endonucleases that can recognize and cleave the exon-exon junction sequence wherein their 
intron resides, creating a specific double strand break (DSB), giving rise to the moniker 
“homing endonuclease”. The meganuclease function is probably related to the current status 
of its lifecycle (Silva et al., 2011). 
Meganucleases can be used as gene targeting tools in several ways. Ideally, they can provide 
a true reversion of the mutation, but the efficacy of correction is invertionally correlated to 
the distance of the initial DNA DSB. Alternatively, it can insert a functional gene upstream 
of the mutated one or in a safe location where it will not induce insertional mutagenesis. 
Also, meganucleases can be used for introducing specific mutations for research purposes 
such as understanding the role of a gene or of a specific point mutation. Furthermore, 
meganucleases capable of targeting viral sequences are being researched as antiviral agents 
(Silva et al., 2011). 
Recently, the design of a specific I-CreI meganuclease targeting for the XPC gene was able to 
specifically target two XPC sequences, showing in vitro for the first time that extensive 
redesign of homing endonuclease can modify a specific chromosome region without lost of 
specificity or efficiency (Arnould et al., 2007). These results are very promising for the 
development of future gene therapy strategies for XP patients. 

6.6 Induced Pluripotent Cells (iPSCs) as gene therapy agents 
In 2006, the induction of pluripotent cells (iPSCs) by the expression of Oct3/4, Sox2, c-Myc 
and Klf4 in fibroblasts gave hope for a new gene therapy using pluripotent cells that would 
not elicit an immunological response in the patient, since his own cells would be used to 
induce the iPSCs and that would not be confronted by ethical issues like the use of 
embryonic stem cells (Takahashi & Yamanaka, 2006). Since then, this technology has been 
improved and iPSCs have been induced in a variety of cell types from different species. 
Also, iPSCs have been differentiated to several different cell types, from fibroblasts to 
neurons (Sidhu, 2011).  
Fanconi Anemina (FA) is a DNA repair related disease, where mutations in one of 
fourteen genes lead to extreme sensitivity to interstrand crosslinking agents. Patients 
show progressive bone marrow failure, congenital developmental abnormalities and early 
onset of cancers, mostly acute myelogenous leukemia and squamous cell carcinomas. 
Bone marrow transplantation is a palliative treatment for the secondary leukemia but no 
cure is currently available for FA patients (Kitao &.Takata, 2011). In 2009, Raya and co-
workers were able to use lentiviral vectors to genetically correct fibroblast and 
keratinocytes from patients with various FA complementation group deficiencies and 
then induce their dedifferentiation into pluripotent stem cells. Interestingly, uncorrected 
FA cells did not generate iPSCs, indicating a role for DNA repair in nuclear 
reprogramming. Thus, the generated iPSCs had normal FA genes and have the potential 
of being used for gene therapy of the donor patients, with no risk of inducing 
immunological rejection (Raya et al., 2009). Hopefully soon FA patients and others will be 
able to benefit from this technology as a safe gene therapy approach.  
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7. Concluding remarks 
Recombinant viral vectors were developed more than thirty years ago, and they have 
provided extremely useful tools to understand cell metabolism. This chapter focuses on 
their use to understand cells’ responses to DNA damage, especially UV-irradiated DNA 
repair-deficient cells. These vectors provide means to interfere in these responses, affecting 
DNA metabolism and revealing important aspects of the DNA repair mechanisms. The 
discovery of RNA interference mechanisms in human cells offer still more opportunities to 
modify cells’ responses by silencing specific DNA repair genes. Several libraries of viral 
vectors for the expression of small double-stranded RNA molecules (shRNA) targeting 
human genes are commercially available, and are already being used for understanding 
gene function. The use of such vectors to make cells deficient in more than one DNA repair 
pathway, using cells deficient in XP genes as hosts, for example, may help us to reveal the 
intricate network of interactions between the different metabolic pathways that contribute to 
genome maintenance after damage induction (Moraes, et al., 2011; in press). Moreover, the 
progress that has been made towards gene therapy for xeroderma pigmentosum, using 
these recombinant viral vectors is also discussed. Although the results indicate a series of 
limitations, and it is clear that there is still a long way to go, they make researchers go 
forward, giving a gleam of hope to these patients and their families. 
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1. Introduciton 
The term cancer, which is derived from the Greek word "karkinos", meaning crab, 
encompasses over 100 distinct diseases that are characterized by an uncontrolled 
multiplication of abnormal cells. The oldest written description of cancer known to exist 
dates back to about 1600 BC, but is believed to be based on a much earlier document, from 
ca. 3000 BC. It is part of the Edwin Smith Papyrus, and describes eight cases of breast 
tumors or ulcers in Egypt and their treatment by cauterization. Signs of cancer can also be 
traced back as far as 3000 BC, on the bones of mummies from ancient Egypt and Peru. 
Humans, though, must have fought against this pathology throughout their existence, for 
which, according to the above-mentioned papyrus, there was no cure (American Cancer 
Society, 2010). This opinion was shared by the Greek physician Hippocrates (about 400 BC), 
known today as the “Father of Medicine”, who believed that it was best to leave cancer 
alone, as those who received treatment did not survive long. Hippocrates claimed that 
cancer was due to an excess of black bile, one of the four fluids (or humors) that, according 
to the humoral theory that he developed, composed the body. Hippocrates was the first to 
use the words carcinos and carcinoma to describe non-ulcer forming and ulcer-forming 
tumors, probably to reflect similarities between certain aspects of the tumors’ appearance 
and that of crabs (Feinberg et al., 2006). In the first century BC, the Roman physician Celsus 
translated the Greek term into cancer, the Latin word for crab. Later, in the second century 
AD, Galen, another Roman physician, used the Greek word oncos (meaning swelling) to 
describe tumors.  
From ancient times, cancer never failed to attract the attention of the medical community, 
leading to advances in several areas, most notably in the surgical removal of tumors. 
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Interest in oncology clearly intensified in the eighteenth century, leading to arguably the 
first true experiments in cancer research, namely the inoculation of a dog with cancer fluid 
from humans, reported by Bernard Peyrilhe, in 1774 (Triolo, 1965). 
The multiple theories to explain neoplasia that accompanied the ever-increasing interest in 
oncological research were, almost inevitably, in line with the more general pathological 
theories of the time (Triolo, 1965). Accordingly, the vast majority of them have since fallen 
out of fashion. Understandably, the genetic basis of cancer, a cornerstone of modern cancer 
research, could only begin to unravel after the discovery of the chromosomes, those rod-like 
structures (mitosen) that formed from the nucleus fibrous network in the dividing nucleus, 
as observed by Walther Flemming, an acknowledged master of microscopy, during his 
landmark comprehensive investigation into cell division (Flemming, 1882). As the nuclear 
network could be easily stained, Flemming named it chromatin (i.e., stainable material), 
designating its metamorphosis as mitosis (from the Greek word for thread). In 1888, the term 
chromosome was finally coined, by Wilhelm Waldeyer (from chroma and soma, the Greek 
words for colored and body, respectively) (Waldeyer, 1888). Flemming's description of 
chromosomes was accompanied by a detailed account of the sequence of their movements 
during cell division, deduced from his many observations of cells in various stages of 
division (Flemming, 1882). He assumed that the chromosomes were longitudinally split 
during mitosis, the two halves partitioning into the two daughter cells at the end of the 
process. This account, which was confirmed, decades later, by microscopy of live dividing 
cells, is considered as a founding moment in genetic research. Likely unaware of Gregor 
Mendel's speculative work on heredity, which was published in an obscure journal in 1865 
(Mendel, 1866), Flemming did not make a connection between the distribution of nuclear 
material during cell division and genetic inheritance. Nonetheless, he provided scientific 
evidence for a plausible mechanism of transmission of hereditary traits. Developed a little 
more than two decades later by Theodor Boveri and Walter Sutton, working independently, 
the chromosome theory of inheritance, also known as the Sutton-Boveri theory, rightly 
confirmed the chromosomes as the carriers of the genetic material (Harris, 2008; Sutton, 
1903), thus expanding the science of genetics from the organismal level to the sub-cellular 
level. Still, almost another century had to elapse before cancer became widely recognized as 
a disease of the genes. In this section, a brief historical account is presented of the 
discoveries that, directly or indirectly, made a strong contribution to the establishment of 
the genetic basis of cancer. 

1.1 The chromosome theories of cancer formation: From Hansemann and Boveri to 
the Philadelphia chromosome 
In 1890, while studying mitosis in the human epidermis, David von Hansemann analyzed in 
detail 13 different carcinomas and consistently found examples of aberrant mitoses, namely 
multipolar mitoses and asymmetric distributions of chromosomes at anaphase. The 
occurrence of gross mitotic abnormalities in tumor cells had already been reported by 
several pathologists, but it was apparently Hansemann who first argued that aberrant cell 
divisions and the resulting abnormal (or aneuploid) karyotypes were essential determinants 
of malignancy (von Hansemann, 1890, as cited in Bignold et al., 2006). Similarities between 
these mitoses and those occurring during oögenesis, namely the generation of daughter cells 
with a decreased chromatin content (the polar bodies, in the case of oögenesis), seemed to 
support the gametogenic ideas of tumor formation that were current in the nineteenth 
century. These theories linked certain features of tumors, such as their increased capacity for 
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independent growth (section 3), to those of germ cells. However, in the mid-1890s, 
Hansemann had already abandoned the oögenic component of his theories. 
Hansemann’s seminal hypothesis of a link between chromosomes and cancer was largely 
ignored and, still to this day, the chromosomal theory of cancer formation is frequently fully 
credited to Theodor Boveri (Harris, 2008), a zoologist who pursued Hansemann's theory a 
decade later (Harris, 2008). Nonetheless, it has to be acknowledge that Boveri took to a 
higher level this relationship between karyotypic disorders, which he proposed to be mostly 
initiated by multipolar mitosis, and malignancies. Namely, he provided experimental 
evidence that certain chromosome combinations lead to abnormal development and 
proposed mechanisms of malignancy based on novel concepts. 
In the detailed studies that would culminate in his chromosome theory of inheritance, 
Boveri ingeniously devised experimental manipulations to artificially induce multipolar 
mitoses in sea urchin eggs (Harris, 2008). His apparently simple cytological procedures 
represented a major breakthrough: via aberrant chromosome segregations, cells with 
different chromosome complements were produced whose developmental prospects could 
be followed. As a result, pertinent links could be established between individual 
chromosomes and development. Boveri observed that, of the very few blastomeres that did 
not perish, most failed to follow their normal developmental pathways. From these different 
outcomes, he concluded that individual chromosomes were qualitatively dissimilar and that 
normal embryos could only develop when the right combination of chromosomes was 
present. Embryos perished possibly due to the loss of chromosomes involved in cellular 
housekeeping functions. Abnormal development resulted from loss of chromosomes 
involved in cellular functions that, although important, were not essential for the cells' 
viability. Particularly important in the context of tumorigenesis was the finding that, in the 
abnormal embryos that formed, blastula cells soon lost their epithelial contiguity, giving rise 
to irregular formations whose microscopic appearance was “strikingly similar to that of a 
medullary carcinoma”. From this and from the previous recognition that malignant cells 
exhibit abnormal chromosome constitutions, Boveri surmised that “malignant tumors might 
be the consequence of a certain abnormal chromosome constitution, which in some 
circumstances can be generated by multipolar mitoses" (Harris, 2008).  
Later, Boveri expanded his central hypothesis to include other concepts, some of which are, 
nowadays, basic tenets of cancer (Harris, 2008). After decades of intense research, it can now 
be appreciated that his ideas of "inhibitory chromosomes" and "activating chromosomes" 
anticipated the concepts of tumor suppressor genes and proto-oncogenes, respectively 
(section 1.2). He also foretold the existence of cell-cycle checkpoints (section 3), predicted the 
clonal origin of tumors and, implicitly, suggested that genomic instability drives the 
accumulation of chromosome aberrations and mutations in cancer. That many of Boveri's 
hypotheses were later proved correct is the more remarkable, considering that he never 
actually performed experiments with tumor tissue. Quite ironically, this same fact, together 
with his lack of medical training, may partly account for the great deal of skepticism with 
which the medical community met his views on the origin of malignant tumors.  
Experimental proof of some of Boveri’s predictions required the development of adequate 
cytogenetic techniques for counting and characterizing individual mammalian 
chromosomes. For instance, before the establishment of the correct chromosome number 
(i.e., 46), by Tjio and Levan, in 1956 (Tjio & Levan, 1956), the observation of 48 chromosomes 
in human tumors was accepted as normal, as this number was thought to represent the 
normal diploid number (Painter, 1921). 
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Interest in oncology clearly intensified in the eighteenth century, leading to arguably the 
first true experiments in cancer research, namely the inoculation of a dog with cancer fluid 
from humans, reported by Bernard Peyrilhe, in 1774 (Triolo, 1965). 
The multiple theories to explain neoplasia that accompanied the ever-increasing interest in 
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as observed by Walther Flemming, an acknowledged master of microscopy, during his 
landmark comprehensive investigation into cell division (Flemming, 1882). As the nuclear 
network could be easily stained, Flemming named it chromatin (i.e., stainable material), 
designating its metamorphosis as mitosis (from the Greek word for thread). In 1888, the term 
chromosome was finally coined, by Wilhelm Waldeyer (from chroma and soma, the Greek 
words for colored and body, respectively) (Waldeyer, 1888). Flemming's description of 
chromosomes was accompanied by a detailed account of the sequence of their movements 
during cell division, deduced from his many observations of cells in various stages of 
division (Flemming, 1882). He assumed that the chromosomes were longitudinally split 
during mitosis, the two halves partitioning into the two daughter cells at the end of the 
process. This account, which was confirmed, decades later, by microscopy of live dividing 
cells, is considered as a founding moment in genetic research. Likely unaware of Gregor 
Mendel's speculative work on heredity, which was published in an obscure journal in 1865 
(Mendel, 1866), Flemming did not make a connection between the distribution of nuclear 
material during cell division and genetic inheritance. Nonetheless, he provided scientific 
evidence for a plausible mechanism of transmission of hereditary traits. Developed a little 
more than two decades later by Theodor Boveri and Walter Sutton, working independently, 
the chromosome theory of inheritance, also known as the Sutton-Boveri theory, rightly 
confirmed the chromosomes as the carriers of the genetic material (Harris, 2008; Sutton, 
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a disease of the genes. In this section, a brief historical account is presented of the 
discoveries that, directly or indirectly, made a strong contribution to the establishment of 
the genetic basis of cancer. 

1.1 The chromosome theories of cancer formation: From Hansemann and Boveri to 
the Philadelphia chromosome 
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several pathologists, but it was apparently Hansemann who first argued that aberrant cell 
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these mitoses and those occurring during oögenesis, namely the generation of daughter cells 
with a decreased chromatin content (the polar bodies, in the case of oögenesis), seemed to 
support the gametogenic ideas of tumor formation that were current in the nineteenth 
century. These theories linked certain features of tumors, such as their increased capacity for 
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independent growth (section 3), to those of germ cells. However, in the mid-1890s, 
Hansemann had already abandoned the oögenic component of his theories. 
Hansemann’s seminal hypothesis of a link between chromosomes and cancer was largely 
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mitoses in sea urchin eggs (Harris, 2008). His apparently simple cytological procedures 
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different chromosome complements were produced whose developmental prospects could 
be followed. As a result, pertinent links could be established between individual 
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not perish, most failed to follow their normal developmental pathways. From these different 
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normal embryos could only develop when the right combination of chromosomes was 
present. Embryos perished possibly due to the loss of chromosomes involved in cellular 
housekeeping functions. Abnormal development resulted from loss of chromosomes 
involved in cellular functions that, although important, were not essential for the cells' 
viability. Particularly important in the context of tumorigenesis was the finding that, in the 
abnormal embryos that formed, blastula cells soon lost their epithelial contiguity, giving rise 
to irregular formations whose microscopic appearance was “strikingly similar to that of a 
medullary carcinoma”. From this and from the previous recognition that malignant cells 
exhibit abnormal chromosome constitutions, Boveri surmised that “malignant tumors might 
be the consequence of a certain abnormal chromosome constitution, which in some 
circumstances can be generated by multipolar mitoses" (Harris, 2008).  
Later, Boveri expanded his central hypothesis to include other concepts, some of which are, 
nowadays, basic tenets of cancer (Harris, 2008). After decades of intense research, it can now 
be appreciated that his ideas of "inhibitory chromosomes" and "activating chromosomes" 
anticipated the concepts of tumor suppressor genes and proto-oncogenes, respectively 
(section 1.2). He also foretold the existence of cell-cycle checkpoints (section 3), predicted the 
clonal origin of tumors and, implicitly, suggested that genomic instability drives the 
accumulation of chromosome aberrations and mutations in cancer. That many of Boveri's 
hypotheses were later proved correct is the more remarkable, considering that he never 
actually performed experiments with tumor tissue. Quite ironically, this same fact, together 
with his lack of medical training, may partly account for the great deal of skepticism with 
which the medical community met his views on the origin of malignant tumors.  
Experimental proof of some of Boveri’s predictions required the development of adequate 
cytogenetic techniques for counting and characterizing individual mammalian 
chromosomes. For instance, before the establishment of the correct chromosome number 
(i.e., 46), by Tjio and Levan, in 1956 (Tjio & Levan, 1956), the observation of 48 chromosomes 
in human tumors was accepted as normal, as this number was thought to represent the 
normal diploid number (Painter, 1921). 



 
DNA Repair and Human Health 

 

180 

To a certain extent, the establishment of cancer as a genetic disease went hand in hand with 
the development of the emerging discipline of genetics. One crucial issue was the molecular 
nature of Mendel's factors or characters, these packets of hereditary information that passed 
discretely from one generation to another and that were responsible for the different 
characteristics of an organism. By the end of the 1880s, Hugo de Vries had developed the 
concept of pangenes, "special particles for every hereditary character" that composed the 
chromosomes (de Vries, 1910).In 1914, Boveri suggested, with remarkable foresight that if 
Mendel’s hereditary units were located in the chromosomes, each chromosome had to 
contain a large number of units, probably arranged in a precise linear order. In his 
influential book "The Cell in Development and Inheritance", published in 1925, Edmund B. 
Wilson still referred to the gene, the term by which Mendel's factors became, by then, 
known, as "an hypothetical elementary entity that is essential to, or determines the 
development of a particular character” (Benson, 2001). In this context, the independent 
discoveries, by Hermann Muller (Muller, 1927) and Lewis Stadler (Stadler, 1928a,1928b), in 
1926–1927, that X-rays could induce mutations (in Drosophila and in barley and maize, 
respectively) were truly far-reaching, as they clearly proved genes to be susceptible to 
damage, transforming Mendel's abstractions into real biological entities. 
In 1960, while studying chronic myelogenous (or myeloid) leukemia, Peter Nowell and 
David Hungerford made a tremendous discovery: tumor cells of this type of leukemia (but 
not of acute myelogenous leukemia) contained a “minute chromosome” that replaced one of 
the four smallest autosomes, a modification that was not present in normal cells of the same 
patients. They proposed the existence of a causal relationship between this chromosome 
modification and the development of this type of leukemia (Nowell & Hungerford, 1960). 
Moreover, the presence of this minute chromosome in all malignant cells of these patients 
lent strong support to Boveri's proposal that tumors originate from a single cell (the 
monoclonal origin of cancer). 
Following the tradition to name each new chromosome after the city in which it was 
discovered, the minute chromosome was named the Philadelphia chromosome. Its true 
nature could finally be unraveled with the development of cytogenetic techniques of 
banding, particularly Giemsa banding (Nowell, 2007). In 1973, Janet Rowley demonstrated 
that it results from a translocation between the long arms of chromosomes 22 and 9 (Rowley, 
1973). Rowley reported other types of translocations in hematopoietic cancers, including a 
translocation between chromosomes 8 and 21 in acute myeloblastic leukemia cells (Rowley 
& Potter, 1976). Later, the genes involved in the Philadelphia translocation chromosome 
were identified: the v-abl Abelson murine leukemia viral oncogene homolog (ABL), on 
chromosome 9, and the breakpoint cluster region gene (BCR), on chromosome 22. Their 
juxtaposition creates a fusion gene which encodes an abnormal tyrosine kinase (Groffen et 
al., 1984; Lugo et al., 1990). 

1.2 From retroviruses to oncogenes and proto-oncogenes 
The hypothesis that cancer could be caused by viruses was put forward in the beginning of 
the twentieth century. Although it is now apparent that the number of cancer types directly 
induced by viruses is rather small, several decades of intense work on the molecular 
mechanisms of viral oncogenesis have, nonetheless, produced significant discoveries in 
cancer research. A special mentioned must be made to Peyton Rous. His discovery, in 1910, 
of an avian sarcoma that could be successfully transplanted to another host of the same 
breed (Rous, 1910) was followed, a year later, by his discoveries that cell-free filtrates of this 
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tumor could cause cancer and that the cancer-causing agent was a "filterable agent", as 
viruses were then called (Rous, 1911). This virus was later named Rous sarcoma virus (RSV), 
after its discoverer. Now regarded as ground breaking, these discoveries were not fully 
appreciated for several decades. Nonetheless, RSV was distributed to many laboratories and 
the slow accumulation of knowledge on this and other viruses that took place in the decades 
that followed eventually led to the discovery of the first oncogene, v-SRC, as well as to that 
of its cellular precursor, c-SRC. In the late 1960s, Robert Huebner and George Todaro 
proposed the "oncogene" hypothesis of cancer, according to which both spontaneous cancers 
and those induced by chemical and physical agents resulted from de-repression of a 
transforming gene of covert C-type RNA viruses (Huebner & Todaro, 1969). Their 
suggestion was based on the observation that particles of this unique class of retroviruses, of 
which RSV is the most famous example, were found to be present in almost all vertebrate 
species and could be vertically (i.e., genetically) transmitted from cell to progeny cell and 
from animal to progeny animal. As the induced expression of this gene transformed normal 
cells into tumor cells, they named it an oncogene. In 1970, G. Steve Martin identified a RSV 
mutant that was temperature sensitive for transformation, but replicated at the non-
permissive temperature. The discovery of this transformation-specific defect was an 
important step in the physical identification of the viral gene responsible for the 
transforming action of RSV (Martin, 1970), as it led to identification, by Peter Duesberg and 
Peter Vogt, of RNA sequences in the genome of RSV that were missing in the replication 
competent, but transformation-defective viral variants (Duesberg & Vogt, 1970). Finally, in 
1976, Dominique Stehelin, Michael Bishop and Harold Varmus identified the first retroviral 
oncogene: SRC (Stehelin et al., 1976a). Based on the intriguing fact that SRC was dispensable 
for virus replication, Bishop and Varmus speculated that it might be a cellular gene that was 
captured by the transforming virus. In subsequent studies using cDNA hybridization 
techniques, Bishop, Varmus and colleagues demonstrated the existence of v-SRC related 
sequences in the genome of birds (Stehelin et al., 1976b). To emphasize the lack a direct 
transforming action, unless mutated or overexpressed, this new type of gene, c-SRC, 
precursor of viral oncogenes, was designated a proto-oncogene (Iba et al., 1984; Parker et al., 
1984). The discovery of c-SRC triggered a frenzy of research into the roles of oncogenes, 
allowing for a better understanding of the signal-transduction pathways that control several 
biological processes. Of note was the finding that SRC is active in many human epithelial 
cancers (Bolen et al., 1987; Jacobs & Rubsamen, 1983; Yeatman, 2004). 

1.3 From hereditary cancers to tumor suppressor genes 
The idea that multiple mutations on DNA, both in somatic and germ-line cells, and the 
formation of cancer are closely related can be traced back to the beginning of the twentieth 
century (Bignold et al., 2006). In 1953, Carl Nordling analyzed the incidence of cancer in 
some countries and related it with the age and gender of the population, concluding that 
about six mutations (or hits) are concordant with the age when cancer usually emerges. He 
explained the high incidence of tumors in children by a higher rate of cell division during 
fetal development and, concomitantly, an enhanced accumulation of mutations (Nordling, 
1953). However, it was just in 1971, with Alfred Knudson, that the multiple-hit theory 
gained firm ground. Knudson made a statistical analysis of cases of retinoblastoma, a tumor 
of the retina, which occurs both sporadically and as an inherited disease. He analyzed the 
occurrence of both unilateral and bilateral tumors (i.e., occurring in a single or in both eyes, 
respectively) and established that retinoblastoma was caused by two mutations. In bilateral 
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tumor could cause cancer and that the cancer-causing agent was a "filterable agent", as 
viruses were then called (Rous, 1911). This virus was later named Rous sarcoma virus (RSV), 
after its discoverer. Now regarded as ground breaking, these discoveries were not fully 
appreciated for several decades. Nonetheless, RSV was distributed to many laboratories and 
the slow accumulation of knowledge on this and other viruses that took place in the decades 
that followed eventually led to the discovery of the first oncogene, v-SRC, as well as to that 
of its cellular precursor, c-SRC. In the late 1960s, Robert Huebner and George Todaro 
proposed the "oncogene" hypothesis of cancer, according to which both spontaneous cancers 
and those induced by chemical and physical agents resulted from de-repression of a 
transforming gene of covert C-type RNA viruses (Huebner & Todaro, 1969). Their 
suggestion was based on the observation that particles of this unique class of retroviruses, of 
which RSV is the most famous example, were found to be present in almost all vertebrate 
species and could be vertically (i.e., genetically) transmitted from cell to progeny cell and 
from animal to progeny animal. As the induced expression of this gene transformed normal 
cells into tumor cells, they named it an oncogene. In 1970, G. Steve Martin identified a RSV 
mutant that was temperature sensitive for transformation, but replicated at the non-
permissive temperature. The discovery of this transformation-specific defect was an 
important step in the physical identification of the viral gene responsible for the 
transforming action of RSV (Martin, 1970), as it led to identification, by Peter Duesberg and 
Peter Vogt, of RNA sequences in the genome of RSV that were missing in the replication 
competent, but transformation-defective viral variants (Duesberg & Vogt, 1970). Finally, in 
1976, Dominique Stehelin, Michael Bishop and Harold Varmus identified the first retroviral 
oncogene: SRC (Stehelin et al., 1976a). Based on the intriguing fact that SRC was dispensable 
for virus replication, Bishop and Varmus speculated that it might be a cellular gene that was 
captured by the transforming virus. In subsequent studies using cDNA hybridization 
techniques, Bishop, Varmus and colleagues demonstrated the existence of v-SRC related 
sequences in the genome of birds (Stehelin et al., 1976b). To emphasize the lack a direct 
transforming action, unless mutated or overexpressed, this new type of gene, c-SRC, 
precursor of viral oncogenes, was designated a proto-oncogene (Iba et al., 1984; Parker et al., 
1984). The discovery of c-SRC triggered a frenzy of research into the roles of oncogenes, 
allowing for a better understanding of the signal-transduction pathways that control several 
biological processes. Of note was the finding that SRC is active in many human epithelial 
cancers (Bolen et al., 1987; Jacobs & Rubsamen, 1983; Yeatman, 2004). 

1.3 From hereditary cancers to tumor suppressor genes 
The idea that multiple mutations on DNA, both in somatic and germ-line cells, and the 
formation of cancer are closely related can be traced back to the beginning of the twentieth 
century (Bignold et al., 2006). In 1953, Carl Nordling analyzed the incidence of cancer in 
some countries and related it with the age and gender of the population, concluding that 
about six mutations (or hits) are concordant with the age when cancer usually emerges. He 
explained the high incidence of tumors in children by a higher rate of cell division during 
fetal development and, concomitantly, an enhanced accumulation of mutations (Nordling, 
1953). However, it was just in 1971, with Alfred Knudson, that the multiple-hit theory 
gained firm ground. Knudson made a statistical analysis of cases of retinoblastoma, a tumor 
of the retina, which occurs both sporadically and as an inherited disease. He analyzed the 
occurrence of both unilateral and bilateral tumors (i.e., occurring in a single or in both eyes, 
respectively) and established that retinoblastoma was caused by two mutations. In bilateral 
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cases (familial cases), a mutation is inherited and the second mutation occurs after.  
In unilateral patients with sporadic cancers, both mutations are somatic. His hypothesis 
explained why a child born with the first hit in all cells was more likely to develop cancer in 
both eyes at an early stage and why a child who needed to have two mutations on somatic 
cells would probably just develop cancer in one eye (Knudson, 1971). Later,  
the retinoblastoma gene (Rb gene) was localized to chromosome 13 and unilateral and 
bilateral cancers were found to have the same second mutation in the Rb gene, indicating 
that cancer development occured after inactivation of the second allele of the gene (loss  
of heterozygosity) (Cavenee et al., 1983). The first tumor suppressor gene, Rb, was 
identified (Lee et al., 1987). In 1988, Harbour found abnormalities in the Rb gene in small 
cell lung cancer (Harbour et al., 1988). In the next years, multiple oncogenes (NEU, c-MYC, 
c-MYB, RAS) and tumor suppressor genes (Tp53, Rb) were found to be modified in 
different types of cancer. 

2 DNA lesions: Types, origins and consequences 
The genome is inherently unstable, undergoing spontaneous chemical reactions in the 
aqueous nuclear milieu, such as hydrolysis of nucleotide bases and non-enzymatic 
methylations. Genome integrity is also constantly compromised by occasional mismatches 
introduced by DNA polymerases during replication and by DNA strand breaks generated 
as a consequence of abortive activities of topoisomerases I and II. Finally, the genomes of all 
organisms are continuously exposed to a myriad of endogenous and exogenous agents that 
also produce DNA lesions (Jackson & Bartek, 2009). Altogether, these factors are responsible 
for the emergence of tens of thousands of DNA lesions per cell per day that corrupt our 
genetic information. These DNA lesions are varied and are frequently related to the nature 
of the genotoxic agent that produced them (Jackson & Bartek, 2009). They include adducts, 
oxidized bases, abasic sites, DNA crosslinks, single-strand breaks (SSBs) and, less 
frequently, double-strand breaks (DSBs). Although rather infrequent, these latter lesions are 
extremely toxic and difficult to repair. This section will briefly describe types, origins and 
consequences of DNA lesions that may be involved in tumorigenesis. 
There are multiple examples of spontaneous hydrolytic reactions occurring at the level of the 
DNA molecule, such as the hydrolytic deamination of the DNA base cytosine, leading to the 
formation of the aberrant base uracil. This type of reaction has a high rate of occurrence (~100-
500 times per human cell per day), particularly in regions of single-stranded DNA, such as 
replication forks, where protection of cytosines by the complementary strand is missing. Its 
incidence also increases with unmethylated cytosine. If this lesion stays unrepaired, point 
mutations C:G to T:A will occur upon DNA replication (Barnes & Lindahl, 2004; Parker & 
Stivers, 2011; Shen et al., 1994). Misincorporated uracils can be removed at a high rate by DNA 
glycosylases of the base excision repair (BER) pathway (section 4), generating gaps in the DNA 
strands. This type of gap that does not contain any base, i.e., neither a pyrimidine nor a purine 
are known as AP (apurinic/apyrimidinic) or abasic sites. The main problem is that adenine 
and guanine can also be removed from the DNA strands at a similar high rate. As the resulting 
AP sites are identical in all cases, the repair machinery will randomly incorporate a new base. 
Fortunately, this probably does not occur to a significant extent in vivo (Barnes & Lindahl, 
2004). Non-enzymatic hydrolysis of DNA bases (i.e., hydrolytic depurination) is another 
mechanism of production of abasic sites. Hydrolytic deamination is also responsible for the 
conversion of guanine, adenine and 5-methylcytosine to xanthine, hypoxanthine and thymine, 

 
DNA Damage, Repair and Misrepair in Cancer And in Cancer Therapy 

 

183 

respectively, a process that can also be induced by X-rays, oxygen radicals or alkylating agents 
(Barnes & Lindahl, 2004; Hoeijmakers, 2001). Hypoxanthine forms a more stable base pair with 
cytosine than with thymine, leading to A:T to G:C transversions. Xanthine also pairs 
preferentially with cytosine, but with less coding specificity. So, the formation of hypoxanthine 
may be more dangerous from the point of view of formation of premutagenic lesions (Lindahl, 
1993). The formation of thymine gives rise to G:T mispairs, frequently observed at CpG islands 
(Shen et al., 1994). 
Amongst endogenous genotoxic agents are certain by-products of physiological processes. 
Some of them, particularly reactive oxygen species (ROS) (Cooke et al., 2003) produced 
during aerobic cellular respiration, represent a considerable threat to genome integrity. One 
damaging effect of these reactive species is the loss of DNA bases. ROS, as well as nitrogen 
reactive species, are also formed at sites of inflammation and infection by neutrophils and 
macrophages (Kawanishi et al., 2006) and some of these reactive species can also be 
generated by environmental agents through redox-cycling processes, by Fenton reactions 
mediated by heavy metals (e.g., iron) and by ionizing radiation. The main modification that 
ROS introduce into the DNA backbone is the oxidation of guanine, generating 7,8-dihydro-
8-oxoguanine (8-oxo-guanine). Contrary to its normal counterpart, the oxidized base 
interacts with cytosine and adenine nucleotides with almost the same affinity, eventually 
causing the transversion mutation from G:C to T:A (Bruner et al., 2000). This same point 
mutation can result from the action of a variety of mutagens that also produce ROS, such as 
ultraviolet (UV) and ionizing radiation (see below). Not surprisingly, it is the second most 
frequently found somatic mutation in human cancers and is commonly found in the 
mutational spectrum of Tp53 gene (Bruner et al., 2000). 
The modification of bases is by no means restricted to the formation of 8-oxo-guanine. For 
instance, the highly mutagenic O6-methylguanine can be formed by external alkylating 
agents (e.g., N-methylnitrosourea) through transfer of a methyl group to the oxygen atom of 
a guanine. The modified base can also pair with thymine, and not only with cytosine 
(Barnes & Lindahl, 2004). 
UV light (Kapetanaki et al., 2006), ionizing radiation and various chemicals (Kondo, 1977; 
Shrivastav et al., 2010) are examples of exogenous genotoxic agents. Some of them, such as 
UV light, ionizing radiation and tobacco-derived chemicals, have been firmly established, by 
epidemiologic, animal and in vitro studies, as carcinogens. Exposure of the skin to UV 
radiation (both UV-A and –B; see below) is linked to skin cancer, both melanoma and non-
melanoma. Cancers of the lung, oral cavity and adjacent tissues, amongst others, are known 
to be induced by tobacco-derived chemicals, probably the most prevalent environmental 
cancer-causing chemicals. 
Under strong sunlight, UV radiation is a potent promoter of DNA lesions (Jackson & Bartek, 
2009). According to its wavelength, this radiation can be classified into UV-A (320–400 nm), 
-B (280–320 nm) and –C (200–280 nm). Fortunately, the ozone layer in the upper atmosphere 
completely absorbs the most energetic component, i.e., UV-C, as well as a significant portion 
of the UV-B component, with only about 1-10% of this latter component actually reaching 
the earth. However, the major part (90–99%) of UV-A radiation crosses the atmosphere, 
reaching the earth surface (Bachelor & Bowden, 2004). Although this radiation is not 
energetic enough to produce direct DNA damage, it, nonetheless, produces indirect 
damage, mainly through the induction of free radicals and singlet oxygen (Wang et al., 
2001). On the contrary, the more energetic UV-B radiation can interact directly with DNA, 
thus presenting an enhanced mutagenic and carcinogenic action. 
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cases (familial cases), a mutation is inherited and the second mutation occurs after.  
In unilateral patients with sporadic cancers, both mutations are somatic. His hypothesis 
explained why a child born with the first hit in all cells was more likely to develop cancer in 
both eyes at an early stage and why a child who needed to have two mutations on somatic 
cells would probably just develop cancer in one eye (Knudson, 1971). Later,  
the retinoblastoma gene (Rb gene) was localized to chromosome 13 and unilateral and 
bilateral cancers were found to have the same second mutation in the Rb gene, indicating 
that cancer development occured after inactivation of the second allele of the gene (loss  
of heterozygosity) (Cavenee et al., 1983). The first tumor suppressor gene, Rb, was 
identified (Lee et al., 1987). In 1988, Harbour found abnormalities in the Rb gene in small 
cell lung cancer (Harbour et al., 1988). In the next years, multiple oncogenes (NEU, c-MYC, 
c-MYB, RAS) and tumor suppressor genes (Tp53, Rb) were found to be modified in 
different types of cancer. 

2 DNA lesions: Types, origins and consequences 
The genome is inherently unstable, undergoing spontaneous chemical reactions in the 
aqueous nuclear milieu, such as hydrolysis of nucleotide bases and non-enzymatic 
methylations. Genome integrity is also constantly compromised by occasional mismatches 
introduced by DNA polymerases during replication and by DNA strand breaks generated 
as a consequence of abortive activities of topoisomerases I and II. Finally, the genomes of all 
organisms are continuously exposed to a myriad of endogenous and exogenous agents that 
also produce DNA lesions (Jackson & Bartek, 2009). Altogether, these factors are responsible 
for the emergence of tens of thousands of DNA lesions per cell per day that corrupt our 
genetic information. These DNA lesions are varied and are frequently related to the nature 
of the genotoxic agent that produced them (Jackson & Bartek, 2009). They include adducts, 
oxidized bases, abasic sites, DNA crosslinks, single-strand breaks (SSBs) and, less 
frequently, double-strand breaks (DSBs). Although rather infrequent, these latter lesions are 
extremely toxic and difficult to repair. This section will briefly describe types, origins and 
consequences of DNA lesions that may be involved in tumorigenesis. 
There are multiple examples of spontaneous hydrolytic reactions occurring at the level of the 
DNA molecule, such as the hydrolytic deamination of the DNA base cytosine, leading to the 
formation of the aberrant base uracil. This type of reaction has a high rate of occurrence (~100-
500 times per human cell per day), particularly in regions of single-stranded DNA, such as 
replication forks, where protection of cytosines by the complementary strand is missing. Its 
incidence also increases with unmethylated cytosine. If this lesion stays unrepaired, point 
mutations C:G to T:A will occur upon DNA replication (Barnes & Lindahl, 2004; Parker & 
Stivers, 2011; Shen et al., 1994). Misincorporated uracils can be removed at a high rate by DNA 
glycosylases of the base excision repair (BER) pathway (section 4), generating gaps in the DNA 
strands. This type of gap that does not contain any base, i.e., neither a pyrimidine nor a purine 
are known as AP (apurinic/apyrimidinic) or abasic sites. The main problem is that adenine 
and guanine can also be removed from the DNA strands at a similar high rate. As the resulting 
AP sites are identical in all cases, the repair machinery will randomly incorporate a new base. 
Fortunately, this probably does not occur to a significant extent in vivo (Barnes & Lindahl, 
2004). Non-enzymatic hydrolysis of DNA bases (i.e., hydrolytic depurination) is another 
mechanism of production of abasic sites. Hydrolytic deamination is also responsible for the 
conversion of guanine, adenine and 5-methylcytosine to xanthine, hypoxanthine and thymine, 
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respectively, a process that can also be induced by X-rays, oxygen radicals or alkylating agents 
(Barnes & Lindahl, 2004; Hoeijmakers, 2001). Hypoxanthine forms a more stable base pair with 
cytosine than with thymine, leading to A:T to G:C transversions. Xanthine also pairs 
preferentially with cytosine, but with less coding specificity. So, the formation of hypoxanthine 
may be more dangerous from the point of view of formation of premutagenic lesions (Lindahl, 
1993). The formation of thymine gives rise to G:T mispairs, frequently observed at CpG islands 
(Shen et al., 1994). 
Amongst endogenous genotoxic agents are certain by-products of physiological processes. 
Some of them, particularly reactive oxygen species (ROS) (Cooke et al., 2003) produced 
during aerobic cellular respiration, represent a considerable threat to genome integrity. One 
damaging effect of these reactive species is the loss of DNA bases. ROS, as well as nitrogen 
reactive species, are also formed at sites of inflammation and infection by neutrophils and 
macrophages (Kawanishi et al., 2006) and some of these reactive species can also be 
generated by environmental agents through redox-cycling processes, by Fenton reactions 
mediated by heavy metals (e.g., iron) and by ionizing radiation. The main modification that 
ROS introduce into the DNA backbone is the oxidation of guanine, generating 7,8-dihydro-
8-oxoguanine (8-oxo-guanine). Contrary to its normal counterpart, the oxidized base 
interacts with cytosine and adenine nucleotides with almost the same affinity, eventually 
causing the transversion mutation from G:C to T:A (Bruner et al., 2000). This same point 
mutation can result from the action of a variety of mutagens that also produce ROS, such as 
ultraviolet (UV) and ionizing radiation (see below). Not surprisingly, it is the second most 
frequently found somatic mutation in human cancers and is commonly found in the 
mutational spectrum of Tp53 gene (Bruner et al., 2000). 
The modification of bases is by no means restricted to the formation of 8-oxo-guanine. For 
instance, the highly mutagenic O6-methylguanine can be formed by external alkylating 
agents (e.g., N-methylnitrosourea) through transfer of a methyl group to the oxygen atom of 
a guanine. The modified base can also pair with thymine, and not only with cytosine 
(Barnes & Lindahl, 2004). 
UV light (Kapetanaki et al., 2006), ionizing radiation and various chemicals (Kondo, 1977; 
Shrivastav et al., 2010) are examples of exogenous genotoxic agents. Some of them, such as 
UV light, ionizing radiation and tobacco-derived chemicals, have been firmly established, by 
epidemiologic, animal and in vitro studies, as carcinogens. Exposure of the skin to UV 
radiation (both UV-A and –B; see below) is linked to skin cancer, both melanoma and non-
melanoma. Cancers of the lung, oral cavity and adjacent tissues, amongst others, are known 
to be induced by tobacco-derived chemicals, probably the most prevalent environmental 
cancer-causing chemicals. 
Under strong sunlight, UV radiation is a potent promoter of DNA lesions (Jackson & Bartek, 
2009). According to its wavelength, this radiation can be classified into UV-A (320–400 nm), 
-B (280–320 nm) and –C (200–280 nm). Fortunately, the ozone layer in the upper atmosphere 
completely absorbs the most energetic component, i.e., UV-C, as well as a significant portion 
of the UV-B component, with only about 1-10% of this latter component actually reaching 
the earth. However, the major part (90–99%) of UV-A radiation crosses the atmosphere, 
reaching the earth surface (Bachelor & Bowden, 2004). Although this radiation is not 
energetic enough to produce direct DNA damage, it, nonetheless, produces indirect 
damage, mainly through the induction of free radicals and singlet oxygen (Wang et al., 
2001). On the contrary, the more energetic UV-B radiation can interact directly with DNA, 
thus presenting an enhanced mutagenic and carcinogenic action. 
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The main DNA lesions generated by UV-B radiation are pyrimidine dimers, which are both 
cytotoxic and mutagenic (Lindahl & Wood, 1999). Upon sunlight exposure, each cell of 
exposed skin may suffer 50-100 such lesions per second. This type of radiation can be 
absorbed by the 5-6 double bonds of DNA pyrimidines, allowing them to open. When two 
pyrimidines are adjacent in a DNA molecule, covalent bonds can form between them. The 
most frequent product of this reaction is a four-membered ring [a cyclobutane-type 
pyrimidine dimer (CPD)], resulting from the formation of two bonds between the 
neighboring bases. Less frequently, only one bond forms between the two pyrimidine 
molecules, giving rise to a 6,4-photoproduct (Goodsell, 2001). The formation of dimers 
induces local distortions in the DNA helix that weaken base pairing. As a result, these 
dimers can be misread during replication, introducing mutations. The signature mutations 
caused by UV light involve C to T mutations, caused when cytosines are mispaired with 
adenine bases during replication. The replacement of one cytosine by one thymine accounts 
for 70% of the UV-induced mutations and 10% of mutations involve the replacement of both 
cytosines by two thymines (Brash, 1997; Sage et al., 1996). These signature mutations are 
frequently detected in the Tp53 tumor suppressor gene of most human non-melanoma skin 
cancers (Bruner et al., 2000), compromising its watchdog function (section 3), which strongly 
points for an important role in carcinogenesis. 
Interstrand crosslinks (ICLs), which involve the formation of a covalent bond between 
nucleotides of both strands, are also highly dangerous lesions. Given that these crosslinks 
involve both strands of DNA, they inhibit strand separation during replication and, 
consequently, prevent transcription and translation. A variety of bi-functional alkylating 
agents, including platinum compounds, mitomycin C, nitrogen mustards and psoralen, can 
induce this type of lesion. The interstrand crosslink structure formed depends on which 
compound interacts with DNA and, consequently, the nature of its repair is diverse (Hlavin 
et al., 2010). 
SSBs on the DNA backbone can be produced by both endogenous and exogenous agents, 
namely ROS and alkylating compounds, respectively. The formation of this type of lesion is 
intrinsically linked to the presence of AP sites on the DNA molecule and with the activity of 
the BER system (Hoeijmakers, 2001). The major concern about SSBs is that they can be 
precursors for a foremost dangerous lesion, i.e., DSBs. Indeed, when two SSBs arise in close 
proximity, or when the DNA-replication apparatus encounters a SSB, DSBs are formed. 
DSBs can also be induced by some anti-tumoral agents that induce ROS generation. These 
lesions have a particularly high incidence in telomeric regions due to imperfect metabolism 
of chromosome ends (Khanna & Jackson, 2001). 
The genome can also be modified on a large-scale basis through modifications in the 
structure and/or number of copies of chromosomes. Changes in chromosome structure, 
termed rearrangements, can occur by multiple processes, particularly by deletion or 
duplication of a chromosome portion, by inversion (modification of DNA orientation) or by 
translocation. The main cause of these chromosomal modifications is the breakage of DNA 
in two different locations, followed by a rejoining of the broken ends, which leads to a 
different chromosome organization (Nambiar & Raghavan, 2011). In the particular case of 
translocations, which exhibit a high prevalence in different types of cancer (section 1 and 
below), the lesion is formed when a segment of a given chromosome is moved to a different 
chromosome. The simplest type of translocation is the reciprocal translocation, usually 
involving change of genetic material between non-homologous chromosomes. As a 
consequence, translocations can cause recombination of normally separated genes (fusion 
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genes) or juxtaposition of the entire coding region next to an active promoter of other gene 
(Griffiths et al., 2004). 
Chromosome translocations are commonly observed on hematological cancers. About 90% 
of lymphomas and 50% of leukemias contain translocations (Nambiar & Raghavan, 2011). A 
translocation of genetic material between chromosomes 8 and 14 (t(8:14)(q24:q32)) is found 
on 80% of all cases of Burkitt lymphoma, resulting in the fusion of c-MYC (section 3), from 
chromosome 8, with a gene coding for a heavy-chain of a immunoglobulin (Hecht & Aster, 
2000; Taub et al., 1982). This translocation results on c-MYC overexpression, because it is 
placed under the control of 3’ regulatory elements of the immunoglobulin (Hecht & Aster, 
2000). The Philadelphia chromosome (section 1), which has a high incidence in chronic 
myelogenous leukemia, results from a translocation between the chromosomes 9 and 22, 
forming an aberrant BCR-ABL gene on chromosome 22. The protein expressed by this fusion 
gene has a constitutively tyrosine phosphokinase activity, which is essential for the 
oncogenic potential of BRC-ABL. This translocation is also found in acute lymphoblastic 
leukemia, but with a lower incidence (Kurzrock et al., 2003). These cases exemplify the 
activation of a gene through its insertion next to a promoter and the overexpression of a 
fusion gene, respectively.   
Translocations have also been found in solid tumors. For example, gene fusion was 
observed in a large number of prostate carcinomas, with TMPRSS2–ERG as the most 
common form. ERG overexpression is associated with in vitro invasiveness by activation of 
metalloproteinase pathways (Kumar-Sinha et al., 2008). For a list of translocations associated 
with non-lymphoid malignancies, the reader is referred to (Nambiar et al., 2008). 
Despite their frequent occurrence in tumors, the exact mechanism of translocation formation 
is not fully understood. However, it is well known that formation of DSBs is essential 
(Khanna & Jackson, 2001). On hematopoietic tumors, chromosomal translocations usually 
involve the immunoglobulin locus on chromosome 14 and some data suggest that V(D)J 
recombination, a site-specific reaction necessary for the assembly of antigen receptor genes 
in developing B and T lymphocytes (Nussenzweig & Nussenzweig, 2010), may have an 
important role in this process (Nambiar & Raghavan, 2011). 

3. The hallmarks of cancer and their genetic underpinnings 
Advances in the last century allowed us to comprehend at the cellular and molecular levels 
tissue architecture and function in metazoans. During embryonic development, tailoring of 
new tissues is achieved through cell-cell competition: when two cell subpopulations with 
the same ancestry, but different growth potentials arise, faster-growing cells induce 
apoptosis in slower-growing ones and later engulf them, achieving a higher relative 
contribution to the adult tissue (Johnston, 2009). In adults, almost all organs possess niches 
harboring lineage-specific adult stem cells, which can be stimulated upon injury to produce 
progenitor (or transit amplifying) cells. These will then divide a certain number of times to 
regenerate the tissue, until they eventually become terminally differentiated (He et al., 2009). 
Cell growth and division occur in a periodical manner throughout a cell’s proliferative life. 
Experiments in plants carried out in the early 1950s established that each cell had DNA 
“units” characteristic of its particular strain. The amount of this DNA duplicated during 
growth and was halved during gamete production (Swift, 1950). Later studies using DNA 
labeled with radioactive phosphorus (32P) permitted a more accurate analysis of the DNA 
content throughout the cell cycle (Howard & Pelc, 1953), which suggested a partition in 
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consequently, prevent transcription and translation. A variety of bi-functional alkylating 
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induce this type of lesion. The interstrand crosslink structure formed depends on which 
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namely ROS and alkylating compounds, respectively. The formation of this type of lesion is 
intrinsically linked to the presence of AP sites on the DNA molecule and with the activity of 
the BER system (Hoeijmakers, 2001). The major concern about SSBs is that they can be 
precursors for a foremost dangerous lesion, i.e., DSBs. Indeed, when two SSBs arise in close 
proximity, or when the DNA-replication apparatus encounters a SSB, DSBs are formed. 
DSBs can also be induced by some anti-tumoral agents that induce ROS generation. These 
lesions have a particularly high incidence in telomeric regions due to imperfect metabolism 
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The genome can also be modified on a large-scale basis through modifications in the 
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termed rearrangements, can occur by multiple processes, particularly by deletion or 
duplication of a chromosome portion, by inversion (modification of DNA orientation) or by 
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in two different locations, followed by a rejoining of the broken ends, which leads to a 
different chromosome organization (Nambiar & Raghavan, 2011). In the particular case of 
translocations, which exhibit a high prevalence in different types of cancer (section 1 and 
below), the lesion is formed when a segment of a given chromosome is moved to a different 
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consequence, translocations can cause recombination of normally separated genes (fusion 
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genes) or juxtaposition of the entire coding region next to an active promoter of other gene 
(Griffiths et al., 2004). 
Chromosome translocations are commonly observed on hematological cancers. About 90% 
of lymphomas and 50% of leukemias contain translocations (Nambiar & Raghavan, 2011). A 
translocation of genetic material between chromosomes 8 and 14 (t(8:14)(q24:q32)) is found 
on 80% of all cases of Burkitt lymphoma, resulting in the fusion of c-MYC (section 3), from 
chromosome 8, with a gene coding for a heavy-chain of a immunoglobulin (Hecht & Aster, 
2000; Taub et al., 1982). This translocation results on c-MYC overexpression, because it is 
placed under the control of 3’ regulatory elements of the immunoglobulin (Hecht & Aster, 
2000). The Philadelphia chromosome (section 1), which has a high incidence in chronic 
myelogenous leukemia, results from a translocation between the chromosomes 9 and 22, 
forming an aberrant BCR-ABL gene on chromosome 22. The protein expressed by this fusion 
gene has a constitutively tyrosine phosphokinase activity, which is essential for the 
oncogenic potential of BRC-ABL. This translocation is also found in acute lymphoblastic 
leukemia, but with a lower incidence (Kurzrock et al., 2003). These cases exemplify the 
activation of a gene through its insertion next to a promoter and the overexpression of a 
fusion gene, respectively.   
Translocations have also been found in solid tumors. For example, gene fusion was 
observed in a large number of prostate carcinomas, with TMPRSS2–ERG as the most 
common form. ERG overexpression is associated with in vitro invasiveness by activation of 
metalloproteinase pathways (Kumar-Sinha et al., 2008). For a list of translocations associated 
with non-lymphoid malignancies, the reader is referred to (Nambiar et al., 2008). 
Despite their frequent occurrence in tumors, the exact mechanism of translocation formation 
is not fully understood. However, it is well known that formation of DSBs is essential 
(Khanna & Jackson, 2001). On hematopoietic tumors, chromosomal translocations usually 
involve the immunoglobulin locus on chromosome 14 and some data suggest that V(D)J 
recombination, a site-specific reaction necessary for the assembly of antigen receptor genes 
in developing B and T lymphocytes (Nussenzweig & Nussenzweig, 2010), may have an 
important role in this process (Nambiar & Raghavan, 2011). 

3. The hallmarks of cancer and their genetic underpinnings 
Advances in the last century allowed us to comprehend at the cellular and molecular levels 
tissue architecture and function in metazoans. During embryonic development, tailoring of 
new tissues is achieved through cell-cell competition: when two cell subpopulations with 
the same ancestry, but different growth potentials arise, faster-growing cells induce 
apoptosis in slower-growing ones and later engulf them, achieving a higher relative 
contribution to the adult tissue (Johnston, 2009). In adults, almost all organs possess niches 
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Experiments in plants carried out in the early 1950s established that each cell had DNA 
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phases that still holds today (Sisken & Morasca, 1965). Cell cycle can be broadly divided in 
interphase and mitotic (M) phase. Interphase is a phase of growth during which 
metabolically active cells prepare themselves for cell division. It can be further divided in 
Gap 1 (G1), when cells receive external stimuli to grow, Synthesis (S), when DNA 
duplication occurs, and Gap2 (G2), which serves for cells to continue augmenting their size 
and ensuring that the mitotic machinery is ready. M phase can be further divided into 
mitosis, i.e., the division of the nucleus (and its chromosomes), and cytokinesis, i.e., division 
of the cytoplasm, giving rise to two daughter cells, genetically identical to each other and to 
the mother cell (Morgan, 2007).    
Apoptosis is the programmed cell suicide that occurs following specific signals, which may 
be either intracellular stresses or external signals (intrinsic and extrinsic program of 
apoptosis, respectively). The main purpose of this cellular program is the protection of 
organisms from eventual deleterious effects of individual defective cells (Kerr et al., 1972). It 
is always an unbalance between pro- and anti-apoptotic proteins (Adams & Cory, 2007) that 
triggers a cascade of cellular events, ultimately leading to activation of dormant cysteine 
proteases, the caspases, whose effector members provoke controlled cell disintegration 
(Danial & Korsmeyer, 2004).  
Under normal conditions, cell cycle progression is tightly regulated (Rajewsky & Muller, 
2002). When genomic integrity is compromised beyond a certain level, apoptosis ensues in 
order to guard the viability and function of the organism as a whole (Kerr et al., 1972; 
Levine, 1997). In stark contrast, the high genomic instability existent in tumor cells, which 
may result, for instance, from overall DNA hypo-methylation (Eden et al., 2003) or 
deficiency in mismatch repair (MMR; discussed in the next section) (Parsons et al., 1993), 
gives rise to a set of mutations in growth-related genes that bestows cancer cells with 
enhanced growth and down-regulated apoptosis. These properties work in combination as a 
potent driving force of the aggressive capacity of neoplasias to rapidly evolve and 
proliferate (Campbell et al., 2010). 
Mutations with carcinogenic potential are mainly restricted to two classes of genes: proto-
oncogenes and tumor suppressor genes. Proto-oncogene products are involved in 
development and tissue maintenance, usually having a stimulatory effect on cell growth; 
their mutated versions are called oncogenes and are, by definition, capable of inducing 
cancer through constitutive activation of proliferation (Adamson, 1987). On the other hand, 
tumor (or growth) suppressor gene products restrain cell growth and division and may 
even elicit apoptosis. The Tp53 gene is a well-known example (Levine, 1997).     
As mentioned before (section 1), the term cancer does not designate a single pathology, but 
rather over 100 distinct neoplastic diseases (or types of cancer) best known by an 
uncontrolled multiplication of abnormal cells. The observation, in pathological analyses, of 
particular lesions that seemed to represent intermediate, or premalignant, states between 
normalcy and invasive cancers strongly suggested that human tumorigenesis is a multistep 
process. Paradoxically, carcinogenesis and normal aging share more traits than previously 
suspected, including increasingly heterogeneous gene expression patterns (Bahar et al., 2006; 
Campbell et al., 2010) and modifications in DNA repair systems (Finkel et al., 2007). The fact 
that the genomes of tumor cells invariably exhibit multiple alterations, ranging from the 
gross changes in chromosome complement, identified more than a century ago (section 1), 
to single base substitutions (i.e., point mutations; e.g., Kinzler & Vogelstein, 1996), led to the 
concept of cancer as a genetic disease. Thus, according to the dominant paradigm, 
carcinogenesis involves the successive acquisition of genetic alterations that confer certain 
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growth advantages (Fearon & Vogelstein, 1990). These alterations, when co-adjuvanted by 
chronic exposure to a growth promoter (Berenblum & Haran, 1955), act as a positive 
feedback loop, allowing further genetic alterations to accumulate. As a result, normal cell 
proliferation and homeostasis are progressively subverted, driving the stepwise 
transformation of normal human cells into increasingly malignant tumor masses. Taken 
together, these and other observations depict neoplastic transformation as a micro-
evolutionary process: its inception depends on the ab initio transformation of a single cell 
and on the natural selection pressures that this transformed cell must overcome in order to 
thrive and proliferate in a specific hostile microenvironment, giving rise, through successive 
rounds of clonal selection, to a tumor mass, from which a subset of cells, possessing 
clonogenic potential, will invade surrounding and, ultimately, distant tissues (Aslakson & 
Miller, 1992). 
In 2000, Hanahan and Weinberg, construing the seminal discoveries on the molecular basis 
of cancer achieved during the twentieth century, hypothesized that, in spite of their 
remarkable diversity, all neoplastic diseases might be rationalized in terms of a small 
number of underlying principles. At the time, they identified six well-defined traits 
(hallmarks) acquired by most, if not all, animal cells during their progressive transformation 
into fully malignant derivatives: self-sufficiency in growth signals, insensitivity to growth-
inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), limitless 
replicative potential, sustained angiogenesis and tissue invasion and metastasis (Hanahan & 
Weinberg, 2000). Very recently, and based on the intense research performed in this field 
during the last decade, the same authors updated this conceptual framework of cancer 
biology and included genomic instability as an instrumental, enhancing characteristic of 
tumorigenesis (Hanahan & Weinberg, 2011). Other emerging topics are tumor-associated 
cells and bioenergetics. 
This section will briefly address the regulatory circuits that govern normal cell proliferation 
and homeostasis and then describe some of the genetic reprogramming that may underlie the 
hallmarks of cancer. It must be stressed that, although this chapter focuses on genetic 
alterations, it is now well established that epigenetic changes can be adjuvants or even 
surrogates of genetic mutations: for instance, specific DNA hypermethylation leads to 
silencing of tumor suppressor genes (Herman & Baylin, 2003) and hypo-methylation not only 
allows up-regulated transcription of oncogenes (Nishigaki et al., 2005), but also, when 
generalized, genomic instability (Eden et al., 2003). This additional layer of complexity sheds 
light on the conspicuous heterogeneity of cancer cell populations (Feinberg et al., 2006) and 
accommodates the groundbreaking report of the generation of a whole mouse by transference 
of a melanoma cell nucleus into a normal oocyte. Thus, at least for some cancers, alterations 
that lead to aberrant development and malignization may be essentially perennial, rather than 
engraved in the genome (Hochedlinger et al., 2004). Probably even more impressive is the fact 
that normal cells belonging to tumor stroma may behave as co-conspirators. For instance, 
cancer-associated fibroblasts may actively contribute to tumor initiation (Hayward et al., 2001) 
and progression (Olumi et al., 1999) and senescent fibroblasts were shown to foster 
tumorigenic potential of neoplastic cells (Krtolica et al., 2001). 

3.1 The regulatory circuits that govern normal cell proliferation and homeostasis 
Eukaryotic cells are dependent on paracrine signaling to progress through the G1 phase of 
the cell cycle: growth factors produced by neighboring cells, such as endothelial growth 
factor (EGF) and platelet-derived growth factor (PDGF), are sensed by receptor tyrosine 
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phases that still holds today (Sisken & Morasca, 1965). Cell cycle can be broadly divided in 
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apoptosis, respectively). The main purpose of this cellular program is the protection of 
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triggers a cascade of cellular events, ultimately leading to activation of dormant cysteine 
proteases, the caspases, whose effector members provoke controlled cell disintegration 
(Danial & Korsmeyer, 2004).  
Under normal conditions, cell cycle progression is tightly regulated (Rajewsky & Muller, 
2002). When genomic integrity is compromised beyond a certain level, apoptosis ensues in 
order to guard the viability and function of the organism as a whole (Kerr et al., 1972; 
Levine, 1997). In stark contrast, the high genomic instability existent in tumor cells, which 
may result, for instance, from overall DNA hypo-methylation (Eden et al., 2003) or 
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growth advantages (Fearon & Vogelstein, 1990). These alterations, when co-adjuvanted by 
chronic exposure to a growth promoter (Berenblum & Haran, 1955), act as a positive 
feedback loop, allowing further genetic alterations to accumulate. As a result, normal cell 
proliferation and homeostasis are progressively subverted, driving the stepwise 
transformation of normal human cells into increasingly malignant tumor masses. Taken 
together, these and other observations depict neoplastic transformation as a micro-
evolutionary process: its inception depends on the ab initio transformation of a single cell 
and on the natural selection pressures that this transformed cell must overcome in order to 
thrive and proliferate in a specific hostile microenvironment, giving rise, through successive 
rounds of clonal selection, to a tumor mass, from which a subset of cells, possessing 
clonogenic potential, will invade surrounding and, ultimately, distant tissues (Aslakson & 
Miller, 1992). 
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remarkable diversity, all neoplastic diseases might be rationalized in terms of a small 
number of underlying principles. At the time, they identified six well-defined traits 
(hallmarks) acquired by most, if not all, animal cells during their progressive transformation 
into fully malignant derivatives: self-sufficiency in growth signals, insensitivity to growth-
inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), limitless 
replicative potential, sustained angiogenesis and tissue invasion and metastasis (Hanahan & 
Weinberg, 2000). Very recently, and based on the intense research performed in this field 
during the last decade, the same authors updated this conceptual framework of cancer 
biology and included genomic instability as an instrumental, enhancing characteristic of 
tumorigenesis (Hanahan & Weinberg, 2011). Other emerging topics are tumor-associated 
cells and bioenergetics. 
This section will briefly address the regulatory circuits that govern normal cell proliferation 
and homeostasis and then describe some of the genetic reprogramming that may underlie the 
hallmarks of cancer. It must be stressed that, although this chapter focuses on genetic 
alterations, it is now well established that epigenetic changes can be adjuvants or even 
surrogates of genetic mutations: for instance, specific DNA hypermethylation leads to 
silencing of tumor suppressor genes (Herman & Baylin, 2003) and hypo-methylation not only 
allows up-regulated transcription of oncogenes (Nishigaki et al., 2005), but also, when 
generalized, genomic instability (Eden et al., 2003). This additional layer of complexity sheds 
light on the conspicuous heterogeneity of cancer cell populations (Feinberg et al., 2006) and 
accommodates the groundbreaking report of the generation of a whole mouse by transference 
of a melanoma cell nucleus into a normal oocyte. Thus, at least for some cancers, alterations 
that lead to aberrant development and malignization may be essentially perennial, rather than 
engraved in the genome (Hochedlinger et al., 2004). Probably even more impressive is the fact 
that normal cells belonging to tumor stroma may behave as co-conspirators. For instance, 
cancer-associated fibroblasts may actively contribute to tumor initiation (Hayward et al., 2001) 
and progression (Olumi et al., 1999) and senescent fibroblasts were shown to foster 
tumorigenic potential of neoplastic cells (Krtolica et al., 2001). 

3.1 The regulatory circuits that govern normal cell proliferation and homeostasis 
Eukaryotic cells are dependent on paracrine signaling to progress through the G1 phase of 
the cell cycle: growth factors produced by neighboring cells, such as endothelial growth 
factor (EGF) and platelet-derived growth factor (PDGF), are sensed by receptor tyrosine 
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kinases (RTKs) (Robinson et al., 2000). These extracellular cues are internalized by RTKs 
through the activation of the highly conserved mitogen-activated protein kinase (MAPK) 
pathway, more specifically the RAS/RAF/MEK/ERK pathway (Mcubrey et al., 2007). This 
protein kinase cascade is responsible for conveying and amplifying extracellular signals of 
growth factors to transcription factors that activate expression of genes essential for cell 
cycle progression (Aktas et al., 1997), such as c-FOS and c-MYC (Armelin et al., 1984; Kruijer 
et al., 1984). When the environment is hostile, either due to deprivation of growth factors 
(Zetterberg & Larsson, 1985) or nutrients (Tobey & Ley, 1970), or upon contact inhibition 
(Nilausen & Green, 1965), cells stop dividing in a reversible manner. When this mechanism 
of adaptation was initially observed, termed negative pleiotypic response at that time 
(Hershko et al., 1971), it was controversial whether cells were fixed somewhere in G1 or 
whether cell cycle was effectively abandoned. Later findings have shown that several cell 
growth inhibitory conditions lead to cell cycle exit to a quiescent viable state, or G0 phase, at 
a particular point of G1 (Pardee, 1974). This point, termed the restriction (R) point, is now 
known to be the checkpoint for entrance in S phase (Harbour & Dean, 2000). Tp53, widely 
known as caretaker of genome integrity (Levine, 1997), was attributed a central role in 
triggering and maintaining this quiescent state in human cells (Itahana et al., 2002). Despite 
this apparent unity, it was found that different growth inhibitory conditions (e.g., serum 
withdrawal and high cell density) may trigger quiescence through distinct genetic 
mechanisms (Gos et al., 2005). 
What is, then, the molecular basis governing commitment to cell division? Curiously, a 
single locus in the short arm of chromosome (9p21), CDKN2a, codes two paramount 
proteins in R point regulation, p16INK4a and p14ARF (Quelle et al., 1997). p16INK4a inhibits 
cyclin-dependent kinases (CDKs) 4 and 6, responsible for the phosphorylation of 
retinoblastoma protein, Rb, the guardian of the R point. While in the hypo-phosphorylated 
state, Rb halts entry into S phase by imprisoning proteins of the elongation factor 2 (E2F) 
family necessary for the transcription of genes involved in DNA synthesis. In the presence 
of extracellular growth stimuli, p16INK4a inhibition takes place, allowing entry into S phase 
(Harbour & Dean, 2000); it is noteworthy, however, that excessive mitogenic signaling can 
actually activate p16INK4a (Lin et al., 1998) and induce senescence. On the other hand, ARF 
represses HDM2, a negative regulator of Tp53, in turn responsible for promoting cell cycle 
arrest via enhanced transcription of GADD45, a PCNA-binding protein (Levine, 1997). This 
frugality of nature in allocating in the same locus two cell cycle inhibitors acting upstream 
the most preponderant cell division regulators, Rb and Tp53, is very rare in mammalian 
genomes. Interestingly, insertion of cancer-associated p16INK4a/p14ARF locus mutations in 
mice, whilst compromising G1 arrest through p16INK4a, did not affect ARF function (Quelle 
et al., 1997). These findings are biologically sound: though the action of Rb as a downstream 
element of Tp53-driven cell cycle arrest (Hahn & Weinberg, 2002) might suggest the 
existence of a single pathway involving these two proteins, it is long known that, whereas 
p16INK4a induces G1 arrest, p14ARF can block cell cycle both at G1 and G2 phases (Quelle et 
al., 1995). In fact, the number of independent functions ascribed to these tumor suppressors 
has been growing remarkably: Tp53 functions as a cell death arbiter, triggering apoptosis in 
response to genotoxic (Levine, 1997), acidic (Williams et al., 1999) and hypoxic (Hammond & 
Giaccia, 2005) stresses, acting also as a bioenergetic switch (Ma et al., 2007), while Rb has 
been shown to carry out its tumor suppressor activity also via cell cycle-independent 
transcriptional promotion of differentiation (Sellers et al., 1998), being neuronal migration a 
recently described example (Mclellan et al., 2007). Finally, it is important to note that much 
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remains to be known about the integration of Tp53 and Rb pathways at the organismal 
level, as mice genetically engineered to harbor individual cells lacking either Tp53 
(Ghebranious & Donehower, 1998) or Rb (Lipinski & Jacks, 1999) displayed no neoplasias, 
exhibiting only a greater tendency to develop malignancies late in life. 
Apart from growth factors, normal cells need also to be anchored on a substratum in order 
to proceed in cell cycle (Schulze et al., 1996). This is due to the dependence of Cyclin A gene 
expression, a crucial event for DNA replication (Girard et al., 1991), on cell anchorage. 
Indeed, forced expression of Cyclin D1 was sufficient to ablate blockade of Cyclin A 
expression and, concomitantly, cell cycle progression (Schulze et al., 1996). This cell cycle 
regulator associates with CDKs 4 and 6 (Sherr & Roberts, 1999), eliciting Rb phosphorylation 
and, consequently, entrance into S phase, as described above (Harbour & Dean, 2000). 
Actually, the sustenance of a feature classically associated with tumorigenic and metastatic 
potential, anchorage-independent growth (Shin et al., 1975), is achieved through constitutive 
activation of Cyclin D1 proto-oncogene via mutations, translocations or amplification 
(Moreno-Bueno et al., 2003). Furthermore, in that state of anchorage-independent growth, 
the expression profiles of surface adhesion molecules, essential for the establishment of 
anchorage-dependent growth, are tightly regulated to favor growth and metastasis: AKT, 
activated through direct phosphorylation by up-regulated integrin-linked kinase (ILK), 
increases integrin expression, leading to malignization and invasiveness (Mizejewski, 1999; 
Persad et al., 2001; Persad & Dedhar, 2003), whereas loss of vinculin fosters anchorage-
independent growth (Rodriguez Fernandez et al., 1993; Rodriguez Fernandez et al., 1992) 
and downregulates the tumor suppressor phosphatese and tensin homolog (PTEN) 
(Subauste et al., 2005).  

3.2 Subversion of growth signaling pathways 
One of the characteristics of cancer cells that have long intrigued scientists is their autonomy 
relatively to the surrounding tissues. Cancer cells have developed several strategies to 
outwit normal proliferation homeostasis within an organism, namely self-sufficiency in 
growth signals and insensitivity to growth-inhibitory signals. Although much remains to be 
known concerning the precise cellular and molecular mechanisms underlying these 
capabilities, likely to be cancer-type specific, it is now clear that several cancer cell types 
engage in autocrine growth signaling: by synthesizing and extruding to the extracellular 
medium growth factors that are recognized by their own surface receptors, these cells 
trigger their own proliferation (Grivennikov & Karin, 2008; Pandey et al., 2008). A classical 
example is transforming growth factor alpha (TGF-α), initially discovered in retrovirus-
transformed cells (de Larco & Todaro, 1978), which competes with EGF for its receptor, 
EGFR, due to structural similarity (Marquardt et al., 1984). TGF-α autocrine overactivity is a 
common feature of cancers, being TGF-α amplification one of the underlying mechanisms 
(Yung et al., 1990), revealed essential for growth initiation of cancer cells (Jiang et al., 1998). 
Additionally, some tumors display mutated versions of EGFR that chronically impinge on 
signaling pathways, independently of any stimulation by their respective ligands (Boerner et 
al., 2003). 
But how do these cells sustain the resultant constitutive growth? It is now evident that, 
during carcinogenesis, cells undergo a profound reset of their signaling pathways 
downstream of this unchecked stimulatory input, usually also through mutations in proto-
oncogenes. Paradigmatic examples are RAS and RAF (Davies & Samuels, 2010), as 
mutations in these genes lead to production of abnormal proteins that drive constitutive 
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kinases (RTKs) (Robinson et al., 2000). These extracellular cues are internalized by RTKs 
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protein kinase cascade is responsible for conveying and amplifying extracellular signals of 
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whether cell cycle was effectively abandoned. Later findings have shown that several cell 
growth inhibitory conditions lead to cell cycle exit to a quiescent viable state, or G0 phase, at 
a particular point of G1 (Pardee, 1974). This point, termed the restriction (R) point, is now 
known to be the checkpoint for entrance in S phase (Harbour & Dean, 2000). Tp53, widely 
known as caretaker of genome integrity (Levine, 1997), was attributed a central role in 
triggering and maintaining this quiescent state in human cells (Itahana et al., 2002). Despite 
this apparent unity, it was found that different growth inhibitory conditions (e.g., serum 
withdrawal and high cell density) may trigger quiescence through distinct genetic 
mechanisms (Gos et al., 2005). 
What is, then, the molecular basis governing commitment to cell division? Curiously, a 
single locus in the short arm of chromosome (9p21), CDKN2a, codes two paramount 
proteins in R point regulation, p16INK4a and p14ARF (Quelle et al., 1997). p16INK4a inhibits 
cyclin-dependent kinases (CDKs) 4 and 6, responsible for the phosphorylation of 
retinoblastoma protein, Rb, the guardian of the R point. While in the hypo-phosphorylated 
state, Rb halts entry into S phase by imprisoning proteins of the elongation factor 2 (E2F) 
family necessary for the transcription of genes involved in DNA synthesis. In the presence 
of extracellular growth stimuli, p16INK4a inhibition takes place, allowing entry into S phase 
(Harbour & Dean, 2000); it is noteworthy, however, that excessive mitogenic signaling can 
actually activate p16INK4a (Lin et al., 1998) and induce senescence. On the other hand, ARF 
represses HDM2, a negative regulator of Tp53, in turn responsible for promoting cell cycle 
arrest via enhanced transcription of GADD45, a PCNA-binding protein (Levine, 1997). This 
frugality of nature in allocating in the same locus two cell cycle inhibitors acting upstream 
the most preponderant cell division regulators, Rb and Tp53, is very rare in mammalian 
genomes. Interestingly, insertion of cancer-associated p16INK4a/p14ARF locus mutations in 
mice, whilst compromising G1 arrest through p16INK4a, did not affect ARF function (Quelle 
et al., 1997). These findings are biologically sound: though the action of Rb as a downstream 
element of Tp53-driven cell cycle arrest (Hahn & Weinberg, 2002) might suggest the 
existence of a single pathway involving these two proteins, it is long known that, whereas 
p16INK4a induces G1 arrest, p14ARF can block cell cycle both at G1 and G2 phases (Quelle et 
al., 1995). In fact, the number of independent functions ascribed to these tumor suppressors 
has been growing remarkably: Tp53 functions as a cell death arbiter, triggering apoptosis in 
response to genotoxic (Levine, 1997), acidic (Williams et al., 1999) and hypoxic (Hammond & 
Giaccia, 2005) stresses, acting also as a bioenergetic switch (Ma et al., 2007), while Rb has 
been shown to carry out its tumor suppressor activity also via cell cycle-independent 
transcriptional promotion of differentiation (Sellers et al., 1998), being neuronal migration a 
recently described example (Mclellan et al., 2007). Finally, it is important to note that much 
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remains to be known about the integration of Tp53 and Rb pathways at the organismal 
level, as mice genetically engineered to harbor individual cells lacking either Tp53 
(Ghebranious & Donehower, 1998) or Rb (Lipinski & Jacks, 1999) displayed no neoplasias, 
exhibiting only a greater tendency to develop malignancies late in life. 
Apart from growth factors, normal cells need also to be anchored on a substratum in order 
to proceed in cell cycle (Schulze et al., 1996). This is due to the dependence of Cyclin A gene 
expression, a crucial event for DNA replication (Girard et al., 1991), on cell anchorage. 
Indeed, forced expression of Cyclin D1 was sufficient to ablate blockade of Cyclin A 
expression and, concomitantly, cell cycle progression (Schulze et al., 1996). This cell cycle 
regulator associates with CDKs 4 and 6 (Sherr & Roberts, 1999), eliciting Rb phosphorylation 
and, consequently, entrance into S phase, as described above (Harbour & Dean, 2000). 
Actually, the sustenance of a feature classically associated with tumorigenic and metastatic 
potential, anchorage-independent growth (Shin et al., 1975), is achieved through constitutive 
activation of Cyclin D1 proto-oncogene via mutations, translocations or amplification 
(Moreno-Bueno et al., 2003). Furthermore, in that state of anchorage-independent growth, 
the expression profiles of surface adhesion molecules, essential for the establishment of 
anchorage-dependent growth, are tightly regulated to favor growth and metastasis: AKT, 
activated through direct phosphorylation by up-regulated integrin-linked kinase (ILK), 
increases integrin expression, leading to malignization and invasiveness (Mizejewski, 1999; 
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growth signals and insensitivity to growth-inhibitory signals. Although much remains to be 
known concerning the precise cellular and molecular mechanisms underlying these 
capabilities, likely to be cancer-type specific, it is now clear that several cancer cell types 
engage in autocrine growth signaling: by synthesizing and extruding to the extracellular 
medium growth factors that are recognized by their own surface receptors, these cells 
trigger their own proliferation (Grivennikov & Karin, 2008; Pandey et al., 2008). A classical 
example is transforming growth factor alpha (TGF-α), initially discovered in retrovirus-
transformed cells (de Larco & Todaro, 1978), which competes with EGF for its receptor, 
EGFR, due to structural similarity (Marquardt et al., 1984). TGF-α autocrine overactivity is a 
common feature of cancers, being TGF-α amplification one of the underlying mechanisms 
(Yung et al., 1990), revealed essential for growth initiation of cancer cells (Jiang et al., 1998). 
Additionally, some tumors display mutated versions of EGFR that chronically impinge on 
signaling pathways, independently of any stimulation by their respective ligands (Boerner et 
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But how do these cells sustain the resultant constitutive growth? It is now evident that, 
during carcinogenesis, cells undergo a profound reset of their signaling pathways 
downstream of this unchecked stimulatory input, usually also through mutations in proto-
oncogenes. Paradigmatic examples are RAS and RAF (Davies & Samuels, 2010), as 
mutations in these genes lead to production of abnormal proteins that drive constitutive 
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stimulation of cell growth and proliferation in cancer cells through chronic activation of the 
MAPK cascade (Mcubrey et al., 2007). Furthermore, cancer cells are also reprogrammed to 
be intrinsically resistant to antigrowth signaling. This is achieved either through 
downregulation or deleterious mutations of transforming growth factor (TGF)-β receptors 
(Stover et al., 2007), whose ligand, TGF-β suppresses c-MYC expression (Pietenpol et al., 
1990). c-MYC is a proto-oncogene whose product, c-MYC, orchestrates the expression of a 
myriad of genes involved in cell growth and metabolism, being mutated in ca. 30% of all 
human cancers (Dang et al., 2008). Strikingly, c-MYC transcription factor is a keystone in 
malignant dedifferentiation since it has the unique capacity to activate a core set of genes 
associated with embryonic stem cells in human epithelial primary and tumor cells alone 
(Wong et al., 2008).  

3.3 Getting immortal: Proliferation enhancement and apoptosis short-circuiting  
At the beginning of the last century, it was believed that cultured mammalian cells were 
immortal if the proper culture conditions were provided. This belief was based on claims by 
the Nobel laureate Alexis Carrel that chick fibroblasts had been continuously maintained in 
his laboratory for more than 30 years (Carrel & Ebeling, 1921). However, this remarkable 
achievement could never been reproduced by other researchers, and it was found later that 
it had been merely the result of a regular addition of chick embryonic stem cells to the 
culture by technicians, unbeknownst to him (Witkowski, 1980). In 1961, Leonard Hayflick 
clearly established that cells have a limited replicative span, independently of culture 
conditions or surrounding cells (Hayflick & Moorhead, 1961), after which they completely 
stop dividing, irreversibly entering a state called replicative senescence (RS) (Pardee, 1974). 
With the cells used (human diploid fibroblasts, the number of cell divisions necessary for RS 
to be reached (later called the Hayflick) was approximately 50. The molecular basis of this 
limit has been already established. After each round of replication, chromosomes get 
shorter, due to an ineptitude of the replication complex to fully replicate chromosome ends 
(the end-replication problem (Watson, 1972)). Briefly, during DNA replication, DNA 
polymerase needs an RNA primer to start copying DNA. As it works in the 5’-3’ direction, 
the only perfect template is the 3’-5’ (leading) mother strand. The other (lagging strand) 
loops back on it and can be copied using multiple RNA primers. After the synthesis of DNA 
between RNA primers, which are later degraded, the replication complex ligates those DNA 
fragments, but is incapable of synthesizing in the 3’-5’ direction (Johnson & O'donnell, 2005). 
Hence, to prevent the erosion of genes (and also to avoid the end-joining of chromosomes 
(Blackburn, 2000)), the natural ends of eukaryotic chromosomes are protected by telomeres. 
These are nucleoprotein structures containing repetitive DNA sequences capped by a 
multiprotein complex named shelterin. Thus, telomere shortening following each cell 
division functions as a hardwired program to limit the cellular life span, independently of 
growth stimuli, and may be considered as a biological “replicometer” (Hayflick, 2000). The 
hypothesis that the gradual diminution of telomeres could ultimately lead to replicative 
senescence was first put forward by Olovnikov (Olovnikov, 1973). Evidence strutting this 
theory came later from studies in human fibroblasts showing that telomere length strongly 
correlates with replicative span (Allsopp et al., 1992), possessing a threshold value below 
which replicative senescence is triggered (Steinert et al., 2000). Telomerase, a reverse 
transcriptase capable of synthesizing telomeric DNA using an internal RNA template 
(Blackburn, 2000), is not expressed in human somatic cells (Kim et al., 1994). 
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Recently, a spectacular reversal of the aging process of severely aged transgenic mice 
deficient in telomerase was observed upon reactivation of telomerase and concomitant 
telomere lengthening (Jaskelioff et al., 2010). A less mentioned, but also relevant, telomere 
maintenance mechanism, occurring in both normal (Dunham et al., 2000) and cancer human 
cells (Muntoni & Reddel, 2005), is alternative telomere lengthening (ALT). ALT relies on 
homologous recombination (HR), where telomeric DNA is synthesized using another 
telomere as a template. Interestingly, HR, a cell cycle-dependent DNA repair strategy 
usually employed when sister chromatids are available, i.e. after DNA duplication during S 
phase, is central for cancer aggressiveness and the acquisition of drug resistance (Helleday, 
2010). Still, the relation between telomere length and cellular replicative span is not clear cut, 
as immortalization of human fibroblasts via ectopic expression of telomerase did not 
augment telomeres (Zhu et al., 1999). In primary human bronchial fibroblasts, this procedure 
actually bestowed immortality to cells with net telomere shortening (Wise et al., 2004). This 
is in harmony with other cell regulatory roles recently ascribed to telomerase, namely 
interaction with β-catenin, an important inducer of adult stem cell proliferation (Reya & 
Clevers, 2005), to activate WNT-dependent genes (Park et al., 2009).   
Unlike their normal somatic counterparts, but in common with germline cells, the vast 
majority of cancer cells express high levels of telomerase, which allows them to overcome 
replicative senescence and gain immortality (Kim et al., 1994). Still, this strategy may also be 
interpreted as a hurdle for the generation of chromosomal aberrations, a hallmark of 
carcinogenesis (Hanahan & Weinberg, 2011). In fact, telomeres are, by definition, the 
structures that maintain gene integrity throughout cell divisions and impede chromosome 
end-joining (Blackburn, 2000). In fact, experiments in mice (Chin et al., 1999) and, more 
recently, in humans (Lantuejoul et al., 2010) strongly suggest that the initial phase of 
carcinogenesis is marked by severe telomere shortening and concomitant genomic 
instability. Pre-neoplastic cells capable of enduring this scenario, namely through ablation of 
the Tp53 genome guardian function (Levine, 1997), may then experience a reactivation of 
telomerase, earning carte blanche for unchecked growth, division and accumulation of 
mutations (Hanahan & Weinberg, 2011). 
Rather surprisingly, it was recently discovered that senescence, considered a paramount 
barrier to early tumorigenesis, can actually be driven by oncogene activation, rebating the 
common thinking that cell proliferation would increase indefinitely upon oncogene 
activation. In contrast with replicative senescence, oncogene-induced premature senescence 
cannot be attributed neither to high division rates nor to telomere erosion, as it is absent in 
normal epithelial proliferation, inflammatory responses and in cells expressing telomerase 
(Bartkova et al., 2006). Whereas some oncogenes, such as RAS, induce senescence through 
p16INK4a up-regulation (Serrano et al., 1997), breakthrough studies indicated that others act by 
eliciting DNA repair: in particular, differential labeling with the thymidine analogues IdU 
and CldU has shown that induction of Cyclin E oncogene expression led to premature 
termination of most DNA replication forks, and that the resulting senescence could be 
suppressed by blocking DNA repair response (Bartkova et al., 2006). Importantly, DNA 
damage repair prompts the expression of NKG2D ligands, which are recognized by the 
immune system natural killer (NK) cells, triggering the recognition and eradication of 
incipient tumor cells (Gasser et al., 2005). As Tp53 is an upstream inducer of DNA damage 
repair (Levine, 1997), one may envisage here another mechanism to select for Tp53-deficient 
cells in early neoplastic lesions. 
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it had been merely the result of a regular addition of chick embryonic stem cells to the 
culture by technicians, unbeknownst to him (Witkowski, 1980). In 1961, Leonard Hayflick 
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It turns out that most cancer cell types undergo a genetic reprogramming to bypass 
senescence, initially through inactivation of cell cycle guardians and later by telomerase 
activation. But how do they escape cell death that usually results from severe genomic 
damage? Remarkably, cancer cells evade apoptosis by short-circuiting this process at several 
stages. Mutations in FAS, whose gene product is a receptor that induces apoptosis upon 
interaction with the FAS ligand, have been associated with human lymphomas (Gronbaek et 
al., 1998), whereas mutations that compromise Tp53 function, thus intracellular stress-
induced apoptosis, are documented for a wide range of human cancers (Hollstein et al., 
1991). Moreover, gene expression may also be altered in order to further the expression of 
protector proteins, like BCL-xL (Foreman et al., 1996) or to decrease levels of pro-apoptotic 
proteins, such as the tumor suppressors BAX and BAK (Degenhardt et al., 2002). Similarly, 
the constitutive activity of MAPK cascade drives the inhibitory phosphorylation of the 
apoptosis agonists BAD (Zha et al., 1996) and BIM (Ley et al., 2003). In addition, a protein 
capable of associating with processed caspase-9, blocking the activation of downstream 
effector caspases, has been observed in non-small cell lung cancer (Yang et al., 2003). 

3.4 The onset of a tumor: Neovascularization, invasion and metastasis 
A solid tumor comprises a heterogeneous assembly of cell subpopulations whose 
progression is dependent on the successful summoning of new vessels in order to replenish 
the tumor mass with oxygen and carbon sources (Folkman, 2003). Actually, the term cancer 
was probably coined to reflect similarities between the thick neovasculature that develops in 
later stages of tumorigenesis and the claws of a crab (Feinberg et al., 2006).  
 In mammalian cells, in situ hypoxia stabilizes hypoxia-inducible factor (HIF)-1α. HIF-1α 
then dimerizes with HIF-1β, forming a potent transcription factor, which is abnormally 
active in cancers (Dang et al., 2008). This increased activity can result both from normal, 
physiological stimuli, i.e., the diminished oxygen tension in peri-necrotic areas of tumors 
(Dachs et al., 1997), and from mutations in growth-associated genes. Indeed, oxygen-
independent activation of HIF or its downstream responsive genes by loss of tumor 
suppressor activity or gain of oncogene function is a common feature in neoplastic lesions: 
loss of PTEN (Zundel et al., 2000) or Tp53 (Ravi et al., 2000), or, on the other hand, 
overexpression of H-RAS (Chen et al., 2001), v-SRC (Jiang et al., 1998) or c-MYC (Shim et al., 
1997), have all been described to amplify HIF response, suggesting that HIF may be a 
keystone gene of malignant progression. In fact, the pleiotropic action of HIF-1 is a key part 
of cancer strategy to thrive and vanquish surrounding tissues. First, its activity is 
responsible for the transcriptional activation of angiogenic factors (Ikeda et al., 1995), 
essential in the recruitment of new blood vessels to drive tumor growth. Furthermore, it also 
triggers the degradation of extracellular matrix (ECM) by the action of metalloproteinases 
(Pouyssegur et al., 2006). This activity, concomitant with a conspicuous decrease in pH 
achieved by the abnormal metabolism of tumors (Gatenby & Gillies, 2004; Ferreira, 2010), 
sets the stage for cancer invasion.  
Until rather recently, the mechanisms by which neoplastic tissues acquire their abnormal 
morphology and plasticity remained essentially mysterious. Nowadays, there is a growing 
perception that an epithelial-to-mesenchymal transition (EMT) may undergird cancer cell 
biological properties. This complex genetic reprogramming, essential in normal 
development, is thought to be responsible for the presence of mesenchymal populations in 
malignant tumors (Thiery & Sleeman, 2006). Strikingly, a recent breakthrough has shown 
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that the malignant cells responsible for metastasis are exactly the ones that have undergone 
EMT in the solid tumor, presenting both self-renewal capacity and enhanced motility (Mani 
et al., 2008). In the context of a solid tumor, HIF-1 may be the main responsible for 
orchestrating this concerted change of cell type through blockade of E-cadherin expression 
(Imai et al., 2003).        
Altogether, this strongly suggests that a new integrative approach to the study of genomics 
may provide valuable insights not only for cancer, but also for other relevant maladies and 
even to normal organismal homeostasis. We shall see throughout the text the key role of 
DNA damage and repair dynamics in the inception, maintenance and exacerbation of a 
malignant phenotype.  

4. DNA repair and misrepair in cancer: When the remedy is worse than the 
disease  
Life as we know it would not be possible without the existence of DNA repair mechanisms. 
If DNA lesions were to accumulate, it is probable that no specialized cellular functions 
would have evolved, due to high inconstancies in the proteins’ composition. Thus, it comes 
as no surprise that all living organisms have developed mechanisms to detect DNA lesions, 
signal their presence and promote their repair. These mechanisms, collectively termed the 
DNA-damage response (DDR), must be sufficiently accurate and efficient to preserve 
genome integrity. Interestingly, some of the key enzymes involved in DNA repair are highly 
conserved from bacteria to man (Hoeijmakers, 2001; Mellon, 2005). A refined set of 
surveillance and regulatory mechanisms, termed cell cycle checkpoints, controlled by a 
highly organized signal transduction network, ensures that, during each cell cycle, DNA 
replication and chromosomal segregation are orderly completed and genome fidelity is 
maintained (Harbour & Dean, 2000; Levine, 1997). DNA repair plays also a crucial role in 
aging and in a variety of human diseases. For instance, defects in various DNA repair 
pathways in hereditary diseases have been linked to the predisposition to a number of 
cancers (Heinen et al., 2002) (section 5). 
The importance of DNA repair dynamics in cancer biology became evident as early as the 
1970s, when it was observed that mice treated with 4-nitroquinoline 1-oxide (4NQO), a 
chemical mutagen, displayed increased mortality and reduced incidence of tumors if treated 
with caffeine, up to five days after treatment with 4NQO (Kondo, 1977). Caffeine is now 
known to inhibit ATM and ATR kinases and, hence, DDR (Sarkaria et al., 1999). These 
results suggested that 4NQO-induced damage in template DNA would occasionally be 
perpetuated during DNA synthesis, thereby indicating that carcinogenesis relies on the 
inheritance of damaged DNA through cell divisions. On the contrary, the inhibition of ATM 
and ATR-mediated error-prone translesion repair by caffeine selectively killed premalignant 
cells. A myriad of DNA repair mechanisms may be subverted during carcinogenesis, 
fostering the achievement of a fully malignant phenotype. Thus, one may envisage a cellular 
reprogramming of genomic maintenance towards augmented DNA misrepair as a driving 
force in tumorigenesis, favoring the progressive arising of clonal populations of cancer cells 
with higher genomic instability. This emerging feature doubtlessly possesses a highly 
malignant potential (Hanahan & Weinberg, 2011). The resultant hyper mutational 
phenotype then undergirds the stepwise acquisition of malignant traits in a Darwinian 
fashion (Fearon & Vogelstein, 1990). 
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4.1 Nucleotide excision repair 
Nucleotide excision repair (NER) is a guardian against topological distortions in DNA, such 
as those induced by the CPDs resultant from UV radiation (section 2) (de Laat et al., 1999). It 
comprises several steps, including lesion recognition, opening of the double helix around 
the damage, excision of the DNA fragment carrying the adduct and polymerization of a new 
fragment, followed by its ligation (Mu et al., 1996). At least 16 different proteins are 
involved, including the XP proteins (groups A to G), named after the syndrome that is 
caused by their deficiency, Xeroderma pigmentosum (XP). This syndrome is characterized by 
hypersensitivity to UV radiation and a predisposition to skin cancer (Evans et al., 1997).  
The NER pathway has been divided into two sub-circuits: global genome repair (GGR), 
which repairs DNA lesions independently of their location in the genome, and transcription-
coupled repair (TCR), which acts upon lesions in regions involved in transcription. In both 
cases, the unfolding of the double DNA helix is assured by helicases XPD (3’-5’ polarity) and 
XPB (5’-3’ polarity) (Scharer, 2003). This process renders the lesion accessible to 
endonuclease XPG, which, in conjunction with helicase XPA, recognizes the lesion and 
cleaves the nucleotide at its 3’ edge. Next, endonuclease XPF, in association with ERCC1 
(excision repair cross-complementation group 1), removes the damaged nucleotide from the 
5’ edge of the damaged chain and liberates a fragment of 24–32 bases. Finally, a complex of 
DNA polymerases and ligases is recruited to restore normal nucleotide sequence in the 
damaged chain (Friedberg, 2001).  
TCR, which is triggered by RNA polymerase arrest at sites of DNA distortion (Lainé & Egly, 
2006), was discovered following early key observations that CPDs were more efficiently 
removed from actively transcribed genes (Bohr et al., 1985). One could envisage TCR 
overactivity as a strategy for cancer cell propagation, as rapidly dividing cells are 
particularly exposed to transcriptional stress and damage of active genes is a cell cycle-
independent potent inducer of Tp53 accumulation and subsequent apoptosis (Yamaizumi & 
Sugano, 1994). This hypothesis finds support in the fact that cisplatin, a common anticancer 
drug that forms cross-links with DNA capable of stalling RNA polymerase (Tornaletti et al., 
2003), is most effective in TCR-deficient carcinoma cell lines (Stubbert et al., 2010). Studies 
using transgenic mice deficient in either TCR or GGR (Berg et al., 2000) and mouse 
embryonic stem cells (de Waard et al., 2008), both valuable models for key malignant cell 
subpopulations within tumors (Wong et al., 2008), strongly suggest that hampering GGR has 
even greater carcinogenic potential than hampering TCR. As GGR does not depend on gene 
expression, these findings led some authors to put forward the hypothesis that the greater 
oncogenic potential of GGR loss over TCR loss resides in the fact that, albeit both losses 
facilitate mutations in essential growth-related genes, GGR ablation would awaken inactive 
proto-oncogenes with simultaneous mutational inactivation of actively transcribed tumor 
suppressor genes, while TCR ablation would silence active tumor suppressor genes, with a 
concomitant increase in Tp53-dependent apoptosis (Berg et al., 2000). In fact, Tp53 null 
human fibroblasts display a defalcation in GGR and reduction in their overall capacity of 
repairing CPDs, but normal TCR activity and even an improved resistance against UV 
cytotoxicity (Ford & Hanawalt, 1995).  
Inter-individual variation in lung cancer susceptibility may be modulated in part by single-
nucelotide polymorphisms (SNPs) in NER genes. For instance, SNPs in XPC and XPD 
increased lung cancer risk in Northern Spain and Chinese populations (Lopez-Cima et al., 
2007; Xing et al., 2003). Additionally, interactions between XPC/XRCC3 and XPD/XRCC3 
polymorphisms were observed, suggesting that coordination between NER and BER repair 
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pathways contribute to the individual susceptibility to develop cancer (Lopez-Cima et al., 
2007). Impressively, it was reported that SNPs in NER genes modified the relation between 
breast cancer and smoking among African Americans and Caucasians, albeit with some 
differences (Mechanic et al., 2006). Some studies also suggest that polymorphisms on ERCC1 
and ERCC2, two NER genes, may influence risk of glioma (Wrensch et al., 2005). In addition, 
some minor allele variants of ERCC4 and BRIP1 (BRCA1-interacting protein 1) have been 
reported to increase meningioma risk, while variants of ERCC2 and ERCC5 augmented 
acoustic neuroma risk (Rajaraman et al., 2010). Finally, XPD/ERCC2 SNP rs13181 variant 
carriers display higher cutaneous melanoma risk (Mocellin et al., 2009). 

4.2 Translesion synthesis  
Distortions in the DNA double helix pose problems not only to transcription, but also to 
replication. However, during evolution, cells have acquired a considerable number  
of DNA polymerases able to bypass CPDs and other obstacles in a process named  
DNA translesion synthesis (TLS) (Goodman & Tippin, 2000). TLS is essential for normal 
physiology, and alterations in genes coding TLS polymerases are associated with medical 
conditions such as XP (Masutani et al., 1999). It also provides a paragon of a DNA repair 
pathway that may be used by cancer cells for their benefit: recent experiments  
where several cycles of tumor engraftment and treatment with an anticancer drug were 
carried out have clearly shown that TLS activity drives drug resistance in tumors  
in vivo (Xie et al., 2010b).  

4.3 Mismatch repair  
MMR is a DNA repair system that recognizes a wide range of genetic lesions, such as 
insertions, deletions and base mismatches introduced during DNA replication (Larrea et al., 
2010). MMR proteins were proposed to act as direct sensors of DNA damage by helping to 
recruit ATR (ATM and Rad3-related), a phosphoinositide 3-kinase-related kinase (PIKK) 
implicated in responding to several DNA lesions and stalled replication forks, to sites of 
DNA damage, triggering the intra-S phase checkpoint (Abraham, 2004; Choi et al., 2010; 
Yoshioka et al., 2006). Mismatch recognition is carried out by the MutSα (MSH2/MSH6) and 
MutSβ (MSH2/MSH3) heterodimers, which recognize all eight single nucleotide 
mismatches, as well as small insertion/deletion loop (IDL)-type structures. Following 
recognition by these heterodimers, MUTL homologue heterodimers (MLH/PMS) are 
recruited and a necessary single-strand scission (nick) is introduced at either the 3’ or 5’ side 
of the mismatch by a 5’-exonuclease and some MLH members. The minimal 5’→3’ and 
3’→5’ excision reaction requires hMSH2/hMSH6 (or hMSH2/hMSH3), hMLH1/hPMS2, 
EXOI, RPA, PCNA, and RFC, while re-synthesis of the single-stranded gap is carried out by 
DNA polymerase δ (Polδ) and DNA ligase I (Larrea et al., 2010). 
In the context of oncology, MMR is best known for increased frameshift mutation rates 
(commonly called microsatellite instability (MSI or MSI-H)) caused by its deficiency, 
characteristic of various human malignancies (Oda et al., 2005). It thus comes as no surprise 
that proteins involved in this pathway display properties of tumor suppressors. For 
instance, MSH2 has been recently described to abrogate mutations adjuvant of oncogenic c-
MYC activity in early lymphomagenesis (Nepal et al., 2009). Strikingly, breakthrough 
findings of fifteen years ago have established that chromosomal transfer designed to correct 
MMR defects in human tumor cells can also bypass TCR deficiency, establishing an 
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unequivocal link between NER and MMR pathways (Mellon et al., 1996). Nonetheless, little 
is known about this still hotly debated interaction (Kobayashi et al., 2005). 
In humans, defects in MMR genes confer a strong predisposition to hereditary nonpolyposis 
colorectal cancer (HNPCC), also known as Lynch syndrome (LS), and associated 
endometrial cancer. Moreover, epigenetic silencing of some MMR genes may contribute to 
the development of 5 to 15% of sporadic cancers with a microsatellite instability-high (MSI-
H) phenotype (Peltomaki, 2003). MMR-deficient colorectal cancers (CRCs) have distinct 
features from other CRC types, such as MSI, multi-focality, increased likelihood of right-
sided colon cancer location, mucinous histology and the presence of a Crohn's-like 
lymphocytic infiltrate (Greenson et al., 2003; Jenkins et al., 2007). In addition, MSI-H tumors 
also display multiple defects in other genes containing microsatellite repeats, such as those 
governing growth signaling (Markowitz et al., 1995), apoptosis (Rampino et al., 1997) and 
transcriptional activation (Duval et al., 1999).  
Three distinct genetic mechanisms are proposed for the onset of MMR-deficient CRCs. First, 
monoallelic germline MMR mutations and somatic loss of the second MMR allele cause 
HNPCC. LS carrier tissues are MMR-proficient, but when the second MMR gene allele is 
lost in some somatic cells, they become MMR-deficient and give rise to either CRC, small 
bowel, urethra, renal, pelvis, biliary tract, brain, gastric or ovarian cancers. HNPCC is 
clinically heterogeneous, depending on which of the MMR genes is affected, being 
classically associated with heterozygous MLH1, MSH2, MSH6 and PMS2 loss-of-function 
mutations. Recently, variants of the MSH3 gene were proposed as low risk alleles, 
contributing to colon cancer risk in LS families when associated with other low risk alleles. 
Interestingly, some surveys indicate that the spectrum of MMR mutations in HNPCC differs 
between China and Western countries (Jin et al., 2008) and even between northern and 
western China (Sheng et al., 2006), suggesting that MMR mutation patterns depend on 
ethnicity. The second mechanism is germline biallelic MMR gene mutations, where all body 
tissues are MMR-deficient. The second mutation is associated with early onset of central 
nervous system (CNS) tumors, hematological malignancies and gastrointestinal neoplasia, 
as well as autoimmune disorders (Barnetson et al., 2006; Felton et al., 2007; Lindor et al., 
2005). Finally, both MMR alleles can be mutated or epigenetically inactivated in some cells, 
causing de novo sporadic MMR-deficient CRCs, which account for ca. 12.5% of CRCs 
(Barnetson et al., 2006). MLH1 promoter hypermethylation is the most common cause of 
sporadic MMR-deficient CRCs (Shen & Issa, 2002). In recent years, constitutional 
epimutations of MLH1 and, more seldom, of MSH2 have been identified in various 
mutation-negative HNPCC cases. In contrast to genetic mutations, MLH1 epimutations are 
reversible between generations and thus display non-Mendelian inheritance, suggesting that 
these epimutations can be reversed in the gametes and re-established in the somatic cells in 
successive generations. Still, the molecular profile of tumors from individuals with 
constitutional MLH1 epimutations is similar to those of individuals with conventional 
sequence mutations of MLH1, i.e. tumors with MSI and loss of the MLH1 protein (Hitchins 
& Ward, 2009).  

4.4 Base excision repair      
ROS are simultaneously a conspicuous byproduct of our metabolism, key molecules in 
signaling pathways and a major source of DNA damage (section 2). Albeit their function 
drastically depends upon their concentration and the cell type and environment where they 
occur (Hussain et al., 2003), cancers in general display constitutive oxidative stress 
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(Toyokuni et al., 1995). A direct consequence of oxidative stress is the infliction of mutations 
in DNA (Cooke et al., 2003), which, when coupled with altered DNA repair mechanisms, set 
the stage for stepwise malignization. The main cellular machinery involved in fixing ROS-
induced oxidative DNA damage is the ubiquitous BER. Although some experiments suggest 
that the aforementioned TCR may also be involved in the repair of oxidative DNA lesions, 
this field is currently under intense debate, as assessed by the retraction of several articles 
(Mellon, 2005). Components of the BER pathway constitute a versatile line of defense 
against not only DNA oxidative damage, but also SSBs and other small, non-helix-distorting 
lesions. It is initiated by damage-specific DNA glycosylases, which create abasic sites by 
cleaving the N-glycosidic bond (Hitomi et al., 2007). AP endonuclease then recognizes AP 
sites and cleaves the DNA phosphodiester backbone, leaving a 3’-hydroxyl group and a 5’-
deoxyribose phosphate group flanking the nucleotide gap. Poly(ADP-ribose) polymerase 1 
(PARP1), together with PARP2 and poly(ADP-ribose) glycohydrolase (PARG), recognizes 
the DNA strand interruption and facilitates the recruitment of specific BER proteins, 
including the BER scaffold protein XRCC1 and DNA polymerase β (Polβ) (Almeida & Sobol, 
2007a; Sobol et al., 2000). Subsequently, the repair proceeds by two sub-pathways initiated 
by Polβ: short-patch (SN) BER repairs one nucleotide, while long-patch (LP) BER repairs 2 to 
15 nucleotides. Albeit different subsets of enzymes are used, there is cooperation between 
the two sub-pathways (Hitomi et al., 2007). 
If left alone, most ROS-induced lesions, such as oxidized bases and abasic sites (Cooke et al., 
2003), could be replicated by either normal replication or TLS (Goodman & Tippin, 2000). 
Misreplication of oxidized bases and non-instructional AP sites would often give rise to 
point and, sometimes, more complex mutations; SNPs, which are frequently observed (1 in 
300 bp) in mammalian genomes, likely result from such mutations. Point mutations in 
growth-related genes can drive carcinogenesis (Fearon & Vogelstein, 1990), and certain 
SNPs in DNA repair genes impart greater cancer susceptibility (Goode et al., 2002).  
Several reports have confirmed the relationship between SNPs in BER genes and cancer 
susceptibility (Hung et al., 2005). Particularly, polymorphisms on hOGG1 and XRCC1 genes 
are associated with lung, esophagus, stomach and nasopharyngeal (NPC) cancer risk. 
Similarly to MMR, SNP occurrence in BER genes appears to be dependent on ethnicity: 
single nucleotide changes at codons 194, 280 and 399 of XRCC1 were associated with risk of 
several types of gastrointestinal, bladder, breast and lung cancers in the Japanese population 
(Arizono et al., 2008), while SNPs in hOGG1 codon 326 correlated with increased NPC and 
gallbladder risk in Southern Chinese populations (Cao et al., 2006; Jiao et al., 2007). The APE1 
Asp148Glu polymorphism is highly predictive for lung cancer in Caucasians, and 
cumulative cigarette smoking modifies the associations between XRCC1 Arg399Gln and 
XPD Lys751Gln polymorphisms and lung cancer risk in nonsmokers and light smokers (de 
Ruyck et al., 2007). Relevant epimutations also occur in BER genes, such as aberrant 
methylation of XRCC1, which contributes to gastric carcinogenesis (Wang et al., 2010).  

4.5 Non-homologous end-joining and homologous recombination  
Despite the existence of some very specific scenarios where cleavage of both strands of the 
DNA molecule is essential, such as in recombination of some immune system genes (Jeggo 
et al., 1995), DSBs are particularly genotoxic. DSBs usually result from insults such as X- or 
gamma rays or topoisomerase poisons, or simply arise when a replication fork encounters 
damaged DNA (Hartlerode & Scully, 2009). DSB repair takes place in vivo within defined 
foci characterized by a distinctive histone phosphorylation (γ‐H2AX), accumulation of auto-
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(PARP1), together with PARP2 and poly(ADP-ribose) glycohydrolase (PARG), recognizes 
the DNA strand interruption and facilitates the recruitment of specific BER proteins, 
including the BER scaffold protein XRCC1 and DNA polymerase β (Polβ) (Almeida & Sobol, 
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15 nucleotides. Albeit different subsets of enzymes are used, there is cooperation between 
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point and, sometimes, more complex mutations; SNPs, which are frequently observed (1 in 
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growth-related genes can drive carcinogenesis (Fearon & Vogelstein, 1990), and certain 
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Several reports have confirmed the relationship between SNPs in BER genes and cancer 
susceptibility (Hung et al., 2005). Particularly, polymorphisms on hOGG1 and XRCC1 genes 
are associated with lung, esophagus, stomach and nasopharyngeal (NPC) cancer risk. 
Similarly to MMR, SNP occurrence in BER genes appears to be dependent on ethnicity: 
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phosphorylated DNA‐PKcs and recruitment of repair and signaling proteins, including 
53BP1, NFBD1/MDC1 and the chromatin‐bound form of the MRE11/RAD50/NBS1 
complex (Chan et al., 2002a; Lou et al., 2003; Mirzoeva & Petrini, 2001; Paull et al., 2000; 
Schultz et al., 2000; Shang et al., 2003). Two mechanisms have evolved to remediate this type 
of damage: non-homologous end joining (NHEJ) and homologous recombination (HR) 
(Hartlerode & Scully, 2009). 
Ku70, DNA-protein kinase catalytic subunit (DNA-PKcs), XRCC4, DNA ligase IV and 
Ku86/XRCC5 are the major proteins involved in NHEJ. Curiously, some Ku86 truncated C-
terminus variants (Ku86v) with decreased Ku-DNA end binding and DNA-PKcs activities 
have been reported in human myeloma cells and associated with augmented chemo- and 
radiotherapy sensitivity (Tai et al., 2000). The higher sensitivity of Ku86V-portraying cells 
may result from compromised DNA repair ability, making this gene a novel therapeutic 
target in cancer (Tai et al., 2000).  
A statistically significant correlation between three Ku86/XRCC5 polymorphisms, one XRCC6 
tSNP and a single-locus variant at the DNA ligase IV SNP2 and the risk to develop gliomas has 
recently been established (Liu et al., 2007). Moreover, an haplotype analysis performed in 
samples from glioma patients also recognized genetic variants in XRCC4 as risk predictors and 
identified a three-locus interaction involving DNA ligase IV SNP4 rs1805388:C>T, XRCC4 
SNP12 rs7734849:A>T and SNP15 rs1056503:G>T as a common feature of these tumors (Liu et 
al., 2007). A significant association between XRCC4 (rs1805377) and DNA ligase IV (rs1805388) 
genotypes was also observed among non-small cell lung cancer (NSCLC) patients, of which 
those who had a homozygous variant guanine/guanine genotype of the XRCC4 gene were 
given a poorer prognosis (Tseng et al., 2009). 
NHEJ overactivity has been implicated in human myeloid leukemia pathogenesis (Gaymes 
et al., 2002), a cancer type marked by chromosomal aberrations, namely the Philadelphia 
translocation (sections 1 and 2) (Nowell, 2007). More precisely, this DNA repair 
deregulation, which seems to be present in both the acute and chronic forms of the disease, 
leads to conspicuous misrepair of DSBs, resulting in deletions of up to 400 bp. Ku70/Ku86, a 
protein heterodimer that binds free ends at a DSB (Mimori & Hardin, 1986), was implicated 
in repair infidelity, suggesting that alterations in this complex drive genomic instability in 
myeloid leukemia (Gaymes et al., 2002). 
HR is a cell-cycle dependent DNA repair pathway, as it normally relies on sister chromatids 
to perform error-free repair of DSBs (Richardson et al., 1998). Similarly to NHEJ, which is 
instrumental in immune cell development (Jeggo et al., 1995), HR also performs an 
important role in cell physiology, as it provides an alternative strategy for telomere length 
maintenance (Dunham et al., 2000), as already mentioned in section 3. HR uses the RAD50, 
BRCA1 and BRCA2 protein families, as well as XRCC3, a member of the RECA/RAD51-
related protein family. It can be divided essentially in two sub-pathways: in homology-
directed repair (HDR), a homologous sequence in a sister chromatid is used to fix the 
damaged sequence, whereas in single-strand annealing (SSA), single strands of the same 
helix undergo annealing. This can happen in repetitive regions of DNA, leading to loss of 
information and may be considered as especially mutagenic if one bears in mind that ca. 
50% of our genome is constituted by such sequence repeats (International Human Genome 
Consortium, 2001). 
At first glance, it is not clear-cut whether prompt HR activity is advantageous for cancer 
cells or not. Remarkably, transcriptional repression of RAD51, a key player in HR (Sung et 
al., 2003), is known to occur in several tumor types in response to their hypoxic environment 
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(Bindra et al., 2004). In addition, mutations in HR genes do correlate with notable 
chromosome rearrangements (Patel et al., 1998). Nonetheless, recombinational activity may 
also enhance anticancer drug resistance (Hansen et al., 2003) and prevent telomere erosion 
(Dunham et al., 2000), which may be valuable in aggressively dividing malignant cells. 
135G>C of RAD51, as well as Arg188His and Thr241Met of XRCC3 have recently been 
pointed as potential polygenic causes of CRC occurrence, and their screening has been 
suggested (Krupa et al., 2011a). As the RAD51 polymorphism implicates a lower level of 
RAD51 protein, and consequently of other proteins such as XRCC2 and XRCC3, it may 
explain the lower DSB repair capacity observed in CRC. Curiously, the same genetic hits 
have been observed in endometrial cancer and considered as an additional marker of the 
disease (Krupa et al., 2011b). Although germline mutations in BRCA1 and BRCA2 have been 
vastly referred to confer higher risk of breast cancer development, recent evidence suggests 
that this risk is modified by other genetic or environmental factors that cluster in families. A 
recent genome-wide association study showed that common alleles at SNPs in FGFR2, 
TNRC9 and MAP3K are also associated with increased breast cancer risk in the general 
population and in BRCA1 and BRCA2 mutation carriers. The different effects of FGFR2 and 
MAP3K1 SNPs in BRCA1 and BRCA2 carriers result in breast cancer tumors with an 
additional distinct nature (Antoniou et al., 2010). 
HR can compete with NHEJ for DSB repair: recent studies in yeast have shown that 
phosphorylation of SAE2, known to be involved in processing meiotic and mitotic DSB, by a 
CDK, functions as a regulator of the relative activity of NHEJ and HR after DSB resection 
(Huertas et al., 2008). This coordination is of utmost importance, as HR activity during G1 
would lead to the use of an allele as a template to the damaged one and, thus, to loss of 
heterozygosity, potentially unveiling mutations in tumor suppressor genes during the 
oncogenic process. In addition, it has been observed that RAD51 impairment imparts 
mutagenicity to recombinational repair (Stark et al., 2004). 

4.6 Fanconi Anemia/BRCA pathway  
Fanconi anemia (FA) is a genetic disease characterized by genomic instability, checkpoint 
arrest and cancer predisposition. Affected patients can develop various congenital 
abnormalities, including short stature, bone marrow failure during childhood and particular 
predisposition to myelodysplasia, acute myeloid leukemia and head and neck cancers (de 
Winter & Joenje, 2009). A network of at least 13 genes, designated FANCA to FANCN, is 
critical for maintaining chromosomal integrity (Thompson, 2005). Indeed, FA can be caused 
by mutations in any one of these genes (Mathew, 2006). 
Although their molecular function is not completely understood, all FA proteins contribute 
to processing ICLs. Consequently, ICL induction in the absence of FA proteins leads to 
reduced cell viability and an accumulation of cells with a 4N DNA content, representing 
cells in either late S or G2/M (Thompson, 2005). FA proteins interact in the FANC/BRCA 
pathway, in which a pivotal event is the monoubiquitination of FANCD2 (de Winter & 
Joenje, 2009). This monoubiquitination requires the FA nuclear core complex, formed by 
several FA proteins. BRCA2/FANCD1, PALB2/FANCN and FANCJ proteins are not 
required for this event and are considered downstream of FANCD2 monoubiquitination. 
The FANC/BRCA pathway is interconnected with HR and NHEJ systems and its disruption 
provokes the clinical and cellular abnormalities common to all FA subtypes (Wang & 
D'andrea, 2004).  
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Remarkably, some genetic mutations associated with FA are also associated with hereditary 
breast cancer. For example, FANCD1, the gene defective in the FA-D1 patient 
complementation group, was found to be the hereditary breast cancer gene BRCA2 (Howlett 
et al., 2002). Likewise, FANCJ (also called BACH1/BRIP1), which was identified as the gene 
defective in the FANCJ-null (FA-J) patient complementation group (Levitus et al., 2005), was 
initially linked to hereditary breast cancer (Cantor et al., 2004). FA patients that carry 
mutations in BRCA2 only (de Winter & Joenje, 2009) differ from others in presenting much 
more severe phenotypes, with early-onset and high rates of leukemia and some solid tumors 
(Howlett et al., 2002). 

5. DNA repair in anti-cancer therapy: A double-edged sword 
Chemotherapeutic drugs used in cancer treatment frequently take advantage of the intrinsic 
instability of the genome to inflict damage in the DNA of both healthy and tumor cells. 
Depending on their mechanisms of action and pharmacological properties, these drugs may 
be more genotoxic towards tumor cells than towards healthy ones. These agents include 
nitrosureas (carmustine, lomustine, fotemustine, streptozokine), tetrazines (temozolamide, 
dacarbazine), aziridines (thiotepa, mitomycin C), bischloroethylamines (melphalan, 
chlorambucil), DNA topo-isomerases I and II inhibitors (camptothecins and 
epipodophyllotoxins) and, notably, platinum complexes (cisplatin, carboplatin, oxaliplatin) 
(Bignami et al., 2000; Wang, 1996). 

5.1 Chemotherapeutic drugs and DNA repair systems 
The outcome of cancer patients following chemo- and radiotherapy is mostly determined by 
DNA damage responses to the treatments, by both malignant and normal cells. As 
mentioned before, some of the long succession of random mutations that typically give rise 
to human cancers occur in determinant genes of important repair and survival pathways. In 
parallel with epigenetic changes either in DNA and/or histones, these mutations drive 
tumorigenesis (Esteller, 2008; Santella et al., 2005). As such, cancer treatments that target a 
specific DNA repair defect can be selectively toxic to cancer cells exhibiting that defect, 
while sparing normal, DNA repair-proficient cells. Extreme care must, however, be exerted, 
as genetic and epigenetic perturbations of MMR and BER pathways, following the use of 
alkylating/antimetabolite chemotherapeutics and/or ionizing radiation, were associated 
with the onset of new cancers (David et al., 2007; Iyer et al., 2006; Jiricny, 2006; Karran & 
Attard, 2008; O'Brien & Brown, 2006). An increased understanding of how MMR and/or 
BER DNA repair pathways influence the cytotoxicity of chemotherapeutic drugs and/or 
ionizing radiation treatments in both normal and malignant tissues led to an important 
therapeutic distinction between these two DNA repair pathways, i.e., whereas MMR 
processing is required for the cytotoxicity of drug treatments, BER processing sometimes 
leads to reduced drug-related cytotoxicity. A similar distinction can be made for ionizing 
radiation damage processing by MMR versus BER, even though NHEJ and HR repair 
systems are the dominant pathways to repair DSBs induced by ionizing radiation (Matsuoka 
et al., 2007; Workman et al., 2006). 

5.1.1 Tp53, the central player in DNA repair systems  
Tp53 is a master pleiotropic guardian of genome integrity, being a key node in several 
pathways of the DNA repair circuitry that must be subverted during carcinogenesis. 
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Radiotherapy and most chemotherapeutic agents directly target DNA and, as a 
consequence, activate DNA repair processes and/or cell cycle arrest. Tp53 coordinates such 
functions, as it participates in the main DNA repair systems. Mutations within the tumor 
suppressor Tp53 gene are highly frequent in human tumors and commonly associated with 
a resistance phenotype. 
In cells with wild type Tp53, cisplatin resistance can be overridden by several mechanisms 
involving this protein, namely its direct interaction with proteins involved in cisplatin 
resistance and their targeting for proteasomal degradation, this way increasing cellular 
sensitivity to the drug (Abedini et al., 2008). Other mechanism can involve up-regulation of 
Tp53 in response to PTEN overexpression (Yan et al., 2006) and enhanced Tp53-dependent 
apoptosis due to XIAP expression silencing (Fraser et al., 2003). In contrast, decreased Tp53 
phosphorylation, in the presence of active AKT, drives a decrease in cisplatin-induced cell 
death (Fraser et al., 2008). 
It has been shown that a combination of Tp53 inactivation and MMR deficiency results in 
cisplatin resistance (Lin & Howell, 2006). Paradoxally, loss of Tp53 and/or MMR is a 
common event in cancers following treatment with cisplatin and its analogues (Fink et al., 
1998; Lin & Howell, 2006).  

5.1.2 Overcoming Tp53 deficiency 
The absence of wild type Tp53 in some tumor cells can be exploited therapeutically through 
the use of antagonistic drugs (Blagosklonny, 2002). An example is taxol, a β-tubulin target 
agent which simultaneously kills and/or blocks Tp53 deficient cancer cells during mitosis 
and arrests wild type cells in G1 or G2 phases (Demidenko et al., 2008). Taking advantage of 
taxol specificity, its use in association with other mitotic and genotoxic drugs is frequent 
(Blagosklonny et al., 2000). However, the usefulness of mitotic chemotherapeutics is limited 
by their ability to activate Tp53-independent checkpoint mechanism in cancer cells with 
mutant Tp53 (Blagosklonny, 2002).  
Recently, the MDM2 antagonist Nutlin-3 was reported to selectively activate Tp53 pathway, 
inducing cell cycle arrest of Tp53 wild type non-small cell lung cancer (NSCLC) cells, while 
taxol selectively killed Tp53 deficient pharyngeal squamous-cell carcinoma cells (Tokalov & 
Abolmaali, 2010). Moreover, modulators of Nutlin-3 might also offer a new therapeutic 
option for patients with tumors expressing wild type Tp53, either in mono (Vassilev, 2005) 
or combined therapy (Kojima et al., 2005). Inhibition of the Tp53-MDM2 interaction has been 
documented following nutlins administration in multiple types of cultured cells, with a high 
degree of specificity. The consequences are, generally, Tp53 stabilization induction, p21 
induction, cell cycle arrest in G1 and G2 phases, apoptosis and growth inhibition of 
proliferating cancer cells (Vassilev et al., 2004). It is interesting that nude mice treatment 
with Nutlin-3 inhibits tumor growth without overt toxicity, suggesting that normal tissues 
may have higher tolerance to Tp53 activation (Vassilev, 2007). Thus, depending on the 
genetic status of the tumor, Nutlin-3 might be administrated in monotherapy, for the 
activation of the Tp53 pathway, or in combination with taxol, for the protection of the 
surrounding normal tissue. The study of Nutlin-3 biodistribution in the body may be critical 
for the understanding of its pharmacodynamics and therapeutic effects in vivo. 
Other strategies to overcome Tp53 mutant-dependent cancer cell resistance to certain 
anticancer drugs have been proposed. Reactivation of mutant Tp53 using small molecular 
therapeutic agents that change mutant Tp53 conformation or depletion of mutant Tp53 with 
Hsp90-active agents (e.g., geldanamycin) has been attempted (Fojo, 2002; Selivanova, 2001). 
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Yet, although depletion of mutant Tp53 per se cannot restore Tp53 functions, it may abolish 
dominant-positive effects (Wang et al., 2003). A final strategy includes the use of the histone 
deacetylase inhibitor FR901228 (FK228) (Sandor et al., 2002), a depsipeptide expected to be 
predominantly cytotoxic to Tp53 proficient cells, as it inhibits the trans-activating functions 
of wild type Tp53 (Juan et al., 2000). However, recent studies unexpectedly revealed that 
FK228 was less active in Tp53 proficient cells (Blagosklonny et al., 2002; Kitazono et al., 2002) 
as its association with trichostatin A induced Tp53-regulated transcription in cells with 
mutant Tp53, resulting in complete depletion of the Tp53 protein. Restoring or mimicking 
Tp53 trans-functions appears to be highly cytotoxic to cells with mutant Tp53. Yet, care 
must be taken, since histone deacetylase inhibitors are cytotoxic to both normal and tumor 
cells with both wild type and mutant Tp53 (Blagosklonny et al., 2005). 

5.2 Combined therapies to overcome chemo- and radio-resistance  
MMR is now accepted to be fundamental for the processing of the DNA damage induced by 
several classes of chemotherapeutic drugs (Seifert & Reichrath, 2006). The exact mechanisms 
that drive MMR activity are still not clear and two models – the futile cycle model and the 
direct signaling model – have been proposed. Nevertheless, prolonged G2 checkpoint arrest 
is triggered in both models following MMR activation, leading to an activation of some 
apoptotic pathways (Iyer et al., 2006; Jiricny, 2006; O'Brien & Brown, 2006). 
According to the futile cycle model, MMR has a single function with the 
MUTSα/MUTLα/EXO-1 complex ultimately creating persistent SSBs in the vicinity of 
chemically induced mismatches, as happens in the treatment with N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) and thioguanine (6-TG). Briefly, when 6-methyl thioguanine 
(me6-TG) or O6-methyl guanine (O6meG) are formed following 6-TG and MNNG 
treatment, respectively, and are in the template during replication, the incorporation of a C 
or T into the newly synthesized strand creates an additional mismatch, as the modified base 
remains in the template strand after MMR-mediated excision (Yoshioka et al., 2006). Repair 
synthesis proceeds with regeneration of O6meG-C or -T mismatches in a repetitive (futile) 
cycle, culminating with a G2 checkpoint arrest, probably mediated, in an initial phase, by 
the Tp53-ATR-CHK1 pathway and, later, by the ATM-CHK2 pathway (Adamson et al., 2005; 
Jiricny, 2006; Yan et al., 2003; Yan et al., 2004). 
Further MMR signaling pathways consistent with futile cycling have been reported after 
administration of other drugs. For example, cisplatin treatment of MMR-proficient cells 
results in the generation of ICLs, which can lead to MMR-related activation of c-JUN and c-
ABL kinases (Gong et al., 1999; Nehme et al., 1999). Additionally, ionizing radiation-induced 
damage also activates MMR, resulting in modest cytotoxicity following acute and high-dose 
exposures. More significant cytotoxicity is only observed with prolonged exposures to low 
doses of radiation (Yan et al., 2001). These observations may be a consequence of activation 
of Tp53-p21 pathways due to prolonged G2 delay, which is eventually followed by 
apoptosis or autophagy.  
In the direct signaling model, MMR has two separate functions: repairing DNA damage and 
transducing the resulting signal (Fishel, 1999; Yoshioka et al., 2006). After MUTSα/MUTLα 
complex recognition of the chemically induced mispair, it acts as a direct sensor, straightly 
activating the Tp53-ATR-CHK1 pathway (Iyer et al., 2006; Jiricny, 2006). DNA mismatch 
processing through the downstream sub-processes of excision and re-synthesis can then 
follow independently of the damage-induced G2 cell cycle delay.  
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The absence of a functional MMR system confers cells a faulty ability to recognize 
chemotherapy-induced DNA damage and a damage-tolerant phenotype. As a consequence, 
these cells are spared by conventional therapies and accumulate more mutations that boost 
their malignancy (Karran, 2001; Seifert & Reichrath, 2006). For instance, cells with lower 
levels of MSH2 or MLH1 proteins are competent for recognizing damage, but fail to trigger 
checkpoint activation or apoptosis (Cejka et al., 2003; Claij & Te Riele, 2004). In contrast, 
mutations in or near the nucleotide binding site of MSH2 and MSH6 disable MMR, but leave 
intact the apoptotic response to DNA damaging agents (Lin et al., 2004; Yang et al., 2004). 
The importance of MMR proteins on chemotherapy outcome is well evidenced by the role of 
the MSH2 protein in recognizing base pairs involved in modified or damaged bases and, 
consequently, in triggering further MMR-mediated processing at the damaged sites 
(Friedman et al., 2007; Yamada et al., 1997). However, the activation of MSH2 is context 
dependent, as in non-transformed breast cell lines TGF-β activates MSH2 promoter in a 
Tp53-dependent manner, while in Tp53-defficient breast cancer cells, TGF-β down-regulates 
MSH2 expression through a miRNA-mediated mechanism, and confers resistance to DNA-
damaging anticancer agents (Yu et al., 2010).  
The multiplicity of MMR functions in the DNA damage response has been recently 
uncovered through separation-of-function mutations (O'Brien & Brown, 2006). Interestingly, 
newly found deletions in the MLH1 C-terminus (703–725), which is important for 
maintaining the stability of the PMS2 MMR protein, also disrupted the FANCJ/MLH1 
interaction (Mohd et al., 2006), delaying MMR signaling and apoptotic responses. This delay 
provides time for the O6-methylguanine-DNA methyltransferase (MGMT) enzyme to 
reverse DNA methylation and, thus, to confer resistance to agents that induce O6-meG 
lesions. In essence, FANCJ deficiency alters the competition between two pathways: 
MGMT-pro-survival versus MMR-pro-death. A link between FANCJ and HNPCC has also 
been established, providing insight towards directed therapies, as loss of the FANCJ/MLH1 
interaction sensitizes cells to DNA cross-linking agents (Xie et al., 2010a). 

5.2.1 Targeting simultaneously DNA, MMR, NER and Tp53 
Cisplatin is one of the most widely used chemotherapeutic agents (Siddik, 2003). However, its 
clinical use is conditioned by the development of resistance, which can result from reduced 
intracellular accumulation, increased drug inactivation, increased repair of damaged DNA, 
increased activation of pro-survival pathways or inhibition of pathways that promote cell 
death (Siddik, 2003). An intermingling of these factors has also been suggested, justifying the 
difficulty to overcome platinum resistance (Dempke et al., 2000). Defects in Tp53 and MMR 
pathways have been reported to underline cisplatin resistance, both in vitro and in the clinic. In 
agreement, loss of action of the MMR system can result in increased resistance to cisplatin, as 
cells are allowed to replicate damaged DNA instead of entering an apoptotic program (Martin 
et al., 2008; Siddik, 2003; Vaisman et al., 1998; Watanabe et al., 2001). An additional correlation 
between MMR deficiency (due to a BRAF gene mutation), MSI and cisplatin resistance was 
also unveiled using non-seminomatous germ cell tumors (Honecker et al., 2009). 
To overcome cisplatin resistance, combined therapies using gemcitabine (2’-deoxy-2’,2’-
difluorocytidine) and cisplatin have been used (Villella et al., 2004). Attempts to explain 
gemcitabine enhanced cytotoxicity in platinum-resistant endometrial cancer cell lines revealed 
that gemcitabine downregulates MSH2, Tp53 and ERCC1 (the NER protein involved in 
intracellular nucleotide repair) as compared to cisplatin alone (Smith et al., 2006). 
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5.2.2 Targeting simultaneously DNA and MGMT  
DNA alkylation-induced damage is one of the most efficacious anticancer therapeutic 
strategies directed to cancer cells with weakened DNA repair capacity. There is ample 
preclinical evidence that MMR-deficient cancer cells are resistant to both methylating agents 
and some antimetabolites, as 5-fluorouracil (5FU), whereas they are sensitive to oxaliplatin 
and, possibly, even more sensitive to irinotecan (a topoisomerase I inhibitor) (Barratt et al., 
2002; Damia & D'incalci, 2010; Kim et al., 2007; Ribic et al., 2003). In the case of SN1 DNA 
methylating drugs like MNNG, temozolomide (TMZ) or procarbazine, the prevalent DNA 
lesion (O6meG) is largely responsible for their cytotoxicity (Goldmacher et al., 1986; 
Haracska et al., 2000; Karran & Bignami, 1992) and cells deficient in MUTSα and MUTLα 
activities are highly resistant to killing by these drugs, as O6meG is easily repaired by 
MGMT (Iyer et al., 2006; Kaina et al., 2007). Actually, many colon tumors become resistant to 
DNA-alkylating agents due to overexpression of MGMT or MMR-deficiency (Liu & Gerson, 
2006). In contrast, G:C to G:T transition mutations occur in MGMT-deficient cells, as a result 
of their inability to process O6meG during DNA synthesis (Kawate et al., 1998). In MMR-
proficient cells, G:T mismatches are easily repaired (Branch et al., 1993). However, if the 
O6meG is not repaired before the re-synthesis step, it is believed that the repetitive cycle of 
futile MMR will generate tertiary lesions, most likely DSBs, eliciting a cell death response 
(Branch et al., 1993).  
Whereas a significant percentage of gliomas lack expression of MGMT, due to 
hypermethylation of the MGMT promoter, whereas at least half of glioblastomas 
multiforme (GBM) express MGMT, its expression being associated with resistance to 
chemotherapy and poor prognosis (Hegi et al., 2005; Pollack et al., 2006). Strategies to target 
the MMR pathway and to improve the efficacy of TMZ to overcome resistance resulting 
from MGMT activity have been implemented. Ironically, somatic mutations-induced loss of 
function of MSH6 has also been associated with glioblastoma recurrence post irradiation 
and TMZ treatment (Cahill et al., 2007).  
In vitro, MGMT inhibitors such as O6-benzylguanine (O6-BG) can effectively overcome TMZ 
resistance in MMR-proficient cells, but revealed clinically ineffective (McMurry, 2007; 
Tentori et al., 1995). A viable option has been to target the BER pathway, which repairs the 
N7-methylguanine and N3-methyladenine lesions induced by TMZ. Pharmacological 
inhibition of this pathway resulted in TMZ-induced cytotoxicity enhancement, 
independently of MGMT status (Adhikari et al., 2008).  

5.2.3 Targeting simultaneously DNA and BER  
Tumors’ TMZ resistance strategies have been ascribed to elevated levels of MGMT and/or 
reduced MMR. Yet, recent data on human gliomas attributed a minor role to MMR 
deficiency and suggested the existence of other mechanisms (Maxwell et al., 2008). The 
involvement of BER seems very probable, since more than 80% of the DNA lesions induced 
by TMZ are recognized and processed by BER DNA glycosylases, independently of the 
MMR status (Liu & Gerson, 2004). BER glycosylases can lead to antimetabolite drug 
resistance by processing antimetabolite-DNA base damage (Cortellino et al., 2003; Jurado et 
al., 2004; Morgan et al., 2007). In TMZ-induced base damage, the repair process starts with 
the recognition and removal of the damaged bases by N-methylpurine DNA glycosylase 
(MPG), also known as alkyladenine DNA glycosylase (AAG). The resultant AP is then 
hydrolyzed by apurinic/apyrimidinic (AP) endonuclease 1 (APE1) (Almeida & Sobol, 
2007b). Enhanced sensitivity to alkylating agents upon modulation of the BER pathway has 

 
DNA Damage, Repair and Misrepair in Cancer And in Cancer Therapy 

 

205 

recently been observed in preclinical studies (Kinsella, 2009). BER proteins as potential 
targets for chemotherapy sensitization are actually a field of active research.  
5.2.3.1 Targeting APE1  
The tumor microenvironment is characterized by acute/chronic hypoxia, low extracellular 
pH and nutrient access, affecting genomic stability (Reynolds et al., 1996), local progression, 
metastatic potential and response to radio- and chemotherapy (Overgaard, 2007). Multiple 
DNA repair systems are inhibited under hypoxic and/or low pH extracellular conditions, 
including MMR (Koshiji et al., 2005), NER (Yuan et al., 2000) and HR (Bindra et al., 2004).  
In stark contrast, APE1 was found to have greater activity in various types of tumors 
compared with normal tissues (Yoo et al., 2008). Potent direct inhibitors of APE1 have been 
identified, such as arylstibonic acid derivatives (Seiple et al., 2008), which are being 
developed to sensitize cancer cells against other DNA damaging agents; however, it was 
reported that the APE1 inhibitor 7-nitroindole-2-carboxylic acid increases DNA oxidative 
damage, DSBs and cell death in the acidic tumor microenvironment (Horton & Wilson, 
2007). Methoxyamine (MX) is a small molecule being evaluated in conjunction with TMZ in 
phase I clinical trials that specifically binds to and modifies AP sites, making them refractory 
to APE1 and highly cytotoxic, preventing their processing by BER ensuing steps (Yan et al., 
2007). Therefore, MX potentiates the action of AP sites-producing agents, regardless of 
MMR, MGMT or Tp53 status (Liu et al., 1999).  
5.2.3.2 Small molecular weight inhibitors of SN-BER and LP-BER 
An emerging concept in cancer therapy is the sensitization of cancer cells to DNA-damaging 
agents by inhibiting various proteins in the DNA repair pathways. Small molecular weight 
inhibitors (SMIs) have been used to target the BER pathway by inhibiting APE1 and Polβ 
activities. Several Polβ inhibitors have been reported in recent years (Horton & Wilson, 2007). 
Pamoic acid is the most active inhibitor of Polβ (Hu et al., 2004), blocking just Polβ-directed 
SN-BER only at high concentrations. As LP-BER can also repair abasic DNA sites, new agents 
that specifically block both Polβ-directed SN- and LP-BER pathways are being tested, as there 
is a protein, APC, that interacts with Polβ and FEN1, blocking both SN- and LP-BER pathways 
(Jaiswal & Narayan, 2008; Kundu et al., 2007). Recently, two other potent SMIs, NSC-666715 [4-
chloro-N-(3-(4-chloroanilino)-1H-1,2,4-triazol-5-yl)-2-mercapto-5-methylbenzenesulfonamide] 
and NSC-124854 [5-(4-amino-6-iodo-2-oxo-5,6-dihydropyrimidin-1-yl)-3-hydroxy-oxolan-2-yl] 
methoxyphosphonic acid, that interact with Polβ, blocking simultaneously SN- and LP-BER 
activities, without blocking neither APE1, FEN1 nor DNA ligase IV activities, were reported to 
enhance TMZ efficiency both in vitro and in vivo (Jaiswal et al., 2011; Jaiswal et al., 2009). 
5.2.3.3 Inhibitors of PARP I and PARG 
PARP I is an abundant nuclear enzyme that senses both SSBs and DSBs and functions in 
both SN- and LP- BER. In BER, PARP I acts as a nick sensor, catalyzing the addition of ADP-
ribose units to DNA, histones and other target proteins: negatively charged ADP-ribose 
polymers then create electrostatic repulsions between DNA and histones, opening the 
chromatin for DNA repair. PARP I also recruits BER proteins to sites of single-stranded 
DNA breaks, initiating DNA repair (Ratnam & Low, 2007). PARP I expression/activity 
increases significantly in human normal and cancer cell lines after exposure to 
monofunctional and bifunctional alkylating agents, topoisomerase I inhibitors such as 
irinotecan, antimetabolites, including gemcitabine, as well as ionizing radiation (Ratnam & 
Low, 2007). High PARP I levels were also found in a variety of human cancers (Ratnam & 
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polymers then create electrostatic repulsions between DNA and histones, opening the 
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Low, 2007), being commonly associated with drug resistance and overall ability to survive 
genotoxic stress (Shiobara et al., 2001). As PARP I knockdown mice are hypersensitive to 
ionizing radiation and alkylating agents (de Murcia et al., 1997) and overexpression of 
dominant-negative PARP I in nude mice results in tumor cell apoptosis (Hans et al., 1999), 
PARP I inhibition offers the opportunity to enhance chemotherapeutic- and ionizing 
radiation–mediated cytotoxicity in human cancers. In fact, PARP I inhibitors, in preclinical 
and clinical development for several decades, overcome TMZ resistance (Liu et al., 1999) and 
enhance oxaliplatin efficacy in vitro and in vivo (Melisi et al., 2009), while protecting against 
side effects of some anticancer drugs, such as doxorubicin (Pacher et al., 2002).  
PARG is the main enzyme that targets poly ADP-ribose (PAR) for degradation via endo- 
and exoglycosidic cleavage (Hassa et al., 2006). Albeit PARG null mutations are embryonic 
lethal (Cortes et al., 2004), a PARG inhibitor, GPI 16552, has been shown to chemosensitize 
malignant melanoma to TMZ (Tentori et al., 2005). The same effect has been achieved by 
shRNA-mediated PARG knockdown in glioma cells (Tang et al., 2011). 

5.2.4 Therapies targeting simultaneously DNA and HR/NHEJ 
5.2.4.1 Targeting DNA-PKcs  
DSBs are induced by radiation and anticancer drugs such as cyclophosphamide, cisplatin, 
doxorubicin or etoposide (Barcellos-Hoff et al., 2005; Christmann et al., 2003). NHEJ is 
involved in DSB repair and does not depend on the presence of homologous DNA 
sequences (section 4) and requires the DNA-PKcs and one of its targets, the XRCC4/DNA-
ligase IV complex (Lieber, 1999). Importantly, the catalytic subunit of DNA-PK, DNA-PKcs, 
phosphorylates itself, other repair proteins and Tp53 (Smith & Jackson, 1999). An inverse 
correlation between the level of DNA‐PKcs and radiation sensitivity exists in human 
tumors: it was demonstrated that mutant cells radiosensitivity could be rescued by 
introduction of functional, but not kinase activity-deficient, DNA‐PKcs cDNA, showing that 
DNA-PKcs kinase activity is essential for DNA repair (Kurimasa et al., 1999). The binding of 
DNA‐PKcs to DNA ends (Lieber, 1999), together with the ability to phosphorylate a variety 
of nuclear targets (Smith & Jackson, 1999), may determine whether a break is repaired by 
NHEJ, redirected for repair by an alternative pathway or left unrepaired, potentially leading 
to irreversible growth arrest or cell death. Therefore, induction of DNA‐PKcs complex 
arrestment at the DNA termini is potentially more effective in radiosensitizing tumor cells 
than reducing DNA‐PKcs expression itself, as the presence of a non‐functional repair 
complex may block access to proteins from other DSB repair systems, leading to chronically 
unrepaired damage.  
The first approach to inhibit DNA-PKcs in vitro and in vivo used rather unspecific 
pharmacological inhibitors that also inhibited ATM and ATR, such as wortmannin (Sarkaria 
et al., 1998). More recently, 4’-bromo-3’-nitropropiophenone (NS-123) was shown to be more 
specific, enhancing, in vitro and in vivo, the cytotoxicity of biologically relevant doses of 
ionizing radiation, without any measurable normal tissue toxicity (Lally et al., 2007). The use 
of monoclonal antibodies, immunotoxins and radioimmunoconjugates to ameliorate chemo- 
and radiotherapy results has emerged as a promising strategy (Milas et al., 2005). A well-
tolerated and effective radioimmunotherapy option for patients with high-risk leukemia 
uses β-emitting nuclides and antibodies (Kotzerke et al., 2005). Nevertheless, the use of α-
particles can achieve higher biological effectiveness and more specific tumor cell killing with 
less damage to surrounding normal tissues, due to their short path length (50-80 μm) and 
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high energy transfer of α-particles emitting radioisotopes compared with β-emitters and 
external radiation, being ideal to eliminate residual or micrometastatic disease (Zalutsky & 
Pozzi, 2004).  
β- and γ-irradiation-induced DNA damage activate apoptotic pathways involving CD95 
ligand receptor–driven and the mitochondrial pathways (Friesen et al., 2003). In contrast, α-
irradiation-induced DSBs activate the mitochondrial apoptotic pathway independently of 
CD95 receptor/ligand interactions in leukemia cells. However, NHEJ inhibits doxorubicin-, 
γ-irradiation and β-irradiation–induced apoptosis, shedding light on why defective 
apoptosis signaling or increased DNA repair ability are involved in cross-resistance between 
radio- and chemotherapy (Friesen et al., 2003). In order to override cross-resistance against 
β-irradiation, γ-irradiation, doxorubicin and radioactive [213Bi]anti-CD45 has been 
successfully used recently: in the case of doxorubicin, it overcame NHEJ, possibly by 
decreasing DNA-PKcs or DNA-ligase IV activities, leading to efficient caspase activation 
and concomitant apoptosis (Friesen et al., 2008).  
5.2.4.2 Targeting Ku70 
Hypoxic regions exist in many human cancers, and hypoxia-induced radioresistance has 
been postulated as an obstacle in achieving local control in tumors with a sizable hypoxic 
fraction. Even so, radioresistant tumor cells could be sensitized by modulating the cellular 
level/activity of Ku/DNA-PKcs and adjuvant strategies can be developed for targeted 
radiotherapy. Accordingly, a DNKu70 construct, designed based on the analysis of the 
structure-function of Ku70 and on the crystal structure of Ku70/Ku80 heterodimer, induced 
a decrease in Ku-DNA end-binding activity, and the persistence of γ-H2AX foci increased 
the radiosensitivity of infected human glioma U-87 MG cells and human colorectal tumor 
HCT-8 cells, both under aerobic and hypoxic conditions (He et al., 2007).  
In solid tumors, the tolerance of surrounding tissues often limits the dose of radiation that 
can be delivered. In gliomas, for instance, a recent prospective clinical trial found that 
radiotherapy combined with TMZ significantly improves patient’s survival (Stupp et al., 
2005). Unsuccessful attempts have been made at increasing the radiation dose, either with 
additional external beam radiotherapy, brachytherapy or stereotactic radiosurgery (Chan et 
al., 2002b; Regine et al., 2000; Tatter et al., 2003). 
5.2.4.3 Targeting RAD51 
Given the role of DNA repair in the radioresponse of human tumor cells, particularly of the 
DNA-PK-dependent NHEJ and HR systems, several strategies address either DNA-PK or 
RAD51. In the particular case of high grade gliomas, tumors that are strongly resistant and 
characterized by RAD51-mediated DNA repair activity, the in vitro cytotoxicity to combined 
TMZ and radiotherapies was achieved by suppressing the expression of RAD51 (Short et al., 
2011). Alternatively, in NSCLC cell lines, radiosensitization was achieved using antisense 
oligodeoxynucleotide, specifically targeting RAD51 mRNA, or wortmannin, a well-known 
inhibitor of NHEJ that also inhibits RAD51 foci formation (Sak et al., 2005). 
5-Iodo-2’-deoxyuridine (IUdR), a halogenated thymidine analogue, has been long 
recognized as an in vitro/in vivo radiosensitizer (Kinsella, 1996). The levels of thymidine 
replacement by IUdR in DNA, enhanced by caffeine and caffeine–like drugs in Tp53-
deficient xenografts, directly correlate with the extent of radiosensitization (Seo et al., 2006). 
This radiosensitization is ascribed to ionizing radiation–induced DNA strand breaks, most 
likely due to the generation of reactive free radicals from the IUdR incorporated into DNA. 
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5.2.4.3 Targeting RAD51 
Given the role of DNA repair in the radioresponse of human tumor cells, particularly of the 
DNA-PK-dependent NHEJ and HR systems, several strategies address either DNA-PK or 
RAD51. In the particular case of high grade gliomas, tumors that are strongly resistant and 
characterized by RAD51-mediated DNA repair activity, the in vitro cytotoxicity to combined 
TMZ and radiotherapies was achieved by suppressing the expression of RAD51 (Short et al., 
2011). Alternatively, in NSCLC cell lines, radiosensitization was achieved using antisense 
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5-Iodo-2’-deoxyuridine (IUdR), a halogenated thymidine analogue, has been long 
recognized as an in vitro/in vivo radiosensitizer (Kinsella, 1996). The levels of thymidine 
replacement by IUdR in DNA, enhanced by caffeine and caffeine–like drugs in Tp53-
deficient xenografts, directly correlate with the extent of radiosensitization (Seo et al., 2006). 
This radiosensitization is ascribed to ionizing radiation–induced DNA strand breaks, most 
likely due to the generation of reactive free radicals from the IUdR incorporated into DNA. 
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As caffeine abrogates S- and G2-phase cell cycle arrests (Eastman, 2004), it can eventually be 
used to reduce DSB repair through the disruption of both ATR-CHK1-RAD51 and ATR-
CHK1-CDC25 pathways (Sorensen et al., 2005). Regrettably, IUdR is also incorporated into 
the DNA of rapidly proliferating normal tissue, resulting in myelosuppression and 
gastrointestinal toxicity. To circumvent this, 5-iodo-2-pyrimidinone-2’-deoxyribose (IPdR), 
an IUdR derivative, has recently been developed. Its low systemic toxicity and rapid liver 
conversion into IUdR renders this pro-drug quite useful in the treatment of tumors 
surrounded by non-proliferating normal tissues. That is the case of primary and metastatic 
brain and liver tumors and high-grade sarcomas (Kinsella et al., 2007). 

5.2.4.4 Targeting XRCC4/ DNA ligase IV  
Given the plethora of potential targets within the NHEJ group of proteins, it is worth 
mentioning some potential advantages and disadvantages of targeting XRCC4/DNA ligase 
IV. One of these advantages resides in the fact that DNA ligase IV is apparently distinct 
from other DNA ligases and its relationship with XRCC4 and DNA repair seems unique. 
This may unveil specificity or, conversely, decrease efficacy. It is also possible that, by virtue 
of its low abundance and potential rate-limiting nature, XRCC4/DNA ligase IV may be a 
better target for intervention than DNA-PKcs or Ku proteins. Furthermore, cells lacking 
DNA ligase IV show considerably slower rejoining kinetics following irradiation than cells 
lacking DNA-PKcs or Artemis (a protein with major functions in V(D)J recombination and 
NHEJ). In addition, DNA ligase IV seems to be involved in all classes of breaks, unlike the 
other proteins, which may be more selective (Lobrich & Jeggo, 2005). Recently, adenovirus-
mediated expression of the XRCC4 fragment resulted in radiosensitization in breast cancer 
cells (Jones et al., 2005). One major drawback in clinic, even with intensity-modulated 
radiotherapy delivery, is that normal tissues will also be affected and, as such, careful 
monitoring is required.  

5.2.4.5 Targeting BMP1 
Ionizing radiation represents the most effective therapy for glioblastoma (World Health 
Organization grade IV glioma), one of the most lethal human malignancies. Yet, radiotherapy 
remains only palliative because of radioresistance. CD133-expressing (CD133+) tumor cells 
present in glioma have stem-like properties and, as such, are named neuronal cancer stem cells 
(NCSCs). NCSCs are major contributors to glioma radioresistance, through preferential 
activation of the DNA damage checkpoint response and an increase in DNA repair capacity. 
The efficient DNA damage response/repair and radioresistance of glioblastoma multiforme 
(GMB) was recently ascribed to the stem cell factor BMP1, present in high levels in CD133+ 
GBM cells (Facchino et al., 2010). BMP1 is a key component of multiprotein Polycomb 
repression complex 1, critical for the maintenance of chromosome integrity in both normal and 
transformed cells (Chagraouia et al., 2011). Cancer cells, including glioma, are very sensitive to 
genotoxic agents following BMP1 depletion, possibly by an acquired dependency upon BMP1 
anti-apoptotic activity through transcriptional (i.e., tumor suppressor genes repression) and 
non-transcriptional (i.e., HR and NHEJ proteins DNA-PK, PARP I) activities (Chagraouia et al., 
2011; Facchino et al., 2010). As the radioresistance of CD133+ glioma stem cells can be reversed 
with a specific inhibitor of the CHK1 and CHK2 checkpoint kinases, it is possible that an 
approach combining the cell’s preferential sensitivity to BMP1 depletion and inhibitors of 
checkpoint kinases could be exploited to specifically target NCSCs following radiotherapy 
(Bao et al., 2006). 
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5.2.5 Therapies targeting simultaneously DNA and NER repair system 
Activation of DNA repair mechanisms circumvents chemotherapeutic drug-induced DNA 
damage (Edwards et al., 2008), yet defects in those systems may also contribute to tumor 
drug resistance. In particular, impaired NER correlates with loss of susceptibility to cisplatin 
(Mountzios et al., 2008) and trabectedin (Von Mehren, 2007).  
Albeit enhancing NER protects against accumulation of DNA lesions and maintains 
genomic integrity, reducing the NER threshold may be beneficial for cancer patients 
undergoing chemotherapy to ensure the efficient action of DNA damage-inducing drugs 
(Liu et al., 2010). The newly identified circadian oscillation of XPA expression, coupled with 
a short half-life of the protein, hints that an optimal time window for treatment with drugs 
whose provoked DNA lesions elicit BER, such as cisplatin and other base damaging drugs, 
may be found. Actually, transient suppression of NER through chronochemotherapy 
manipulation of core NER factors or regulatory pathways is anticipated to synergize with 
DNA damaging agents to optimize the chemotherapeutic outcome (Kang & Sancar, 2009) 

5.2.6 Therapies addressed to MSI tumors 
The epigenetic silencing that occurs during tumor development deeply affects the response 
of tumors to chemotherapy (Teodoridis et al., 2005), as illustrated by the epigenetic 
inactivation of the MGMT gene and the consequent increase of gliomas’ resistance to 
monofunctional alkylating agents (Hegi et al., 2005). Another example is the relation 
between the epigenetic status of MLH1 protein and the sensitivity to a wide range of 
important chemotherapeutic agents (Gifford et al., 2004; Sargent et al., 2010). 
Patients with MSI stage II CRCs receiving 5FU treatment require adjuvant chemotherapy 
with oxaliplatin to override 5FU negative effects and, consequently, increase their survival 
(Kim et al., 2010). Other 5FU adjuvant therapies containing FU, irinotecan and leucovorin 
(folinic acid vitamin) were tested unsuccessfully (Van Cutsem et al., 2009). Another strategy 
based on the topoisomerase 1 (TOP1) inhibitor irinotecan evidenced that MSI tumors 
respond better to this drug than tumors with intact MMR (Jacob et al., 2001). The mechanism 
underlying this response is still not clear, but irinotecan, apparently, inhibits the catalytic 
function of TOP1 by stabilizing covalent complexes formed between DNA, prevents DNA 
from unwinding (Hsiang et al., 1989) and induces SSBs that are later converted into DSBs 
after replication fork collapse (Vamvakas et al., 1997). However, possibly it is not the MMR 
defect itself, but rather the loss of one or more of the genes associated to MSI, that causes the 
observed chemosensitivity. 
Ironically, epigenetic silencing can also be achieved during chemotherapy and may be an 
important driving force behind acquired drug resistance (Glasspool et al., 2006). In ovarian 
and peritoneal cancer patients, cisplatin and carboplatin/paclitaxel or carboplatin/docetaxel 
treatments were reported to induce MLH1 down-regulation or promoter hypermethylation 
and, consequently, MSI (Strathdee et al., 1999). Therefore, there is considerable interest in the 
association of epigenetic therapies with existing chemotherapeutic agents, to improve initial 
tumor response and to overcome acquired drug resistance. The use of the DNA 
hypomethylating agent decitabine (2-deoxy-5′azacytidine) resulted in partial reversal of 
DNA methylation of MLH1 and was reported to increase the sensitivity to cisplatin and 
carboplatin both in vitro and in vivo (Cameron et al., 1999). However, the dose limiting 
toxicity of decitabine (i.e., myelosuppression) plus the limited demethylation in tumors, 
coupled with the eventual re-methylation of genes, may limit the clinical use of decitabine in 
monotherapy of solid tumors. 
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5-Fluoro-2′-deoxycytidine (FdCyd) is a DNA methyltransferase inhibitor and a 
hypomethylating agent when incorporated into the DNA of exposed cells (Kaysen et al., 
1986). Indeed, to prevent re-methylation and re-silencing of genes, long-term exposures to 
DNA methylation inhibitors are needed, as are new strategies to use them. Manipulation of 
FdCyd metabolism using the cytidine deaminase inhibitor tetrahydrouridine (THU) 
enhanced the re-expression of MLH1, converting resistant hypermethylated MLH1- colon or 
ovarian cancer cells to sensitive 5FU cells, because they re-expressed functional MLH1 and 
therefore competent MMR (Beumer et al., 2008). Full exploitation of DNA methyltransferase 
inhibition may well need long-term exposure to low concentrations of the inhibitor, as 
observed with 5-azacytidine and 5-aza-2′-deoxycytidine (Lyko & Brown, 2005).  
Finally, the combination of a demethylating agent and, the histone deacetylase (HDAC) 
inhibitor, trichostatin A has recently been examined in clinical trials of hematological 
malignancies. By combining non-toxic doses of decitabine with the HDAC inhibitor 
belinostat, a marked increase in MLH1 expression both in vitro and in vivo was observed, as 
was a boost of cisplatin sensitivity in tumor xenografts (Steele et al., 2009). 

5.3 Modulating cancer therapies using mathematical models 
The overall complexity of DNA repair pathways is a major obstacle in designing and 
analyzing clinical trials using cancer-targeted treatment; probabilistic computational 
modeling is being used to better integrate chemotherapheutics and ionizing radiation-
induced damage. Recently, a stochastic model for cell cycle progression in two synchronized 
isogenic MMR-deficient (MMR-) and MMR-proficient (MMR+) CRC cells, treated or not with 
iododeoxyuridine (IUdR), was built, followed by a second model to obtain correlations 
between the percentage of cells in different cell cycle states and the corresponding IUdR-
DNA incorporation at particular time points. Combining both models could predict IUdR 
incorporation in DNA incorporation at any time in the cell cycle. Consequently, maximum 
benefit of the therapeutic action of IUdR treatment and radiation was achieved in xenografts 
MMR- tumors versus MMR+ normal tissues, before passing to clinical trials (Gurkan et al., 
2007). This suggests that the systems biology approach holds promise for strategies using 
chemo- and radiotherapy synergistically and to better comprehend the effect of DNA repair 
systems on them. 
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1. Introduction 
The success of an organism to survive from one generation to the next is largely dependent 
upon the fidelity of replication of its genetic material, deoxyribonucleic acid (DNA). 
Unfortunately, DNA in living cell is labile and subject to many chemical alterations, and 
these alterations, if not corrected, can to lead to diseases such as cancer (Fig. 1) (Pallis & 
Karamouzis, 2010). All eukaryotic cells have evolved a multifaceted response to counteract 
the potentially deleterious effects of DNA damage (Fig. 2). Upon sensing DNA damage, cell 
cycle checkpoints are activated to arrest cell cycle progression to allow time for repair before 
the damage is passed on to the next generation of cells. Depending on the type of damage, 
other cellular mechanisms such as transcriptional program activation, DNA repair 
pathways, and apoptosis can also be induced. All of these processes are coordinated so the 
genetic material is faithfully maintained, duplicated, and segregated within the cell. 
Important goals of cancer research are to determine the molecular mechanisms that are 
involved in the formation of genetic changes in human genes as a consequence of DNA 
mutations and to explain how cancer cells withstand and counteract DNA damage by the 
use of different defense mechanisms ranging from free radical scavengers to sophisticated 
DNA repair mechanisms. 
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Fig. 2. DNA damage responses. When DNA is damaged by a variety of sources, the cellular 
response to damage involves activation of multiple processes in order to maintain genomic 
integrity. 

Investigations into the regulation and the effects of DNA repair on tumor survival have 
expanded very rapidly in recent years. Research on targeting molecular pathways such as 
angiogenesis, DNA repair, and apoptosis is becoming one of the important areas in clinical 
oncology. Indeed, many pharmaceutical companies are developing inhibitors against DNA 
damage response pathways for cancer treatment.  

2. Overview of DNA repair mechanisms 
As a major defense system against DNA damage, DNA repair maintains genome fidelity 
that is essential to the health of the individual and to the reproductive success of a species. 
DNA repair is involved in many processes that minimize cell killing, mutations, replication 
errors, and genomic instability. Abnormalities in these processes have been implicated in 
cancer and other diseases (Preston et al., 2010). There are at least six different DNA repair 
pathways in mammalian systems, including base excision repair (BER), nucleotide excision 
repair (NER), homologous recombination (HR), non-homologous end-joining (NHEJ), 
transcriptional-coupled repair (TCR), and mismatch repair (MMR). Disruption in these 
repair pathways can allow mutations to proliferate, leading to genomic instability. In fact, 
elevated levels of DNA repair proteins are often seen in drug-resistant tumor cells because a 
large number of conventional anti-cancer therapies are based on killing cancer cells through 
inducing DNA damage (Altaha et al., 2004; Drummond et al., 1996; Minn et al., 1995). Our 
understanding on the damage/errors repaired by each of these pathways has much 
improved from decades of intense biochemical and molecular genetic studies. Today we 
know that tumor cells respond differently to DNA damaging agent and their DNA repair 
activities vary. Thus, therapeutic targeting of specific components of the DNA repair 
pathways in cancer cells has become one of the major strategies in anti-cancer drug 
development.  

2.1 Base excision repair (BER) 
The BER pathway repairs base lesions and/or single-strand breaks (SSBs) induced by 
oxidative and alkylating agents in the DNA template. DNA glycosylases are responsible for 
initial recognition of the lesion. They flip the damaged base out of the double helix and cleave 
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the N-glycosidic bond of the damaged base, leaving an apurinic/apyrimidinic (AP) site on 
damaged DNA strand. This site is identical to that generated by spontaneous 
depyrimidination or depurination. Six DNA glycosylases have been identified in humans to 
date - each excises an overlapping subset of either spontaneously formed (e.g., hypoxanthine), 
oxidized (e.g., 8-oxo-guanine), alkylated (e.g., 3-methyladenine), or mismatched bases (Baute & 
Depicker, 2008). Then the AP endonucleases cleave an AP site to yield a 3’-hydroxyl adjacent 
to a 5’-deoxyribosephosphate. The resulting gap is subsequently filled by the 5’-deoxyribose-
phosphodiesterase action of a DNA polymerase β and the strands are re-ligated by a DNA 
ligase. Defects in BER genes increase the mutation rate in a variety of organisms. For example, 
mutations in Pol β have been found in 30% of human cancers, and some of these mutations 
lead to transformation when expressed in mouse cells (Starcevic et al., 2004). Mutations in the 
DNA glycosylase MYH are also known to increase susceptibility to colon cancer (Kastrinos & 
Syngal, 2007).  

2.2 Nucleotide excision repair (NER) 
The NER is the predominant DNA repair pathway by which the cell maintains genomic 
integrity. It is responsible for removing a wide range of DNA damage, including UV-
induced DNA cyclopurine dimers (CPDs), 6-4 photoproducts, and cisplatin induced DNA 
crosslinks (Ciccia & Elledge, 2010). There are 9 major proteins involved in NER in 
mammalian cells and their names come from the diseases associated with the deficiencies in 
those proteins. XPA, XPB, XPC, XPD, XPE, XPF, and XPG all derive from Xeroderma 
pigmentosum (XP) while CSA and CSB represent proteins linked to Cockayne syndrome (CS). 
In addition, other proteins are also found to participate in NER including ERCC1, RPA, 
PCNA, RAD23A, and RAD23B. There are four basic steps involved in NER: 1) Damage 
recognition, 2) Damage demarcation, 3) Incision, and 4) Repair patch synthesis and ligation. 
Two proteins, XPA and XPC-RAD23B, have been implicated in the damage recognition step, 
XPE has been shown to have a high affinity for damaged DNA, but whether it is required 
for the damage recognition step of NER remains unclear. CSA and CSB are mainly involved 
in the damage recognition step of the transcription-coupled repair. Once the DNA damage 
is recognized, XPB and XPD, which are subunits of transcription factor TF-IIH and have 
helicase activity, unwind the DNA at the sites of damages. XPF and ERCC1 form a protein 
complex which exhibits structure-specific endonuclease activity that is responsible for the 5’ 
incision during the NER process. The 3’ incision is made by the XPG protein and taken place 
prior to 5’ incision. The resulting gap in DNA is then filled by DNA polymerases δ and ε. 
Proliferating cell nuclear antigen (PCNA) assists the DNA polymerases in the reaction, and 
replication protein A (RPA) protects the other DNA strand from degradation during NER. 
Finally DNA ligase seals the nicks to finish NER. One good example of targeting NER as an 
anti-cancer therapy is the use of cisplatin (Altaha et al., 2004; Balin-Gauthier et al., 2008; 
Prewett et al., 2007). 

2.3 Homologous recombination (HR) 
HR is a type of genetic recombination in which nucleotide sequences are exchanged 
between two similar or identical DNA molecules. HR is most widely used by cells to repair 
potentially lethal double-strand breaks in DNA. HR produces new combinations of DNA 
sequences during meiosis and these new sequences represent genetic variation in offspring, 
which enables populations to adapt during the course of evolution. Although HR varies 



 
DNA Repair and Human Health 

 

240 

Cellular
Metabolism

UV Light
Exposure

Ionizing 
Radiation

Chemical
Exposure

Replication
Errors

DNA Damage

Cell Cycle 
Checkpoint
Activation

Transcriptional 
Program

Activation

DNA Repair 
Pathway

Activation

Apoptosis 
Induction

 
Fig. 2. DNA damage responses. When DNA is damaged by a variety of sources, the cellular 
response to damage involves activation of multiple processes in order to maintain genomic 
integrity. 
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complex which exhibits structure-specific endonuclease activity that is responsible for the 5’ 
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HR is a type of genetic recombination in which nucleotide sequences are exchanged 
between two similar or identical DNA molecules. HR is most widely used by cells to repair 
potentially lethal double-strand breaks in DNA. HR produces new combinations of DNA 
sequences during meiosis and these new sequences represent genetic variation in offspring, 
which enables populations to adapt during the course of evolution. Although HR varies 
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among different organisms and cell types, most forms of HR share the same basic steps. 
After a double-strand break occurs, sections of DNA around the break on the 5'-end of the 
damaged chromosome are removed in a process called resection. In the strand invasion step 
that follows, an overhanging 3'-end of the damaged chromosome then "invades" an 
undamaged homologous chromosome. A mobile, cross-shaped intersection of four strands 
of DNA called a Holliday junction is formed between the two chromosomes after strand 
invasion. In the pathways of HR involved in DNA repair, a second Holliday junction forms. 
Depending on how the two junctions are resolved (e.g., cut), the meiotic version of HR 
results in either chromosomal crossover or non-crossover. HR is also used in horizontal gene 
transfer to exchange genetic material between different strains and species of bacteria and 
viruses, and it has been targeted for cancer therapy (Helleday et al., 2005; Litman et al., 2005; 
Plo et al., 2008). 

2.4 Non-homologous end-joining (NHEJ) 
NHEJ is also a pathway that repairs double-strand breaks in DNA. NHEJ is referred to as 
"non-homologous" because the break ends are directly ligated without the need for a 
homologous template, in contrast to HR, which requires a homologous sequence to guide 
repair (Moore & Haber, 1996). NHEJ typically utilizes short homologous DNA sequences 
called microhomologies to guide repair. These microhomologies are often present in 
single-stranded overhangs on the ends of double-strand breaks. When the overhangs are 
perfectly compatible, NHEJ usually repairs the break accurately (Boulton & Jackson, 1996; 
Budman & Chu, 2005; Moore & Haber, 1996; Wilson & Lieber, 1999). Imprecise repair 
leading to loss of nucleotides can also occur, but is much more common when the 
overhangs are not compatible. Inappropriate NHEJ can lead to translocations and 
telomere fusion, which are hallmarks of tumor cells (Espejel et al., 2002). NHEJ is 
evolutionarily conserved throughout all kingdoms of life and is the predominant double-
strand break repair pathway in mammalian cells (Guirouilh-Barbat et al., 2004). In 
budding yeast (Saccharomyces cerevisiae), however, HR dominates when the organism is 
grown under common laboratory conditions. 
When the NHEJ pathway is inactivated, double-strand breaks can be repaired by a more 
error-prone pathway called microhomology-mediated end joining (MMEJ). In this pathway, 
end resection reveals short microhomologies on either side of the break, which are then 
aligned to guide repair (McVey & Lee, 2008). This contrasts with classical NHEJ, which 
typically uses microhomologies already exposed in single-stranded overhangs on the 
double-strand breaks (DSBs) ends. Repair by MMEJ therefore leads to deletion of the DNA 
sequence between the microhomologies. 

2.5 Transcriptional-coupled DNA repair (TCR) 
The TCR pathway is an additional NER sub-pathway that allows for the preferential repair 
of transcription-blocking lesions on the transcribed strand of active genes (Tornaletti, 2009). 
It operates in tandem with transcription. DNA repair and transcription had long been 
considered as fully separable processes until recently when several discoveries showed that 
transcription could be coupled to the selective repair of the transcribed strand (Bohr et al., 
1985; Hanawalt et al., 1994; Mellon & Hanawalt, 1989; Mellon et al., 1987). Failure of the TCR 
is the known cause of Cockayne syndrome (CS), an extreme form of accelerated aging that is 
fatal early in life (Sarker et al., 2005). 
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2.6 Mismatch repair (MMR) 
MMR is primarily responsible for removing unpaired nucleotides. MMR discriminates 
between two strands so that the newly synthesized ‘daughter’ strand is repaired to match 
the ‘parent’ strand, rather than mutating the ‘parent’ strand to match the ‘daughter’ strand. 
MMR is a highly conserved process. First, MutS forms a dimer (MutS2) to recognize the 
mismatched base on the ‘daughter’ strand and binds the mutated DNA (Acharya et al., 
2003). MutL then binds the MutS-DNA complex and recruit MutH to the damaged site. 
MutH subsequently binds and nicks the ‘daughter’ strand near the mismatched site and and 
recruit an UvrD helicase (DNA helicase II) to separate the two strands with a specific 3’ to 5’ 
polarity. The entire MutSLH complex then slides along the DNA in the direction of the 
mismatch, librating the strand to be excised as it goes. An exonuclease trails the complex 
and digests the ssDNA tail. The single-stranded gap created by the exonuclease is filled by 
DNA polymerase III using the other strand as a template. Finally the nicks are sealed by 
DNA ligase. Deficiencies in MMR are believed to account for almost all cases of hereditary 
nonpolyposis colon cancer (HNPCC) and many other cancers such as sporadic colorectal, 
endometrial, ovarian, gastric, and urothelial cancers, presumably due to the high rate of 
replication, which leads to the accumulation of DNA mismatches (Sancar, 1999). Mismatched 
nucleotides may arise from polymerase misincorporation errors, recombination between 
heteroallelic parental chromosomes, or chemical and physical damage to the DNA (Friedberg 
et al., 2006). MutS homologs (MSH) and MutL homologs (MLH/PMS) are highly conserved 
proteins that are essential for the mismatch repair (MMR) excision reaction (Kolodner et al., 
2007). In human cells, hMSH2 and hMLH1 are the fundamental components of MMR. The 
hMSH2 protein forms a heterodimer with hMSH3 or hMSH6 and is required for 
mismatch/lesion recognition, whereas the hMLH1 protein forms a heterodimer with hMLH3 
or hPMS2 and forms a ternary complex with MSH heterodimers to complete the excision 
repair reaction (Acharya et al., 2003; Kolodner et al., 2007). Human cells contain at least 10-fold 
more of the hMSH2-hMSH6/hMLH1-hPMS2 complex, which repairs single nucleotide and 
small insertion-deletion loop (IDL) mismatches, compared with the hMSH2-hMSH3/hMLH1-
hMLH3 complex, which primarily repairs large IDL mismatches (Cannavo et al., 2005; 
Drummond et al., 1997; Raschle et al., 1999). In addition to MMR, the hMSH2-
hMSH6/hMLH1-hPMS2 components have also been uniquely shown to recognize lesions in 
DNA and to signal cell cycle arrest and apoptosis (Fishel, 1999; Fishel, 2001). 

3. Exploiting DNA damage response defects in cancer 
In recent years, it has become evident that DNA damage responses are central for both the 
development and therapy of cancer. Defects in DNA damage response predispose to cancer 
by enhancing the accumulation of oncogenic mutations, and these mutations can provoke 
spontaneous DNA damage that suppresses the evolution of incipient cancer cells. Important 
goals of cancer research are to understand the molecular mechanisms by which cancers arise 
and to develop anti-cancer drugs that attack the Achilles’ heel of cancer cells. Insight from 
understanding and targeting DNA damage response pathways has launched a new era in 
cancer therapy. 

3.1 BRCA1/BRCA2 deficiencies 
Breast cancer is the most common malignancy in women and an estimated 10% of the female 
population is affected by this disease (Alberg & Helzlsouer, 1997). About 5% of all breast 
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Breast cancer is the most common malignancy in women and an estimated 10% of the female 
population is affected by this disease (Alberg & Helzlsouer, 1997). About 5% of all breast 
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cancers are ascribed to hereditary predisposition. Extensive research efforts in the early 1990s 
have led to the identification of two major breast cancer susceptibility genes, BRCA1 and 
BRCA2 (Futreal et al., 1994; Miki et al., 1994; Narod & Foulkes, 2004; Tavtigian et al., 1996; 
Wooster et al., 1995). Individuals carrying mutations in either one of the alleles will have a life-
long high risk for either breast or ovarian cancers (Narod & Foulkes, 2004). Harmful BRCA1 or 
BRCA2 mutations may also increase a woman’s risk of developing cervical, uterine, pancreatic, 
stomach, gallbladder, bile duct, melanoma, and colon cancers (Kadouri et al., 2007; Thompson 
& Easton, 2002). The likelihood that a breast and/or ovarian cancer is associated with a 
harmful mutation in BRCA1 or BRCA2 is highest in families with a history of multiple cases of 
breast cancer, cases of both breast and ovarian cancer, one or more family members with two 
primary cancers. However, it is important to note that most research related to BRCA1 and 
BRCA2 has been carried out on large families with many individuals affected by cancer. Thus, 
this risk estimate may not apply to general population. To date more than 600 mutations in the 
BRCA1 and BRCA2 genes are known. These mutations can be changes in one or a small 
number of DNA pairs or large rearrangements of DNA. Mutated BRCA proteins do not 
function properly. BRCA1 is directly involved in the repair of damaged DNA by interacting 
with RAD51 to repair breaks in DNA. BRCA2 has a similar function in repairing DNA. Defects 
in either or both proteins lead to unrepaired DNA damages in other genes. As these defects 
accumulate, they will allow cells to grow and divide in an uncontrollable manner and 
eventually form a tumor. Thus, direct or indirect targeting BRCA1 or BRCA2 and their 
interrelated pathways may have a significant clinical implication. For example, using a gene 
therapy to restore BRCA1’s tumor suppressor function in cancer cells in order to suppress 
tumor cell proliferation has been demonstrated (Tait et al., 1997). Preclinical and clinical 
findings indicated that restoration of normal function of BRCA1 could have the therapeutic 
potential to inhibit tumor growth (Tait et al., 1999).  

3.2 p53 mutations 
p53 is a tumor suppressor protein encoded by the TP53 gene in humans (Isobe et al., 1986; 
Kern et al., 1991; Matlashewski et al., 1984; McBride et al., 1986). Mutations or inactivation of 
p53 is a universal feature of human cancers (Storey et al., 1998). As a transcription factor, 
p53 plays a critical role in apoptosis, genetic stability, and inhibition of angiogenesis 
(Farnebo et al., 2010; Gaiser et al., 2009; Strachan & Read, 1999). It is normally expressed at 
low levels so that it does not disrupt the cell cycle or induce the cell to undergo apoptosis. 
Thus its activity is mainly controlled by regulation of its protein expression levels mediated 
primarily by the ubiquitin ligase mouse double-minute 2 (MDM2), which targets p53 to the 
proteasome for degradation (Toledo & Wahl, 2006). It has been demonstrated that p53 
becomes activated in response to a variety of stress types including DNA damage, oxidative 
stress, osmotic shock, ribonucleotide depletion, and deregulated oncogene expression (Han 
et al., 2008; Hollstein et al., 1991; Tyner et al., 2002). If the TP53 gene is mutated, tumor 
suppression will be severely reduced. High levels of mutant p53 protein are often observed 
in tumors (Bartek et al., 1991; Hassan et al., 2008; Iggo et al., 1990; Jonason et al., 1996; Lee et 
al., 2007; Rotter, 1983). Accumulation of mutant p53 has no correlation with tumor 
progression, however, it correlates well with increased metastasis (Morton et al., 2010). 
Previous studies suggest that ~50% of all human tumors overexpress a nonfunctional 
mutant p53 that accumulate to high concentrations in tumor cells (Brosh & Rotter, 2009; 
Brown et al., 2009; Nigro et al., 1989). Thus, targeting mutant p53 could be an extremely 
efficient strategy for selective killing of tumor cells (Mandinova & Lee, 2011).  
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3.3 BRCA-Fanconi Anemia (FA) pathway 
Over the past few years, study of the rare inherited chromosome instability disorder, 
Fanconi Anemia (FA), has revealed a novel DNA damage response pathway, the BRCA-FA 
pathway. This pathway consists of BRCA1, BRCA2, and a network of at least 12 FA genes 
and is commonly inactivated in solid tumors (Thompson, 2005). Functional loss of the 
BRCA-FA pathway leads to increased cellular sensitivity to DNA damaging agents, defects 
in cell cycle checkpoints, and cancer predisposition (Litman et al., 2008). While the 
molecular function of the BRCA-FA protein complex remains unclear, evidence has 
suggested that the BRCA-FA protein complex is required to mediate the interstrand cross-
link (ICL)-induced cellular response (Thompson, 2005). FA cells lacking any of the BRCA-FA 
proteins fail to respond to ICLs, which leads to cellular sensitivity and a prolonged 
accumulation of cells at the late S or G2/M checkpoint (Litman et al., 2008). Similarly, 
BRCA1 mutant cells also fail to respond to ICLs by arresting DNA synthesis and are 
hypersensitive to ICLs, which causes profound genetic instability (Shen et al., 1998; Xu et al., 
1999). Increased cancer risk has been observed in heterozygous carriers of FA gene 
mutations, in particular an increased susceptibility to breast and ovarian cancers (King et al., 
2003). These observations suggest that the BRCA-FA pathway is important in the prevention 
of the female cancers and that unidentified mutations in FA genes may account for some 
familial breast/ovarian cancer pedigrees not accounted for by BRCA1 or BRCA2/FANCD1. 
The association between abnormalities in the BRCA-FA pathway and cancer development 
may have important clinical implications as regards treatment. FA patients who are 
homozygous for mutation of a FA gene have a systemic DNA repair defect that results in a 
low tolerance for DNA-damaging chemotherapeutic agents. For this reason, 
chemotherapeutic agents are often given at low dosage or are avoided in favor of surgical 
approaches for these patients (Kutler et al., 2003). The situation, however, is different for 
cancer patients who carry a heterozygous mutation in a FA gene. In this scenario the tumor 
contains an abnormal FA pathway and would be predicted to be more DNA damage 
sensitive whereas the patient's other cells, such as those in the bone marrow, contain a 
functional pathway and would be relatively more DNA damage resistant. Consistent with 
this model BRCA2/FANCD1 mutation carriers, with breast or ovarian cancer, demonstrate a 
high response to DNA-damaging chemotherapeutic agents (Cass et al., 2003; Chappuis et 
al., 2002). It remains to be seen if malignancies associated with heterozygosity for other FA 
gene mutations demonstrate the same level of chemo-sensitivity. 

3.4 ATM/ATR 
Ataxia-telangiectasia mutated (ATM) is a serine/threonine protein kinase activated by DNA 
double-strand breaks (DSBs) (Abraham, 2001). Its activity is increased 2-3 folds in response 
to DSBs. It phosphorylates several key proteins such as tumor suppressors p53, CHK2, and 
H2AX that initiate activation of the DNA damage checkpoint, leading to cell cycle arrest, 
DNA repair or apoptosis. ATM is recruited to DSBs by a trimeric complex of the three 
proteins MRE11/RAD50/NBS1. ATM directly interacts with the NBS1 subunit and 
phosphorylates the histone variant H2AX, generating binding sites for adaptor proteins 
with a BRCT domain. These adaptor proteins then recruit different factors including p53 
and CHK2 to repair DSBs. ATM also phosphorylates MDM2 and p53, leading to 
stabilization and activation of p53 and subsequent transcription of numerous p53 target 
genes which eventually result in long-term cell-cycle arrest or apoptosis (Morgan, 2007). AT 
and most of other AT-like disorders are defective in ATM. Since one feature of the ATM 
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cancers are ascribed to hereditary predisposition. Extensive research efforts in the early 1990s 
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Wooster et al., 1995). Individuals carrying mutations in either one of the alleles will have a life-
long high risk for either breast or ovarian cancers (Narod & Foulkes, 2004). Harmful BRCA1 or 
BRCA2 mutations may also increase a woman’s risk of developing cervical, uterine, pancreatic, 
stomach, gallbladder, bile duct, melanoma, and colon cancers (Kadouri et al., 2007; Thompson 
& Easton, 2002). The likelihood that a breast and/or ovarian cancer is associated with a 
harmful mutation in BRCA1 or BRCA2 is highest in families with a history of multiple cases of 
breast cancer, cases of both breast and ovarian cancer, one or more family members with two 
primary cancers. However, it is important to note that most research related to BRCA1 and 
BRCA2 has been carried out on large families with many individuals affected by cancer. Thus, 
this risk estimate may not apply to general population. To date more than 600 mutations in the 
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in either or both proteins lead to unrepaired DNA damages in other genes. As these defects 
accumulate, they will allow cells to grow and divide in an uncontrollable manner and 
eventually form a tumor. Thus, direct or indirect targeting BRCA1 or BRCA2 and their 
interrelated pathways may have a significant clinical implication. For example, using a gene 
therapy to restore BRCA1’s tumor suppressor function in cancer cells in order to suppress 
tumor cell proliferation has been demonstrated (Tait et al., 1997). Preclinical and clinical 
findings indicated that restoration of normal function of BRCA1 could have the therapeutic 
potential to inhibit tumor growth (Tait et al., 1999).  
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low levels so that it does not disrupt the cell cycle or induce the cell to undergo apoptosis. 
Thus its activity is mainly controlled by regulation of its protein expression levels mediated 
primarily by the ubiquitin ligase mouse double-minute 2 (MDM2), which targets p53 to the 
proteasome for degradation (Toledo & Wahl, 2006). It has been demonstrated that p53 
becomes activated in response to a variety of stress types including DNA damage, oxidative 
stress, osmotic shock, ribonucleotide depletion, and deregulated oncogene expression (Han 
et al., 2008; Hollstein et al., 1991; Tyner et al., 2002). If the TP53 gene is mutated, tumor 
suppression will be severely reduced. High levels of mutant p53 protein are often observed 
in tumors (Bartek et al., 1991; Hassan et al., 2008; Iggo et al., 1990; Jonason et al., 1996; Lee et 
al., 2007; Rotter, 1983). Accumulation of mutant p53 has no correlation with tumor 
progression, however, it correlates well with increased metastasis (Morton et al., 2010). 
Previous studies suggest that ~50% of all human tumors overexpress a nonfunctional 
mutant p53 that accumulate to high concentrations in tumor cells (Brosh & Rotter, 2009; 
Brown et al., 2009; Nigro et al., 1989). Thus, targeting mutant p53 could be an extremely 
efficient strategy for selective killing of tumor cells (Mandinova & Lee, 2011).  
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Over the past few years, study of the rare inherited chromosome instability disorder, 
Fanconi Anemia (FA), has revealed a novel DNA damage response pathway, the BRCA-FA 
pathway. This pathway consists of BRCA1, BRCA2, and a network of at least 12 FA genes 
and is commonly inactivated in solid tumors (Thompson, 2005). Functional loss of the 
BRCA-FA pathway leads to increased cellular sensitivity to DNA damaging agents, defects 
in cell cycle checkpoints, and cancer predisposition (Litman et al., 2008). While the 
molecular function of the BRCA-FA protein complex remains unclear, evidence has 
suggested that the BRCA-FA protein complex is required to mediate the interstrand cross-
link (ICL)-induced cellular response (Thompson, 2005). FA cells lacking any of the BRCA-FA 
proteins fail to respond to ICLs, which leads to cellular sensitivity and a prolonged 
accumulation of cells at the late S or G2/M checkpoint (Litman et al., 2008). Similarly, 
BRCA1 mutant cells also fail to respond to ICLs by arresting DNA synthesis and are 
hypersensitive to ICLs, which causes profound genetic instability (Shen et al., 1998; Xu et al., 
1999). Increased cancer risk has been observed in heterozygous carriers of FA gene 
mutations, in particular an increased susceptibility to breast and ovarian cancers (King et al., 
2003). These observations suggest that the BRCA-FA pathway is important in the prevention 
of the female cancers and that unidentified mutations in FA genes may account for some 
familial breast/ovarian cancer pedigrees not accounted for by BRCA1 or BRCA2/FANCD1. 
The association between abnormalities in the BRCA-FA pathway and cancer development 
may have important clinical implications as regards treatment. FA patients who are 
homozygous for mutation of a FA gene have a systemic DNA repair defect that results in a 
low tolerance for DNA-damaging chemotherapeutic agents. For this reason, 
chemotherapeutic agents are often given at low dosage or are avoided in favor of surgical 
approaches for these patients (Kutler et al., 2003). The situation, however, is different for 
cancer patients who carry a heterozygous mutation in a FA gene. In this scenario the tumor 
contains an abnormal FA pathway and would be predicted to be more DNA damage 
sensitive whereas the patient's other cells, such as those in the bone marrow, contain a 
functional pathway and would be relatively more DNA damage resistant. Consistent with 
this model BRCA2/FANCD1 mutation carriers, with breast or ovarian cancer, demonstrate a 
high response to DNA-damaging chemotherapeutic agents (Cass et al., 2003; Chappuis et 
al., 2002). It remains to be seen if malignancies associated with heterozygosity for other FA 
gene mutations demonstrate the same level of chemo-sensitivity. 

3.4 ATM/ATR 
Ataxia-telangiectasia mutated (ATM) is a serine/threonine protein kinase activated by DNA 
double-strand breaks (DSBs) (Abraham, 2001). Its activity is increased 2-3 folds in response 
to DSBs. It phosphorylates several key proteins such as tumor suppressors p53, CHK2, and 
H2AX that initiate activation of the DNA damage checkpoint, leading to cell cycle arrest, 
DNA repair or apoptosis. ATM is recruited to DSBs by a trimeric complex of the three 
proteins MRE11/RAD50/NBS1. ATM directly interacts with the NBS1 subunit and 
phosphorylates the histone variant H2AX, generating binding sites for adaptor proteins 
with a BRCT domain. These adaptor proteins then recruit different factors including p53 
and CHK2 to repair DSBs. ATM also phosphorylates MDM2 and p53, leading to 
stabilization and activation of p53 and subsequent transcription of numerous p53 target 
genes which eventually result in long-term cell-cycle arrest or apoptosis (Morgan, 2007). AT 
and most of other AT-like disorders are defective in ATM. Since one feature of the ATM 
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protein is its rapid increase in kinase activity immediately following DSBs, phosphorylating 
its substrates involved in DNA repair, apoptosis, G1/S, intra-S checkpoint, and G2/M 
checkpoints, gene regulation, translation initiation, and telomere maintenance (Kurz & Lees-
Miller, 2004), a defect in ATM has severe consequences in repairing certain types of DNA 
damage, and cancer may result from improper DNA repair. For example, both leukemias 
and lymphomas are found to be associated with ATM defects (Chen, 2000). On the other 
hand, making ATM dysfunction can be an effective strategy for killing cancer cells. Many 
specific inhibitors of ATM have thus been developed for the treatment of cancer (Hickson  
et al., 2004).  
The ATM- and Rad3-related (ATR) kinase is highly related to ATM (Abraham, 2001), and 
occupies a similar proximal position in checkpoint signaling cascades. ATM and ATR 
appear to phosphorylate many of the same substrates, though their functions are clearly 
distinct. ATR responds not only to DSBs, but also to damages caused by UV, cisplatin, 
hydroxyurea (HU), and stalled DNA synthesis (Abraham, 2001). Deficiency in ATR leads to 
a phenotype resembling mitotic catastrophe, suggesting an essential role for ATR in 
monitoring DNA replication (Hekmat-Nejad et al., 2000; Michael et al., 2000). ATR is 
constitutively bound to another protein, the ATR-interacting protein (ATRIP), which acts as 
a regulatory subunit for ATR. ATRIP cannot bind DNA without ATR and checkpoint 
activation requires both ATR and ATRIP, and possibly other proteins such as Rad9, Rad1, 
and Rad17/RFC complex (Abraham, 2001; Cortez et al., 2001). In addition, conditional 
deletion of ATR leads to G2 checkpoint defects and cell death (Cortez et al., 2001), indicating 
that ATR inhibition may be cytotoxic also to normal cells. However, short-term conditional 
expression of dominant negative ATR in human fibroblasts at a level that interfered with 
cell cycle checkpoint was not lethal (Cliby et al., 1998), raising the possibility that partial 
ATR inhibition may suppress checkpoints without causing cytotoxicity. 

3.5 MMR deficiencies 
The MMR pathway involves the removal of DNA base mismatches that arise during DNA 
replication or are caused by DNA damage. Mutations in seven known human MMR genes 
(hMSH2, hMSH3, hMSH6, hMLH1, hMLH3, hPMS1, and hPMS2) have been discovered, 
which lead to an inability to repair mismatches, causing an increased mutation rate and thus 
incidence of cancer. MMR deficiencies can be clearly observed in microsatellites - short 
tandem repetitive DNA sequences that are found throughout the genome (Laghi et al., 2008; 
Martin et al., 2010) and are predominantly linked to hereditary non-polyposis colorectal 
cancer (HNPCC), ovarian cancer, and leukemia (DeWeese et al., 1998; Pal et al., 2008; 
Whiteside et al., 2002). Cells mutated in either hMSH2 or hMLH1 have shown stronger 
mutator phenotypes and high microsatellite instability (MSI), which is often used as a 
marker for MMR deficiency (Jiricny & Nystrom-Lahti, 2000). A number of studies have also 
suggested a relationship between MMR deficiency and platinum-drug resistance (Aebi et 
al., 1996; Brown et al., 1997; Drummond et al., 1997; Lage & Dietel, 1999; Strathdee et al., 
1999). However, the recent discovery that the MMR system plays an important role also in 
signaling the presence of DNA damage to the apoptotic machinery indicates that the 
function of MMR gene mutations may go beyond the mutator phenotype and MSI (D’Atri et 
al., 1998; Duckett et al., 1999; Hickman & Samson, 1999; Wu et al., 1999). Thus, MMR 
deficiency is likely to emerge as a frequent complication in the treatment of many types of 
cancers (Fleisher et al., 1999). 
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4. Targeting DNA repair pathways for cancer therapy 
Radiation and genotoxic chemotherapies remain a mainstay of conventional cancer 
treatment and are likely to remain so for a foreseeable future. DNA damage responses are 
orchestrated by multiple signal transduction processes. Impaired DNA repair enables tumor 
cells to survive. Thus much current interest is focused on understanding how normal and 
tumor cells respond to DNA damage and determining whether DNA damage responses 
could be exploited or manipulated for therapeutic purposes.  
DNA repair is a double-edged sword. First, deficiencies in DNA repair systems can lead to a 
higher incidence of cancer development; second, evidence also suggests that suppression of 
DNA repair capacity enhances the efficacy of conventional genotoxic anti-cancer agents, 
which has become an attractive strategy in anti-cancer therapeutics. Although promising, a 
full understanding of the biology and functions of the DNA repair pathways will be crucial 
for the future success of such approaches. 

4.1 DNA damage checkpoint pathways 
DNA damage checkpoints in the cell cycle serve as important barriers against cancer 
progression in human cells. Inhibition or inactivation of DNA damage checkpoint pathways 
can induce growth arrest, apoptosis and cellular senescence, and thus has been an attractive 
approach for cancer therapeutic interventions. The popular target proteins involved in these 
pathways are p53, ATM/ATR, and CHK1/CHK2. Efforts in targeting these proteins for 
therapeutic purposes are still in their infancy, and as understanding of the biological and 
molecular functions of these pathways becomes clearer, more effective and rational 
therapeutic strategies will likely emerge.  

4.1.1 p53 
Cancers have mutated p53. One approach to target p53 pathway is to re-introduce wild-type 
p53 via gene replacement. The desired outcome is a suppression of tumor growth and 
sensitization of the cancer cells against cytotoxic DNA damaging agents (Blagosklonny & El-
Deiry, 1996; Meng & El-Deiry, 1998). Several adenovirus-based application of wild-type p53 
have moved into human clinical trials in combination with cisplatin or carboplatin, and the 
data from these clinical trials suggest that this gene-therapy approach may provide an 
effective strategy for selective killing of epithelial cancer cells (Seth et al., 1996). Another 
approach to target p53 is the selective depletion of the mutant p53 protein. Geldanamycin 
(GA), a benzoquinone ansamycin, depletes mutant p53 in breast, prostate, and leukemia cell 
lines (An et al., 1997) and prevents nuclear translocation of mutant p53 (Dasgupta & 
Momand, 1997). 17AA-geldanamycin, a GA analog, has undergone a phase I clinical trial 
(Nowakowski et al., 2006). Additionally, efforts in restoring normal function of mutant p53 
using other approaches have been tested (Hietanen et al., 2000; Selivanova et al., 1999). A 
synthetic 22-mer peptide derived from the C-terminal domain of p53 has been shown to 
have the ability to restore the normal function of p53 in p53-mutant cell lines, leading to 
suppressed cell growth (Selivanova et al., 1999). Actinomycin D and leptomycin B also 
showed their activities in reactivating wt p53 in cervical carcinoma cells (Hietanen et al., 
2000). However, a potential problem with most of these approaches is to protect normal cells 
that harbor functioning p53. Often, intervention of one pathway can lead to the secondary 
inactivation of downstream components which may generate even more aggressive cancers 
as shown by Martins and co-workers (Martins et al., 2006). 
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as shown by Martins and co-workers (Martins et al., 2006). 
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4.1.2 ATM/ATR 
The clinical use of ATM inhibitors is based on the rationale that ATM signaling is 
dysfunctional in tumor cells and inhibition of its activity would sensitize tumor cells to 
agents that cause DSBs. Two very specific ATM inhibitors, KU55933 and CP466722, have 
been shown to be able to effectively inhibit ATM function, reducing the phosphorylation of 
a wide range of ATM substrates such as p53, NBS1, H2AX, and SMC1 (Hickson et al., 2004) 
and rapidly sensitizing cancer cells to ionizing radiation (Rainey et al., 2008; White et al., 
2008). The specificity and efficacy of both ATM inhibitors implies the potential of using 
these inhibitors as radiosensitizers in future cancer clinical trials.  
The ATR kinase plays a role of monitoring the effect the damage has on DNA replication or 
transcription rather than sensing the damage directly (Derheimer et al., 2007; Jiang & Sancar, 
2006). In this regard, inhibition of ATR could be cytotoxic to both tumor and normal cells, 
and the toxicity caused by inhibition of ATR to normal cells can be too severe to be used in 
clinical setting. Unlike ATM, there are no specific ATR inhibitors available. Considering that 
ATR may compensate partly for loss of ATM function, selective inhibition of ATR could 
preferentially sensitize ATM-deficient tumors (Zhou et al., 2003). 

4.1.3 CHK1/CHK2 
Both CHK1 and CHK2 are important members of protein kinases involved in DNA damage 
checkpoint control. Loss of CHK1 and/or CHK2 functions in combination with genotoxic 
therapeutic agents would allow the generation of lethal DNA lesions that could lead to 
apoptosis and cell death. CHK1 responds primarily to replication folk abnormalities 
through ATR-dependent phosphorylation, which activates an array of downstream events 
to elicit cell cycle arrest, preserve replication fork viability, activate DNA repair 
mechanisms, and terminate the activated checkpoint to resume cell division cycle. 
Numerous studies have revealed that CHK1 is overexpressed in various tumor cells and 
down-regulation of CHK1 leads to spontaneous cell death (Collis et al., 2007; Feng et al., 
2008; Jurvansuu et al., 2007; Leung-Pineda et al., 2009; Zhang et al., 2005; Zhang et al., 2009; 
Zhao & Piwnica-Worms, 2001). Thus, a strategy targeting the degradation of CHK1 in 
cancer cells would have a significant therapeutic implication in anti-cancer therapy.  
CHK2 plays a similar role in DNA damage checkpoint pathways. Unlike CHK1, CHK2 is 
phosphorylated by ATM and is critical for DNA damage-induced apoptosis (Hirao et al., 
2002; Takai et al., 2002). It regulates apoptosis in both ATM-dependent and ATM-
independent manner (Hirao et al., 2002). Like p53, CHK2 is also a tumor suppressor and is 
highly expressed in both proliferating and differentiated normal tissues. Evidence has 
suggested that CHK2-p53 pathway is a determinant of the toxic side effects of anti-cancer 
treatment and CHK2 inhibitors may be very valuable for protecting tissues that are sensitive 
to DNA damage in patients with tumors that have a defective p53 pathway (Zhou et al., 
2003). The therapeutic window of DNA-damaging therapies may be widened by CHK2 
inhibitors via selective desensitization of normal cells.  
To date, a number of CHK1 and CHK2 inhibitors have been developed (Collins & Garrett, 
2005; Lin et al., 2006; Sorensen et al., 2003; Syljuasen et al., 2004; Wang et al., 2005). These 
compounds include G06976, isogranulutamide, SB-218078, urea, indolinones, XL844, and 
CEP-6367 (Collins & Garrett, 2005; Garber, 2005; Lin et al., 2006; Sorensen et al., 2003; Wang 
et al., 2005). However, the only known small-molecule inhibitor of CHK1 or CHK2 to enter 
clinical trial is XL844, which inhibits both CHK1 and CHK2 (Garber, 2005). While new 
checkpoint inhibitors are being developed, further understanding the functions of these 
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different tumor suppressors and checkpoint kinases in responding to DNA damage will 
better guide the use of selective checkpoint inhibitors in clinic.  

4.2 Cell survival and proliferation pathways 
Cell proliferation is governed by the cell cycle machinery which tightly controls cell cycle 
progression. Many kinases are involved in cell cycle regulation, including cyclin-dependent 
kinases (CDKs), PI-3 kinase, AKT, FOXO, EGFR, VGFR, and mTOR. The deregulation of 
many kinases is usually directly linked to cancer development. In solid tumors, changes in 
protein kinase expression levels and alterations in post-translational modifications can 
contribute to cancer and cancer progression. Thus, these kinases are often the targets for 
cancer therapeutic developments. In fact, protein kinase inhibitors are a major class of anti-
cancer drugs.  

4.2.1 BCL-2 family proteins 
The B-cell lymphoma 2 (BCL-2) family proteins have been studies extensively for the past 
decade because their importance in apoptosis, tumorigenesis, and cellular responses to anti-
cancer therapy (Adams & Cory, 1998). The interplay among BCL-2 family members 
integrates intracellular signals to maintain a balance between newly forming cells and old 
dying cells. When anti-apoptotic BCL-2 family members such as BCL-2 and BCL-XL are 
over-expressed, apoptotic cell death is prevented. In mammalian system, it has become 
evident that both BCL-2 and BCL-XL are over-expressed in many types of cancer cells (Chao 
& Korsmeyer, 1998; Motoyama et al., 1995; Veis et al., 1993). They inhibit apoptosis by 
interacting with Bax or Bak. Targeting the anti-apoptotic BCL-2 family of proteins has thus 
become a popular approach to improve apoptosis and overcome drug resistance to cancer 
chemotherapy (Del Poeta et al., 2003; Minn et al., 1995; Yoshino et al., 2006). The dysfunction 
of apoptosis can lead to disastrous consequences such as cancer cell proliferation. The 
initiator and effector caspases are the key players in apoptotic cascade (Motoyama et al., 
1995; Veis et al., 1993). There are two major apoptotic pathways converge on the effector 
caspases: the intrinsic cell-death pathway (also known as the mitochondrial pathway) and 
the extrinsic cell-death pathway. The intrinsic pathway is activated by a wide range of 
signals including radiation, cytotoxic drugs, cellular stress, and growth factor withdrawal. 
The activation of Caspase-9 by mitochondria is a central checkpoint of apoptosis, which 
triggers a cascade of caspase activation (caspase-3, -6, and -7), resulting in the biochemical 
changes associated with apoptosis. In contrast, the extrinsic cell-death pathway functions 
independently of mitochondria and is activated by cell surface death receptors such as Fas 
and tumor necrosis factor related apoptosis inducing ligand (TRAIL) receptors (Wajant, 
2002). To date, 25 members of the BCL-2 family of proteins have been identified and they all 
can be defined by the presence of conserved motifs known as BCL-2 homology domains 
(BH1 to BH4). Both BCL-2 and BCL-XL contain all four BH domains while other members 
may only contain BH1 and BH2. Heterodimerization of these domains is essential for the 
pro-apoptotic activity. Thus, disruption of the protein-protein interaction among these BCL-
2 family members has been a focus of the development of BCL-2 inhibitors (Cao et al., 2001), 
even though some anti-sense drug has also been developed (e.g., Oblimersen sodium) (Rai et 
al., 2008). At present, many agents have been designed to target the bcl-2 family members at 
the mRNA or protein level. Agents with high specificity may provide excellent 
opportunities for cancer treatment but unexpected systemic toxicities may also be a problem 
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different tumor suppressors and checkpoint kinases in responding to DNA damage will 
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integrates intracellular signals to maintain a balance between newly forming cells and old 
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if only one member of the bcl-2 family proteins is targeted (Kang & Reynolds, 2009). One 
approach to enhance therapeutic efficacy and reduce severe side effects is to inhibit multiple 
bcl-2 members using a combination of drugs.  

4.2.2 EGFR 
The epithelial growth factor receptor (EGFR) is a tyrosine kinase that participates in the 
regulation of cellular homeostasis. Following ligand binding, EGFR stimulates downstream 
signaling cascades such as the JAK/STAT pathway, the PI-3K/AKT pathway, the 
RAS/MAPK pathway, and the PKC pathway, influencing cell proliferation, apoptosis, 
migration, survival, and complex processes including angiogenesis and tumorigenesis 
(Nyati et al., 2006). EGFR is overexpressed in tumor cells, causing resistance to radiation and 
chemotherapeutic agents (Chakravarti et al., 2004; Liang et al., 2003; Milas et al., 2004). Thus, 
targeting EGFR for cancer treatment has been intensely pursued and a series of EGFR-
targeting drugs has been developed and approved by FDA for clinical use, most noticeably 
Gefitinib, Panitumumab, Erlotinib, and Cetuximab (Ljunhman, 2009). Increased EGFR 
expression has been linked to poor clinical outcome in patients with breast, oropharyngeal 
HNSCC, and ovarian cancers (Lo et al., 2005; Psyrri et al., 2005; Xia et al., 2009). Nuclear 
EGFR functions as a tyrosine kinase to phosphorylate and stabilize PCNA, and thus 
enhancing the proliferative potential of cancer cells (Wang et al., 2006). With its link to many 
different types of cancer, systematic laboratory and clinical research have facilitated the 
translation of EGFR inhibitors into common use in clinical oncology. For each new EGFR 
drug development, a complex series of preclinical and clinical tests have helped better 
understanding of the EGFR biology and advanced EGFR drug development in the both the 
laboratory and clinical settings.  

4.2.3 CDKs 
The Cyclin-dependent kinases (CDKs) are a family of serine/threonine kinases that regulate 
progression through each stage of the cell division cycle. In many cancers, CDKs are 
overactive or CDK-inhibiting proteins are not functional (Barriere et al., 2007; Malumbres & 
Barbacid, 2009). Thus, CDKs have been a major class of targets for deregulation in cancer 
cells to prevent unregulated proliferation of cancer cells. Two major cell cycle checkpoints 
are induced in response to DNA damage and take place before and after DNA synthesis 
during G1 and G2 phases. CHK1 and CHK2 are the two key transducers of these signaling 
pathways and they act indirectly on CDKs through their ability to inhibit members of the 
Cdc25 family of dual specificity phosphatases that dephosphorylate and activate CDKs 
(Bartek & Lukas, 2003). Roughly a dozen of CDK inhibitors have been developed to date 
(Collins & Garrett, 2005). Some are targeting multiple CDKs and others are targeting specific 
CDKs. However, the validity of these drug candidates should be carefully assessed because 
selectivity has been an issue. In addition, CDKs as effective anti-cancer targets may need to 
be re-evaluated, because genetic studies revealed that knockout of one specific type of CDK 
often does not affect proliferation of cells or has an effect only in specific tissue types 
(Malumbres & Barbacid, 2009). Furthermore, specific CDKs are only active in certain periods 
during the cell cycle. Therefore, the pharmacokinetics and dosing schedule of the candidate 
compound must be carefully evaluated to maintain active concentration of the drug 
throughout the entire cell cycle for cancer therapeutic purpose in clinical setting (Malumbres 
et al., 2008). 
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4.2.4 AMPK 
AMP-activated protein kinase (AMPK) is an enzyme that plays a role in cellular energy 
homeostasis. AMPK is a metabolic master switch regulating several intracellular systems 
including the cellular uptake of glucose, the β-oxidation of fatty acids and the biogenesis of 
glucose transporter 4 (GLUT4) and mitochondria (Bergeron et al., 1999; Durante et al., 2002; 
Ojuka, 2004; Thomson et al., 2007; Winder, 2001). Since its discovery, investigations into the 
regulation and the effects of AMPK have progressed very rapidly. Studies on the regulation 
of cellular proliferation by AMPK are becoming one of the critical areas in cancer research. 
Recent discoveries that three tumor-suppressors LKB1, p53, and TSC2 present either 
upstream (LKB1) or downstream (p53 and TSC2) have provided novel evidence that AMPK 
may function as a suppressor of cell proliferation. Thus inhibition of AMPK activity could 
lead to a suppressed cell proliferation. However, further studies are required for a full 
understanding of AMPK activation before it will emerge as an important target for the 
prevention and treatment of cancer. 

4.2.5 PI-3K/AKT/mTOR 
The PI-3K/AKT/mTOR pathway is frequently dysregulated in cancers (Cortot et al., 2006; 
LoPiccolo et al., 2008; Morgensztern & McLeod, 2005; Yap et al., 2008). PI-3 kinase activates 
AKT which subsequently activates mTOR. In many cancers, this pathway is overactive, 
reducing apoptosis and allowing proliferation. The phosphatase PTEN, which is often 
mutated or underexpressed in many cancer cells, negatively regulates this pathway via 
inhibiting PI-3K (Carnero et al., 2008). Importantly, hyperactivation of the PI-
3K/AKT/mTOR pathway was found to be associated with resistance to radiation and 
chemotherapy (Jameel et al., 2004). Therefore it presents a promising therapeutic target for 
tumor sensitization. There has been a tremendous interest in developing novel drugs against 
this pathway. Many small-molecule inhibitors against PI-3K, AKT, and mTOR have been 
developed and tested in tumor cells (Carnero et al.,2008; Fasolo & Sessa, 2008; Franke, 2008; 
LoPiccolo et al., 2008; Marone et al., 2008; Nakamura et al., 2005; Steelman et al., 2008; 
Tokunaga et al., 2008; Yap et al., 2008). One unique feature of targeting this pathway is to 
target the apoptosis-protecting role of AKT without negating its HR-suppressing function 
(Plo et al., 2008). Such compounds could lead to a strong sensitization of cancer cells to 
treatments requiring HR such as IR, cisplatin, MMC, and PARP inhibitors.  

4.2.6 VEGF 
Vascular endothelial growth factor (VEGF) is a signal protein produced by cells to stimulate 
vasculogenesis and angiogenesis. VEGF is a major regulator of blood vessel formation and 
function. It controls several processes in endothelial cells such as proliferation, survival, and 
migration. However, it is still unknown how these processes are coordinately regulated to 
result in more complex morphogenetic events such as tubular sprouting, fusion, and 
network formation. Over-expression of VEGF has been observed across a wide range of 
tumor types including colon, lung, breast, renal, glioblastoma, ovarian, and prostate cancers 
(Ferrara, 2004; Hicklin & Ellis, 2005; Margolin, 2002). Without blood vessels, the tumors 
cannot grow. For this reason, tumor angiogenesis has become a critical target for cancer 
therapy. Most common anti-VEGF strategies include ligand-binding with antibodies to 
prevent VEGF from binding to VEGF receptors (VEGFR1 and VEGFR2). Angiogenesis 
inhibitors targeting VEGF have shown antitumoral activity in preclinical and clinical trials. 
Currently available agents with established role include the anti-VEGF humanized mAb 
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if only one member of the bcl-2 family proteins is targeted (Kang & Reynolds, 2009). One 
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EGFR functions as a tyrosine kinase to phosphorylate and stabilize PCNA, and thus 
enhancing the proliferative potential of cancer cells (Wang et al., 2006). With its link to many 
different types of cancer, systematic laboratory and clinical research have facilitated the 
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drug development, a complex series of preclinical and clinical tests have helped better 
understanding of the EGFR biology and advanced EGFR drug development in the both the 
laboratory and clinical settings.  
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progression through each stage of the cell division cycle. In many cancers, CDKs are 
overactive or CDK-inhibiting proteins are not functional (Barriere et al., 2007; Malumbres & 
Barbacid, 2009). Thus, CDKs have been a major class of targets for deregulation in cancer 
cells to prevent unregulated proliferation of cancer cells. Two major cell cycle checkpoints 
are induced in response to DNA damage and take place before and after DNA synthesis 
during G1 and G2 phases. CHK1 and CHK2 are the two key transducers of these signaling 
pathways and they act indirectly on CDKs through their ability to inhibit members of the 
Cdc25 family of dual specificity phosphatases that dephosphorylate and activate CDKs 
(Bartek & Lukas, 2003). Roughly a dozen of CDK inhibitors have been developed to date 
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selectivity has been an issue. In addition, CDKs as effective anti-cancer targets may need to 
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bevacizumab, which is approved for the treatment of metastatic HER2/NEU-negative breast 
cancer (Miller et al., 2007). In many recent clinical trials, angiogenesis inhibitors were also 
being used in combination with conventional chemotherapy (Thanigaimani et al., 2010). One 
advantage of using angiogenesis inhibitors for cancer treatment is its low toxicity and less 
susceptibility to the induction of acquired drug resistance. However, like many other anti-
cancer drugs, these inhibitors will need to be tested vigorously in the future clinical trials 
before they can be approved for use of cancer therapy alone because therapy with these 
inhibitors often does not prolong survival of cancer patients for more than months (Quesada 
et al., 2010). 

4.2.7 HSP90 
Heat shock protein 90 (HSP90) is a molecular chaperone involved in protein folding, cell 
signaling, and tumor repression. It is one of the most abundant proteins expressed in cells 
(Csermely et al., 1998). HSPs are a class of proteins that protect cells when stressed by 
elevated temperatures, dehydrating, or by other means. In this sense, HSPs seem to serve as 
biochemical buffers for the numerous genetic lesions that are characteristic of most human 
cancers. HSP90 is known to play a Janus-like role in the cell where it is essential for the 
creation, maintenance, and destruction of proteins. Its normal function is critical to 
maintaining the health of cells, whereas its dysregulation may lead to carcinogenesis. 
Cancerous cells over express a number of biologically critical proteins, including growth 
factor receptors, such as EGFR, or signal transduction proteins such as PI-3K and AKT 
(Lurje & Lenz, 2009). HSP90 stabilizes these proteins (Sawai et al., 2008), and loss of HSP90-
mediated stabilization of these proteins selectively affects cancer cells (Mohsin et al., 2005; 
Stebbins et al., 1997). Another important role of HSP90 in cancer is the stabilization of 
mutant proteins such as v-Src, the fusion oncogene Bcr/Abl, and mutant forms of p53 that 
appear during cell transformation (Calderwood et al., 2006). HSP90 is also required for 
induction of VEGF and nitric oxide synthase (NOS) (Fontana et al., 2002). Both are important 
for de novo angiogenesis that is required for tumor growth beyond the limit of diffusion 
distance of oxygen in tissues (Calderwood et al., 2006). HSP90 also promotes the invasion 
step of metastasis by assisting the matrix metalloproteinase MMP2 (Eustace et al., 2004). 
Together with its co-chaperones, HSP90 modulates tumor cell apoptosis mediated through 
effects on AKT (Sato et al., 2000), tumor necrosis factor receptors (TNFR) and nuclear factor-
κB (NF-κB) function (Whitesell & Lindquist, 2005). Finally HSP90 participates in many key 
processes in oncogenesis such as self-sufficiency in growth signals, stabilization of mutant 
proteins, angiogenesis, and metastasis. Thus, as expected, the use of HSP90 inhibitors in 
cancer treatment has demonstrated its importance as a therapeutic target and shown 
promising effects in clinical trials. For example, the HSP90 inhibitor, geldanamycin has been 
used as an anti-tumor agent (Goetz et al., 2003). The drug was originally thought to function 
as a kinase inhibitor but was subsequently shown to be an HSP90 inhibitor where it uses a 
compact conformation to insert itself into the ATP binding site.  

4.3 Accessory factor 
Targeting DNA repair accessory factors as a therapeutic strategy has shown great promise 
for cancer treatment. The question remains as to whether these factors can be readily 
targeted, because many of them are multi-functional proteins involved in multiple 
pathways. For example, poly(ADP-ribose) polymerase (PARP) has recently emerged as one 
of the ‘hot’ anti-cancer targets. Inhibition of PARP impairs a tumor cell’s DNA repair 
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activity, disabling its defense against DNA-damaging chemotherapy (Kling, 2009; Bryant & 
Helleday, 2004). Another DNA repair accessory factor, HMG-1, which is a specific marker of 
necrotic cell death, has also been suggested to facilitate protein-DNA and protein-protein 
interactions, enhancing effective binding of receptors such as progesterone receptor (PR) to 
its target DNA sequences and thus promoting cell survival (Onate et al., 1994). If inhibition 
of these factors can lead to cancer cell killing, it may provide clinically feasible opportunities 
for improved anti-cancer therapies. However, all the anti-cancer therapies targeting DNA 
repair pathways may also affect normal cells. 

4.3.1 BRCA1/BRCA2 
As stated earlier in this chapter, individuals with heterozygous, deleterious, germ line 
mutations in either BRCA1 or BRCA2 genes exhibit high life-time risks of developing breast, 
ovarian, and other types of cancer. A significant development in exploiting the DNA repair 
defect in BRCA mutant cells has been the use of synthetic lethality approaches. Cells lacking 
functional BRCA1 or BRCA2 have a deficiency in the repair of DSBs by HR. This deficiency 
results in the repair of these lesions by NHEJ or single-strand annealing (SSA) instead 
(Turner et al., 2005). Although it is still an area of intensive investigation, haplo-insufficiency 
phenotype remains a possibility for BRCA1 and BRCA2 mutant carriers (Santarosa & 
Ashworth, 2004). Agents that cause an increase in DSBs which are normally repaired by HR 
should selectively only affect BRCA-deficient cells, not normal cells (Tutt et al., 2006). This 
provides an ideal target for therapeutic intervention. Based on the concept that a lethal 
synthetic interaction between two genes occurs when mutation of either alone is compatible 
with viability, but mutation of both leads to cell death (Hartwell, 1997; Kaelin, 2005), a DNA 
repair protein, poly(ADP-ribose) polymerase (PARP), was identified as a synthetic lethal 
partner of BRCA1 and BRCA2 (Bryant et al., 2005; Farmer et al., 2005). Inhibition of this 
protein leads to severe and highly selective toxicity in BRCA-deficient cells. Similar results 
were obtained on xenografts and in animal models of spontaneous BRCA2 loss of function 
(Bryant et al., 2005; Farmer et al., 2005; Hay et al., 2005). PARP inhibitors have been 
previously used as chemosensitizing and radiosensitizing agents. However, the use of these 
agents as therapeutic in the treatment of BRCA-deficient tumors is novel. There is still a 
great deal of research and development needed to be done before these PARP inhibitors can 
serve as medicine.  

4.3.2 BRCA-FA 
BRCA-FA pathway is essential for DNA damage response in cells. Loss of a functional 
BRCA-FA DNA damage response pathway, breast and ovarian tumors as well as leukemia 
can develop. BRCA-FA derived tumor cells must rely on alternative pathways for survival. 
Thus, to develop an effective therapeutic strategy, understanding specifically how these 
alternative pathways compensate for defects in the BRCA-FA pathway to promote survival 
is essential. The emerging role of BRCA-FA proteins in HR implies that tumor cells derived 
from mutations in these genes should have impaired HR. Several lines of evidence have 
supported this possibility, because BRCA1, BRCA2, BRIP1/FANCJ, and PALB2/FANCN-
deficient cells all demonstrate defects in HR, consistent with a role for the BRCA-FA 
pathway in HR (Litman et al., 2005; Niedernhofer et al., 2005; Scully & Livingston, 2000, 
Venkitaraman, 2002; Xia et al., 2006). Thus there are opportunities to target the DNA repair 
defect in BRCA-FA tumors by increasing lesions repaired by HR. It was recently illustrated 
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bevacizumab, which is approved for the treatment of metastatic HER2/NEU-negative breast 
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used as an anti-tumor agent (Goetz et al., 2003). The drug was originally thought to function 
as a kinase inhibitor but was subsequently shown to be an HSP90 inhibitor where it uses a 
compact conformation to insert itself into the ATP binding site.  
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targeted, because many of them are multi-functional proteins involved in multiple 
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its target DNA sequences and thus promoting cell survival (Onate et al., 1994). If inhibition 
of these factors can lead to cancer cell killing, it may provide clinically feasible opportunities 
for improved anti-cancer therapies. However, all the anti-cancer therapies targeting DNA 
repair pathways may also affect normal cells. 
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As stated earlier in this chapter, individuals with heterozygous, deleterious, germ line 
mutations in either BRCA1 or BRCA2 genes exhibit high life-time risks of developing breast, 
ovarian, and other types of cancer. A significant development in exploiting the DNA repair 
defect in BRCA mutant cells has been the use of synthetic lethality approaches. Cells lacking 
functional BRCA1 or BRCA2 have a deficiency in the repair of DSBs by HR. This deficiency 
results in the repair of these lesions by NHEJ or single-strand annealing (SSA) instead 
(Turner et al., 2005). Although it is still an area of intensive investigation, haplo-insufficiency 
phenotype remains a possibility for BRCA1 and BRCA2 mutant carriers (Santarosa & 
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agents as therapeutic in the treatment of BRCA-deficient tumors is novel. There is still a 
great deal of research and development needed to be done before these PARP inhibitors can 
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BRCA-FA pathway is essential for DNA damage response in cells. Loss of a functional 
BRCA-FA DNA damage response pathway, breast and ovarian tumors as well as leukemia 
can develop. BRCA-FA derived tumor cells must rely on alternative pathways for survival. 
Thus, to develop an effective therapeutic strategy, understanding specifically how these 
alternative pathways compensate for defects in the BRCA-FA pathway to promote survival 
is essential. The emerging role of BRCA-FA proteins in HR implies that tumor cells derived 
from mutations in these genes should have impaired HR. Several lines of evidence have 
supported this possibility, because BRCA1, BRCA2, BRIP1/FANCJ, and PALB2/FANCN-
deficient cells all demonstrate defects in HR, consistent with a role for the BRCA-FA 
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that inhibiting BER increased the number of DSBs and also enhanced RAD51 foci formation, 
suggesting an increased activity in HR (Helleday et al., 2005). Based on this observation, it is 
reasonable to hypothesize that cells defective in HR would be sensitive to inhibition of BER. 
In fact, treatment of BRCA-FA-deficient cells with an inhibitor of the BER enzyme, PARP, 
leads to a dramatic reduction in cell survival, while BRCA-FA proficient cells were only 
mildly impacted by the PARP-inhibition (Helleday et al., 2005). Another important feature 
of targeting the BRCA-FA pathway is that cells defective in BRCA-FA are likely to repair 
DSBs by compensatory pathways such as NHEJ or SSA. For example, it was demonstrated 
that disruption of the NHEJ pathway cooperated with inactivation of the BRCA-FA 
pathway to enhance radiosensitivity in mouse embryonic fibroblasts (MEFs) (Houghtaling 
et al., 2005). Thus, by inactivating the BRCA-FA pathway, it may be possible to sensitize 
cancer cells that have become resistant to DNA cross-linking agents. The drug resistance 
and BRCA-FA pathway was also linked by a study in which cisplatin sensitive ovarian 
cancer cells developed cisplatin resistance by restoring expression of a previously silenced 
FANCF gene (Taniguchi et al., 2003). Similarly, restoring BRCA2 gene expression in tumor 
cells leads to an acquired drug resistance to mytomycin C (MMC) (Chen et al., 2005). Thus, 
targeting BRCA-FA pathway may be effective in treating resistant tumors. However, 
directly targeting BRCA-FA pathway may be too toxic for most cells. It is conceivable that 
constituitive activation of the BRCA-FA pathway will be useful to dysregulate the pathway 
for therapeutic gain. In particular, deubiquitination of FANCD2 by USP1 could be targeted 
to reduce, but not to disable, the BRCA-FA pathway function. Clinically, it will be most 
beneficial if inhibitors of BRCA-FA pathway are used in combination with radiation and/or 
DNA cross-linkers. 

4.3.3 Ribonucleotide reductase (RNR) 
The ribonucleotide reductase (RNR, also known as ribonucleoside diphosphate reductase) is 
a ubiquitous radical-containing enzyme that catalyzes the formation of 
deoxyribonucleotides from ribonucleotides, which are used in the synthesis of DNA 
(Elledge et al., 1992). The reaction catalyzed by RNR is strictly conserved in all living 
organisms (Torrents et al., 2002). Furthermore RNR plays a critical role in regulating the 
total rate of DNA synthesis so that DNA to cell mass is maintained at a constant ratio during 
cell division and DNA repair (Herrick & Sclavi, 2007). An unusual feature of the RNR 
enzyme is that it catalyzes a reaction that proceeds via a free radical mechanism of action 
(Eklund et al., 1997; Stubbe & Riggs-Gelasco, 1998). The levels and activity of RNR are 
highly regulated by the cell cycle and DNA checkpoints which maintain optimal dNTP 
pools required for genetic fidelity. The enzyme can be regulated by two factors: by 
transcription of the genes or by allosteric control of RNR by triphosphate effectors. When 
DNA damage occurs, a transcriptional induction of a new protein called p53R2, which is a 
p53-inducible RNR, is observed (Guittet et al., 2001; Shao et al., 2004). p53R2 has been 
shown to play an important role in supplying deoxyribonucleotides for DNA repair 
synthesis (Guittet et al., 2001; Tanaka et al., 2000; Yamaguchi et al., 2001) and the expression 
of p53R2 has been found to be up-regulated in various types of cancers (Devlin et al., 2008). 
Because inhibition of RNR has severe impact on DNA replication and repair, it makes an 
attractive target for cancer therapies. In fact, inhibition of p53R2 resulted in sensitization to 
both radiation and chemotherapeutic agents by attenuation of cell cycle checkpoints and 
enhanced apoptosis (Delvlin et al., 2008; Wang et al., 2009; Yokomakura et al., 2007). 
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4.3.4 Thymidylate synthase 
Thymidylate synthase (TS) is another important DNA repair accessory factor essential for 
DNA replication and repair. TS generates thymidine monophosphate (dTMP) which is 
subsequently phosphorylated to thymidine triphosphate (dTTP) for use in DNA synthesis 
and repair. TS is often found overexpressed in tumors and it has been suggested that TS 
overexpression promotes cell proliferation and resistance to radiation (Saga et al., 2002; 
Voeller et al., 2004). This makes TS an attractive cancer therapeutic target. Many TS 
inhibitors, such as fluorinated pyrimidine fluorouracil or certain folate analogues, have been 
developed and used in clinic for decades to treat advanced cancers (Clamp et al., 2008; 
Longley et al., 2003; Rustum, 2004; Showalter et al., 2008).  

4.3.5 Proteasome 
Proteasomes are very large protein complexes and act as a ‘vacuum-cleaner’ to degrade 
unneeded or damaged proteins by proteolysis. The proteasomal degradation pathway is 
essential for many cellular processes, including the cell cycle, the regulation of gene 
expression, and responses to genotoxic stresses (Lodish et al., 2004). In response to cellular 
stresses such as infection, heat shock, or oxidative damage, heat shock proteins that identify 
misfolded or unfolded proteins and target them for proteasomal degradation are expressed. 
Both HSP27 and HSP90 have been implicated in increasing the activity of the ubiquitin-
proteasome system, though they are not direct participants in the process (Garrido et al., 
2006). HSP70, on the other hand, binds exposed hydrophobic patches on the surface of 
misfolded proteins and recruits E3 ubiquitin ligases such as CHIP to tag the proteins for 
proteasomal degradation (Park et al., 2007). Similar mechanisms exist to promote the 
degradation of oxidatively damaged proteins via the proteasome system. In particular, 
proteasomes localized to the nucleus are regulated by PARP and actively degrade 
inappropriately oxidized histones (Bader & Grune, 2006). Oxidized proteins, which often 
form large amorphous aggregates in the cell, can be degraded directly by the 20S core 
particle without the 19S regulatory cap and do not require ATP hydrolysis or tagging with 
ubiquitin (Shringarpure et al., 2003). However, high levels of oxidative damage increases the 
degree of cross-linking between protein fragments, rendering the aggregates resistant to 
proteolysis. Dysregulation of the ubiquitin proteasome system may contribute to several 
neural diseases. It may lead to brain tumors such as astrocytomas (Lehman, 2009). 
Proteasome inhibitors have effective anti-tumor activity in cell culture, inducing apoptosis 
by disrupting the regulated degradation of pro-growth cell cycle proteins (Adams et al., 
1999). This approach of selectively inducing apoptosis in tumor cells has proven effective in 
animal models and human trials. Bortezomib, a molecule developed by Millennium 
Pharmaceuticals and marketed as Velcade, is the first proteasome inhibitor to reach clinical 
use as a chemotherapy agent. Bortezomib is used in the treatment of multiple myeloma 
(Fisher et al., 2006). Notably, multiple myeloma has been observed to result in increased 
proteasome levels in blood serum that decrease to normal levels in response to successful 
chemotherapy (Jakob et al., 2007). Studies in animals have indicated that bortezomib may 
also have clinically significant effects in pancreatic cancer (Nawrocki et al., 2004; Shah et al., 
2001). Preclinical and early clinical studies have been started to examine bortezomib's 
effectiveness in treating other B-cell-related cancers (Schenkein, 2002), particularly some 
types of non-Hodgkin's lymphoma (O’Connor et al., 2005). The molecule ritonavir, 
marketed as Norvir, was developed as a protease inhibitor and used to target HIV infection. 
However, it has been shown to inhibit proteasomes as well as free proteases; to be specific, 
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that inhibiting BER increased the number of DSBs and also enhanced RAD51 foci formation, 
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In fact, treatment of BRCA-FA-deficient cells with an inhibitor of the BER enzyme, PARP, 
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of targeting the BRCA-FA pathway is that cells defective in BRCA-FA are likely to repair 
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that disruption of the NHEJ pathway cooperated with inactivation of the BRCA-FA 
pathway to enhance radiosensitivity in mouse embryonic fibroblasts (MEFs) (Houghtaling 
et al., 2005). Thus, by inactivating the BRCA-FA pathway, it may be possible to sensitize 
cancer cells that have become resistant to DNA cross-linking agents. The drug resistance 
and BRCA-FA pathway was also linked by a study in which cisplatin sensitive ovarian 
cancer cells developed cisplatin resistance by restoring expression of a previously silenced 
FANCF gene (Taniguchi et al., 2003). Similarly, restoring BRCA2 gene expression in tumor 
cells leads to an acquired drug resistance to mytomycin C (MMC) (Chen et al., 2005). Thus, 
targeting BRCA-FA pathway may be effective in treating resistant tumors. However, 
directly targeting BRCA-FA pathway may be too toxic for most cells. It is conceivable that 
constituitive activation of the BRCA-FA pathway will be useful to dysregulate the pathway 
for therapeutic gain. In particular, deubiquitination of FANCD2 by USP1 could be targeted 
to reduce, but not to disable, the BRCA-FA pathway function. Clinically, it will be most 
beneficial if inhibitors of BRCA-FA pathway are used in combination with radiation and/or 
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The ribonucleotide reductase (RNR, also known as ribonucleoside diphosphate reductase) is 
a ubiquitous radical-containing enzyme that catalyzes the formation of 
deoxyribonucleotides from ribonucleotides, which are used in the synthesis of DNA 
(Elledge et al., 1992). The reaction catalyzed by RNR is strictly conserved in all living 
organisms (Torrents et al., 2002). Furthermore RNR plays a critical role in regulating the 
total rate of DNA synthesis so that DNA to cell mass is maintained at a constant ratio during 
cell division and DNA repair (Herrick & Sclavi, 2007). An unusual feature of the RNR 
enzyme is that it catalyzes a reaction that proceeds via a free radical mechanism of action 
(Eklund et al., 1997; Stubbe & Riggs-Gelasco, 1998). The levels and activity of RNR are 
highly regulated by the cell cycle and DNA checkpoints which maintain optimal dNTP 
pools required for genetic fidelity. The enzyme can be regulated by two factors: by 
transcription of the genes or by allosteric control of RNR by triphosphate effectors. When 
DNA damage occurs, a transcriptional induction of a new protein called p53R2, which is a 
p53-inducible RNR, is observed (Guittet et al., 2001; Shao et al., 2004). p53R2 has been 
shown to play an important role in supplying deoxyribonucleotides for DNA repair 
synthesis (Guittet et al., 2001; Tanaka et al., 2000; Yamaguchi et al., 2001) and the expression 
of p53R2 has been found to be up-regulated in various types of cancers (Devlin et al., 2008). 
Because inhibition of RNR has severe impact on DNA replication and repair, it makes an 
attractive target for cancer therapies. In fact, inhibition of p53R2 resulted in sensitization to 
both radiation and chemotherapeutic agents by attenuation of cell cycle checkpoints and 
enhanced apoptosis (Delvlin et al., 2008; Wang et al., 2009; Yokomakura et al., 2007). 
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proteasomes localized to the nucleus are regulated by PARP and actively degrade 
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1999). This approach of selectively inducing apoptosis in tumor cells has proven effective in 
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(Fisher et al., 2006). Notably, multiple myeloma has been observed to result in increased 
proteasome levels in blood serum that decrease to normal levels in response to successful 
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the chymotrypsin-like activity of the proteasome is inhibited by ritonavir, while the trypsin-
like activity is somewhat enhanced (O’Connor et al., 2005). Studies in animal models suggest 
that ritonavir may have inhibitory effects on the growth of glioma cells (Laurent et al., 2004). 
Proteasome inhibitors have also shown promise in treating autoimmune diseases in animal 
models. For example, studies in mice bearing human skin grafts found a reduction in the 
size of lesions from psoriasis after treatment with a proteasome inhibitor (Zollner, et al., 
2002). Inhibitors also show positive effects in rodent models of asthma (Elliott et al., 1999). 
Labeling and inhibition of the proteasome is also of interest in laboratory settings for both in 
vitro and in vivo study of proteasomal activity in cells. The most commonly used laboratory 
inhibitors are lactacystin, a natural product synthesized by Streptomyces bacteria (Orlowski, 
1999), and peptide MG132. Fluorescent inhibitors have also been developed to specifically 
label the active sites of the assembled proteasome (Verdoes et al., 2006). 

4.3.6 MicroRNAs 
MicroRNAs (miRNAs) are evolutionarily conserved small non-coding RNAs of 18-25 
nucleotides in length that regulate gene expression. Several miRNAs have been found to 
have links with some types of cancer (He et al., 2005; Mraz et al., 2009). MicroRNA-21 is one 
of the first microRNAs that was identified as an oncomiR. A study of mice altered to 
produce excess c-Myc — a protein with mutated forms implicated in several cancers — 
shows that miRNA has an effect on the development of cancer. Mice that were engineered to 
produce a surplus of types of miRNA found in lymphoma cells developed the disease 
within 50 days and died two weeks later. In contrast, mice without the surplus miRNA lived 
over 100 days (He et al., 2005). Leukemia can be caused by the insertion of a viral genome 
next to the 17-92 array of microRNAs leading to increased expression of this microRNA (Cui 
et al., 2007). Another study found that two types of miRNA inhibit the E2F1 protein, which 
regulates cell proliferation. miRNA appears to bind to messenger RNA before it can be 
translated to proteins that switch genes on and off (O’Donnell et al., 2005). By measuring 
activity among 217 genes encoding miRNA, patterns of gene activity that can distinguish 
types of cancers can be discerned. miRNA signatures may enable classification of cancer. 
This will allow doctors to determine the original tissue type which spawned a cancer and to 
be able to target a treatment course based on the original tissue type. miRNA profiling  
has already been able to determine whether patients with chronic lymphocytic leukemia 
had slow growing or aggressive forms of the cancer (Lu et al., 2005). Transgenic mice that 
over-express or lack specific miRNAs have provided insight into the role of small RNAs  
in various malignancies (Zanesi et al., 2010). A novel miRNA-profiling based screening 
assay for the detection of early-stage colorectal cancer has been developed and is currently 
in clinical trials. Early results showed that blood plasma samples collected from patients 
with early, resectable (Stage II) colorectal cancer could be distinguished from those of  
sex-and age-matched healthy volunteers. Sufficient selectivity and specificity could be 
achieved using small (less than 1 mL) samples of blood. The test has potential to be a cost-
effective, non-invasive way to identify at-risk patients who should undergo colonoscopy 
(Nielsen et al., 2010). 

5. Personalized medicine 
Cancer is a multifaceted disease with many subtypes. Patients with identical clinical and 
pathological phenotypes often show different responses to the same therapy (Ely, 2009). 
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Today, numerous prescriptions written annually are ineffective in treating cancer patients 
(Phillips et al., 2001). This will increase the likelihood of overtreatment, the risk of adverse 
drug reactions (ADRs) in patients, and the costs of care for an individual patient (Ingelman-
Sundberg, 2001). Thus, optimized treatments for individual patients will eventually lead to 
better clinical outcomes and patient satisfaction (Spears et al., 2001). Over the past decade, 
advances in genomics and proteomics have accelerated our understanding of individual 
differences in genetic makeup, allowing a more personalized approach to healthcare 
(Faratian et al., 2009; Marko-Varga et al., 2007; Phan et al., 2009; Yeatman et al., 2008). The 
prediction of treatment outcome based on an individual’s biological information represents 
the future of oncology medicine – so called personalized medicine. Over the past ten years, 
personalized medicine has emerged as a rapidly advancing field in cancer patient care. 
Personalized medicine utilizes in-depth clinical, genomic, and proteomic information about 
an individual patient in order to determine which therapies will be safer and more effective 
for his/her care, matching the “right patients” to the “right drugs”. This new paradigm will 
no doubt improve health outcomes and patient satisfaction. However, decision making 
based on personalized biological information is far from simple. Understanding the 
probabilities, risk reduction, and short- and long-term consequences associated with each 
possible treatment based off the testing results is difficult. It requires not only accurate data 
collection and storage but also highly trained medical professionals to dissect the 
information and to use the complex data to make wise and effective treatment decisions.  
Even though many challenges are still ahead of us as clinical data continues to be generated 
and published. This new concept of personalized medicine will affect everyone in the cancer 
treatment community. How quickly the new integration of personal information into more 
effective health-care delivery occurs will largely depend on the development of predictive 
tools and the education of health-care providers. In addition to scientific and technological 
advances, personalized medicine also holds the promise of great cost-saving measures in 
health-care reform. 

6. Future outlooks 
As the DNA repair field continues to evolve, a better understanding of the DNA repair 
mechanisms and the players involved will certainly affect the development of anti-cancer 
therapies. Insights from understanding and targeting DNA damage response pathways 
have launched a new era in cancer therapy. As it appears, the weakness of tumor cells is that 
they either lack the ability to repair DNA damages or rely on other compensating DNA 
repair mechanisms for cell survival. Thus, new therapeutic development should focus on 
attacking these compensating pathways to compromise tumor cell viability, and this 
approach promises highly targeted therapies that potentially bypass the need for traditional 
radiation or chemical cancer therapies.  

7. Conclusions 
A rapid pace of discovery and development of anti-cancer therapy driven by new 
technologies makes cancer research into an exciting phase. Many previous studies have shed 
light on the complexity of tumor biology, showing that tumors rarely have similar sets of 
mutations in common. The fact that many tumors have defects in DNA repair pathways 
and/or cell cycle checkpoints presents unique opportunities for anti-cancer therapeutic 
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collection and storage but also highly trained medical professionals to dissect the 
information and to use the complex data to make wise and effective treatment decisions.  
Even though many challenges are still ahead of us as clinical data continues to be generated 
and published. This new concept of personalized medicine will affect everyone in the cancer 
treatment community. How quickly the new integration of personal information into more 
effective health-care delivery occurs will largely depend on the development of predictive 
tools and the education of health-care providers. In addition to scientific and technological 
advances, personalized medicine also holds the promise of great cost-saving measures in 
health-care reform. 

6. Future outlooks 
As the DNA repair field continues to evolve, a better understanding of the DNA repair 
mechanisms and the players involved will certainly affect the development of anti-cancer 
therapies. Insights from understanding and targeting DNA damage response pathways 
have launched a new era in cancer therapy. As it appears, the weakness of tumor cells is that 
they either lack the ability to repair DNA damages or rely on other compensating DNA 
repair mechanisms for cell survival. Thus, new therapeutic development should focus on 
attacking these compensating pathways to compromise tumor cell viability, and this 
approach promises highly targeted therapies that potentially bypass the need for traditional 
radiation or chemical cancer therapies.  

7. Conclusions 
A rapid pace of discovery and development of anti-cancer therapy driven by new 
technologies makes cancer research into an exciting phase. Many previous studies have shed 
light on the complexity of tumor biology, showing that tumors rarely have similar sets of 
mutations in common. The fact that many tumors have defects in DNA repair pathways 
and/or cell cycle checkpoints presents unique opportunities for anti-cancer therapeutic 
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exploitation. With a better understanding of the mechanisms involved in DNA repair and 
DNA damage responses, tumor-specific therapies may be developed. 
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1. Introduction 
Since the demonstration of double stranded DNA structure by Watson and Crick in 1953, 
knowledge about DNA structure and sequences has accumulated (Alberts et al., 2008). 
Although DNA contains complex genetic information in a very stable manner, DNA 
sequence and/or structure are sometimes disrupted. Previous research on the damage and 
repair mechanisms of DNA complex showed the existence of various types of DNA damage 
as well as the presence of sophisticated processes utilized by the cells to maintain the 
integrity of genome. DNA damage can be defined as any changes in the genomic integrity 
due to the disruptive impact of any exogenous and endogenous factors. Interestingly, it has 
been shown that damage to DNA is a usual event which is also underlying cause of many 
disorders including certain mutations and deletions leading to cancer and other inherited or 
acquired pathologies. 
There are many endogenous and exogenous sources which cause DNA damages interfering 
with genome. Endogenous factors emerge from the DNA replication as well as recombination 
(Martin, 2008a). Although some of the exogenous factors may directly react with DNA, some 
of them tend to cause DNA damage by indirect route. Oxidation damage, alkylation of bases, 
hydrolysis of bases and replication errors are considered to be endogenous factors. Ultraviolet 
light, ionizing radiation and environmental chemical agents are among the exogenous factors.  

1.1 Damage exerted by endogenous factors 
1.1.1 Oxidative damage to bases 
Normal metabolic events and external factors can lead to the formation of reactive oxygen 
species (ROS). ROS are molecules that contain an unpaired electron in their utmost outer 
orbital, which makes them very reactive. Generally, the ROS are superoxide (O2-.), hydrogen 
peroxide (H2O2), singlet oxygen (1O2) and hydroxyl radicals (.OH). These agents can oxidize 
DNA, causing damage such as oxidized bases, single strand and double strand breaks.  
Oxidatively damaged nucleotides can be found common in cells despite the extensive DNA 
repair. Not surprisingly, the amount of this damage is higher in cancer cells (Iida et al., 
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2001). There are various ways by which the cell can endure the damage or decrease the 
number of the ROS (Slupphaug et al., 2003). Oxidative stress is observed when the natural 
antioxidant capacity of the cell cannot tolerate the ROS production. This results in the 
damage of the macromolecules such as DNA, proteins and lipids. ROS also affects the 
antioxidant enzymes as well (Tabatabaie et al., 1994). Studies have emphasized that any 
increase in the endogenous ROS generation or decrease in cellular antioxidants increases the 
mutation rate and inevitably raise the risk of cancer. Consuming antioxidant- rich diet has 
been proven to decrease the risk of cancer (Loft & Poulsen, 1996).  

1.1.2 Alkylation of bases: Methylation 
Oxygen is not the only reason of DNA damage in cells. Alkylating agents such as S-
adenosylmethionine (SAM), which is a reactive methyl group donor, play significant roles in 
DNA damage. SAM methylates DNA, which is important for regulation of gene expression 
(Holliday & Ho, 1998) (Fig. 1). Endogenous methylation can also be carried out by betaine, 
choline and simple alkylating agents. Although this may occur endogenously, they might 
also be obtained from exogenous sources by environmental pollution and/or tobacco.  
Most frequently, DNA methylation generates 7-methylguanine and 3-methyladenine. 
Having no effect on the coding specificity of the base, 7-methylguanine can be considered as 
less harmful (Zhao et al., 1999). However it can cause the blocking of DNA replication by the 
destabilization of the glycosyl bond. 3-methyladenine also blocks replication. DNA 
glycosylase is present in all living cells, removing 3-methyladenine from DNA. However, 
this action is found to be decreasing by age. 7-methylguanine repair is very insufficient and 
its accumulation can be observed in mammalian DNA (Atamna et al., 2000).  
 

 
Fig. 1. Alkylation of bases 

1.1.3 Hydrolysis of bases: Deamination, depurination / depirimidation 
Hydrolytic damage causes depurination, depyrimidination, and deamination of bases. The 
glycosidic bond in DNA structure is prone to breakage under heating, alkylation of bases or 
N-glycosylase activity (Lindahl et al., 1982). An abasic site is the result of the glycosidic 
bond cleavage in DNA. Apurinic (AP) sites can be produced spontaneously or by the effect 
of ROS (Nakamura et al, 2000). Abasic sites are among the most common endogenous 
lesions estimated to be 10 000 lesions/ cell/day. Hydrolytic deamination takes place 
frequently in DNA bases; however it is more frequent in single stranded DNA than double 
stranded. Deamination and methylation processes affect amino containing bases, cytosine, 
and adenine. In a cell, daily between 100 to 500 cytosines are deaminated to uracil. 
Deamination and methylation converts cytosine into uracil and/or mutant thymidine 
leading to wrong base pairs (Lindahl, 1993). 
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Human cells lose about 5000 adenines or guanines everyday because of spontaneous base-
sugar link fissions. Less frequently, adenines spontaneously deaminate to give hypoxanthine 
(Alberts et al., 2008). 

1.1.4 Errors in replication  
In humans, 107 cells divide every second and it is estimated that one-third of these 
spontaneous mutations take place. These mutations are caused by mistakes in DNA 
replication and the copying of damaged templates by DNA polymerases. Scientists things 
that, errors mostly coused by mispairing of bases with different nature. This means pairing 
of nontautomeric chemical forms of different bases or pairing of normal bases but mismacth 
which is caused by a little shift of nucleotide positions. This mispairing is named as wobble 
and it occurs because the flexiblelty of DNA double helix (Crick, 1966). 
Any undetected error in replication will lead to mutant cell due to mismacth, (for example, 
mutant strand containing CG instead of AT). Fortunately, rate of replication error is as low 
as 1/105 and with proof-reading mechanism this rate reduces up to 1/107-1/109 (Johnson et 
al., 2000). 

1.2 Damage exerted by exogenous factors: Exogenous factors are composed of two 
main sources 
1.2.1 Physical factors: UV light and ionizing radiation 
Ultraviolet (UV) radiation, as a physical factor, is of solar origin and one of the most powerful 
exogenous agents disrupting genomic sequence. UV light is composed of three subtypes, UV-
A, UV-B, UV-C. All has different wavelengths resulting in various effects on DNA. Compared 
with UV-A, UV-B has shorter wavelength (280-315 nm) and a more direct effect on DNA. It 
modifies chemical composition of DNA by forming dimers which disrupts molecular 
composition (Rastogi, 2010). TT dimerization is the most encountered form of UV-related 
damage. Thymidine dimers interfere with DNA replication by changing DNA polymerase 
(Arlett et al., 2006). Fortunately, UV-B radiation occupies a very small part of total solar 
energy. UV-A has weaker impact on DNA sequence because of its poor absorption by DNA. 
But, it tends to produce 1O2 which can disrupt DNA sequence. This way is the indirect 
damaging of UV-A light on DNA. UV-C does not lead to considerable hazard on cells owing 
to its high absorption in atmosphere. 
Radiation is also known to interfere with genome integrity. The mechanisms of the damage 
to DNA are as follows ; 
- Rupture of the strand: It can divide as single or double strand breaks. Single strand breaks 

(SSBs) may occur at the phosphodiester bond, or at the bond between the sugar and the 
base. A large proportion of the SSBs are caused by OH. . Double strand breaks (DSBs) 
involve breakage of both strands and are directly proportional to the radiation dosage. 

- Alteration of bases: Bases can be damaged or destroyed by radiation. Among the bases, 
pyrimidines (T, C) are more vulnerable to radiation than purines. 

- Destruction of sugars. 
- Cross-links and formation of dimers (Alberts et al., 2008). 

1.2.2 Chemical agents 
Over a century, exposure to chemical agents has been known to induce cancer. After many 
studies on individuals who work with chemicals or exposed to the chemicals, researchers 
demonstrated the basic principles of chemical carcinogenesis. This chemicals establish 
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Fig. 1. Alkylation of bases 
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covalent bounds with bases on DNA and create DNA adducts. This structure is accepted as 
beginning of carcinogenesis (Poirier, 2004). Chemicals can cause other DNA disruption 
except adducts like strand cross-links, breakages and deletions. Some important chemical 
agents are; tobacco-specific N-nitrosamine, benzidine, aromatic amines, asbestos, benzene, 
aflatoxins, polycyclic aromatic hydrocarbons (Poirier, 2004, Loeb & Harris, 2008). 
Aflatoxins are toxic metabolites of fungi and are carcinogenic in several animal species 
though with variable potency (CJ Chen & DS Chen, 2002, Zhang, 2010). Aflatoxin B1 (AFB1) 
which is a very toxic Aflatoxin type is a secondary metabolite of Aspergillus flavus and 
Aspergillus parasiticus and is known to be a human hepatocarcinogen (Zhang, 2010, Wogan 
& Newberne, 1967, Wogan, 1976, 1987, 1992). It may contaminate various food resources, 
which include but is not limited to, cereals such as rice, wheat and maize, as well as corn 
and peanuts which are stored in warm and humid places (Zhang, 2010, Wogan, 1976, Toteja 
et al., 2006, Matumba et al., 2009). AFB1 forms DNA adducts with guanine in the DNA of 
human hepatocytes and is thought to cause G: C to T: A transversion mutations, that acts as 
a cause of hepatocellular carcinogenesis (Hussain et al., 2007) 

2. DNA repair mechanisms 
In response to genotoxic stress, which can be mainly caused by various chemicals, reactive 
cellular metabolites and ionizing or UV radiation, DNA repair pathways and cell cycle 
checkpoints can be activated, allowing the cell to repair or prevent the transmission of 
damaged or incompletely replicated chromosomes. The balance between cell cycle arrest, 
DNA repair and the initiation of cell death could determine if DNA damage is compatible 
with cell survival or requires elimination of the cell by apoptosis. Defects of DNA repair 
pathways and cell cycle checkpoints may cause susceptibility to DNA damage, genomic 
defects, hypersensitivity to cellular stress and resistance to apoptosis, which characterize 
cancer cells (Ishikawa et al., 2006). 
Major DNA repair pathways are base excision repair (BER), nucleotide excision repair 
(NER), mismatch repair (MMR), homologous recombinational repair (HR) and non-
homologous end joining repair (NHEJ). These pathways each require a number of proteins 
and enzymes. By contrast, the direct removal of small alkyl groups (such as methyl groups) 
specifically from the O6 position of guanine and the O4 position of thymine in DNA is 
produced by the action of a single enzyme, O6-methylguanine-DNA methyltransferase 
(MGMT) (Fleck & Nielsen, 2004). 

2.1 Base excision repair (BER) 
BER is characterized by the excision of nucleic acid base residues in the free form (Friedberg 
et al., 1995). Conversely, NER removes damaged nucleotides which are approximately 30 
nucleotides long. The primary and initiating event of BER is the hydrolysis of the N-glycosyl 
bond, therefore releasing the free base. This hydrolysis in DNA is catalyzed by a class of 
enzymes called DNA glycosylases (Fiedberg & Wood, 1996). 
BER principally repairs non-bulky lesions produced by oxidation, alkylation or deamination 
of bases. Cells contain various DNA glycosylases, each of them showing a specific substrate 
spectrum. After hydrolysis of the N-glycosylic bond by a DNA glycosylase, the damaged 
base is released and an apurinic or apyrimidinic site (AP site) is produced. An AP site can 
also form spontaneously and represents damage itself (Fleck & Nielsen, 2004). The repair of 
base loss in these sites utilizes a specific class of endonucleases designated as AP 
endonucleases. APE1 is the major human AP endonuclease (Friedberg et al., 1995). Two 
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pathways can repair the AP site formed by a DNA glycosylase: These are short-patch BER 
(SP-BER) and long-patch BER (LP-BER) pathways. SP-BER involves a single nucleotide 
replacement followed by ligation (Hoeijmakers, 2001). DNA ligase III interacts with XRCC1, 
Polβ and poly(ADP-ribose) polymerase-1(PARP-1 ) and is involved only in short-patch BER 
(Kubota et al., 1996). LP-BER involves DNA synthesis of multiple nucleotides (usually 2–6 
nucleotides) (Hoeijmakers, 2001). The LP-BER depends on factors which are normally 
involved in DNA replication: DNA polymerase δ (POLδ) or ε (POLε), proliferating cell 
nuclear antigen (PCNA) and replication factor C (RFC) (Izumi et al., 2003; Sung & Demple, 
2006). In LP-BER, the replaced strand does not exposed to degradation during 
polymerization but rather is displaced and cut away by DNAase IV or flap endonuclease 1 
(FEN1), whereas the ligation step is performed by Ligase I (LIG1). LP-BER is usually used in 
yeast cells whereas SP-BER is generally used in mammalian cells (Altieri et al., 2008).  

2.2 Nucleotide excision repair (NER) 
NER mainly repairs bulky DNA adducts, such as UV-light-induced photolesions [(6-4) 
photoproducts (6-4PPs) and cyclobutane pyrimidine dimers (CPDs)], intrastrand cross-links, 
large chemical adducts generated from exposure to aflatoxine, benzo[a]pyrene and other 
genotoxic agents (Christmann et al, 2003). The names of many of the genes found in NER, 
start with the letters “XP,” because they were first identified in human DNA-repair disease, 
Xeroderma pigmentosum (XP) (Altieri et al., 2008). NER consists of two repair subpathways: 
Global genome repair (GGR) and transcription-coupled repair (TCR). GGR removes damage 
in the whole genome whereas TCR specifically repairs the transcribed strand of active genes 
(Fleck & Nielsen, 2004).  

2.2.1 Global genome repair (GGR) 
The XPC/HR23B is the first NER factor to detect a lesion and recruit the repair machinery to 
the damaged site in GGR (Kusumoto et al., 2001). Another factor which participates the 
recognition of the damage is UV-DDB (UV-damaged–DNA-binding protein), consisting of two 
proteins, DDB1 and DDB2 (also known as XPE) (Altieri et al., 2008). The transcription factor 
transcription factor IIH (TFIIH) is also recruited to the site of DNA damage (Yokoi et al., 2000). 
The binding of TFIIH is mediated by its p62 subunit which specifically interacts with 
XPC/HR23B, thus allowing the recruitment of TFIIH to the damaged site (Altieri et al., 2008). 
TFIIH harbors DNA helicase activity, which is exerted by its helicase subunits XPB and XPD 
(Schaeffer et al., 1993; Schaeffer et al., 1994). It is responsible for unwinding of DNA around the 
lesion (Evans et al., 1997a). Except the unwinding function, it is also responsible for the 
recruitment of XPA and XPG. The initial unwinding by XPB helicase opens up a small region 
and permits access of XPA to the damaged region. XPA also interacts with many other NER 
components like TFIIH, RPA and ERCC. The binding of XPA to TFIIH allows the complete 
unwinding of DNA helix to generate an open stretch of approximately 20-30 nucleotides, with 
the action of RPA. RPA is the major single-stranded DNA-binding protein required for 
eukaryotic metabolism. It is involved in many processes like DNA repair, replication, and 
recombination. RPA facilitates DNA unwinding by TFIIH through its ssDNA binding activity. 
After the interaction with XPA, RPA binds to the single, undamaged strand thus protecting it 
from nuclease attack (Lee et al., 2003). After binding of RPA and XPA, XPC/HR23B is released, 
allowing its recycling for other damaged sites where the repair mechanism must start (Altieri 
et al., 2008). After damage recognition and the formation of an open complex, removal of the 
lesion is performed by bidirectional incisions at determined positions flanking the DNA 
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covalent bounds with bases on DNA and create DNA adducts. This structure is accepted as 
beginning of carcinogenesis (Poirier, 2004). Chemicals can cause other DNA disruption 
except adducts like strand cross-links, breakages and deletions. Some important chemical 
agents are; tobacco-specific N-nitrosamine, benzidine, aromatic amines, asbestos, benzene, 
aflatoxins, polycyclic aromatic hydrocarbons (Poirier, 2004, Loeb & Harris, 2008). 
Aflatoxins are toxic metabolites of fungi and are carcinogenic in several animal species 
though with variable potency (CJ Chen & DS Chen, 2002, Zhang, 2010). Aflatoxin B1 (AFB1) 
which is a very toxic Aflatoxin type is a secondary metabolite of Aspergillus flavus and 
Aspergillus parasiticus and is known to be a human hepatocarcinogen (Zhang, 2010, Wogan 
& Newberne, 1967, Wogan, 1976, 1987, 1992). It may contaminate various food resources, 
which include but is not limited to, cereals such as rice, wheat and maize, as well as corn 
and peanuts which are stored in warm and humid places (Zhang, 2010, Wogan, 1976, Toteja 
et al., 2006, Matumba et al., 2009). AFB1 forms DNA adducts with guanine in the DNA of 
human hepatocytes and is thought to cause G: C to T: A transversion mutations, that acts as 
a cause of hepatocellular carcinogenesis (Hussain et al., 2007) 

2. DNA repair mechanisms 
In response to genotoxic stress, which can be mainly caused by various chemicals, reactive 
cellular metabolites and ionizing or UV radiation, DNA repair pathways and cell cycle 
checkpoints can be activated, allowing the cell to repair or prevent the transmission of 
damaged or incompletely replicated chromosomes. The balance between cell cycle arrest, 
DNA repair and the initiation of cell death could determine if DNA damage is compatible 
with cell survival or requires elimination of the cell by apoptosis. Defects of DNA repair 
pathways and cell cycle checkpoints may cause susceptibility to DNA damage, genomic 
defects, hypersensitivity to cellular stress and resistance to apoptosis, which characterize 
cancer cells (Ishikawa et al., 2006). 
Major DNA repair pathways are base excision repair (BER), nucleotide excision repair 
(NER), mismatch repair (MMR), homologous recombinational repair (HR) and non-
homologous end joining repair (NHEJ). These pathways each require a number of proteins 
and enzymes. By contrast, the direct removal of small alkyl groups (such as methyl groups) 
specifically from the O6 position of guanine and the O4 position of thymine in DNA is 
produced by the action of a single enzyme, O6-methylguanine-DNA methyltransferase 
(MGMT) (Fleck & Nielsen, 2004). 

2.1 Base excision repair (BER) 
BER is characterized by the excision of nucleic acid base residues in the free form (Friedberg 
et al., 1995). Conversely, NER removes damaged nucleotides which are approximately 30 
nucleotides long. The primary and initiating event of BER is the hydrolysis of the N-glycosyl 
bond, therefore releasing the free base. This hydrolysis in DNA is catalyzed by a class of 
enzymes called DNA glycosylases (Fiedberg & Wood, 1996). 
BER principally repairs non-bulky lesions produced by oxidation, alkylation or deamination 
of bases. Cells contain various DNA glycosylases, each of them showing a specific substrate 
spectrum. After hydrolysis of the N-glycosylic bond by a DNA glycosylase, the damaged 
base is released and an apurinic or apyrimidinic site (AP site) is produced. An AP site can 
also form spontaneously and represents damage itself (Fleck & Nielsen, 2004). The repair of 
base loss in these sites utilizes a specific class of endonucleases designated as AP 
endonucleases. APE1 is the major human AP endonuclease (Friedberg et al., 1995). Two 
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pathways can repair the AP site formed by a DNA glycosylase: These are short-patch BER 
(SP-BER) and long-patch BER (LP-BER) pathways. SP-BER involves a single nucleotide 
replacement followed by ligation (Hoeijmakers, 2001). DNA ligase III interacts with XRCC1, 
Polβ and poly(ADP-ribose) polymerase-1(PARP-1 ) and is involved only in short-patch BER 
(Kubota et al., 1996). LP-BER involves DNA synthesis of multiple nucleotides (usually 2–6 
nucleotides) (Hoeijmakers, 2001). The LP-BER depends on factors which are normally 
involved in DNA replication: DNA polymerase δ (POLδ) or ε (POLε), proliferating cell 
nuclear antigen (PCNA) and replication factor C (RFC) (Izumi et al., 2003; Sung & Demple, 
2006). In LP-BER, the replaced strand does not exposed to degradation during 
polymerization but rather is displaced and cut away by DNAase IV or flap endonuclease 1 
(FEN1), whereas the ligation step is performed by Ligase I (LIG1). LP-BER is usually used in 
yeast cells whereas SP-BER is generally used in mammalian cells (Altieri et al., 2008).  

2.2 Nucleotide excision repair (NER) 
NER mainly repairs bulky DNA adducts, such as UV-light-induced photolesions [(6-4) 
photoproducts (6-4PPs) and cyclobutane pyrimidine dimers (CPDs)], intrastrand cross-links, 
large chemical adducts generated from exposure to aflatoxine, benzo[a]pyrene and other 
genotoxic agents (Christmann et al, 2003). The names of many of the genes found in NER, 
start with the letters “XP,” because they were first identified in human DNA-repair disease, 
Xeroderma pigmentosum (XP) (Altieri et al., 2008). NER consists of two repair subpathways: 
Global genome repair (GGR) and transcription-coupled repair (TCR). GGR removes damage 
in the whole genome whereas TCR specifically repairs the transcribed strand of active genes 
(Fleck & Nielsen, 2004).  

2.2.1 Global genome repair (GGR) 
The XPC/HR23B is the first NER factor to detect a lesion and recruit the repair machinery to 
the damaged site in GGR (Kusumoto et al., 2001). Another factor which participates the 
recognition of the damage is UV-DDB (UV-damaged–DNA-binding protein), consisting of two 
proteins, DDB1 and DDB2 (also known as XPE) (Altieri et al., 2008). The transcription factor 
transcription factor IIH (TFIIH) is also recruited to the site of DNA damage (Yokoi et al., 2000). 
The binding of TFIIH is mediated by its p62 subunit which specifically interacts with 
XPC/HR23B, thus allowing the recruitment of TFIIH to the damaged site (Altieri et al., 2008). 
TFIIH harbors DNA helicase activity, which is exerted by its helicase subunits XPB and XPD 
(Schaeffer et al., 1993; Schaeffer et al., 1994). It is responsible for unwinding of DNA around the 
lesion (Evans et al., 1997a). Except the unwinding function, it is also responsible for the 
recruitment of XPA and XPG. The initial unwinding by XPB helicase opens up a small region 
and permits access of XPA to the damaged region. XPA also interacts with many other NER 
components like TFIIH, RPA and ERCC. The binding of XPA to TFIIH allows the complete 
unwinding of DNA helix to generate an open stretch of approximately 20-30 nucleotides, with 
the action of RPA. RPA is the major single-stranded DNA-binding protein required for 
eukaryotic metabolism. It is involved in many processes like DNA repair, replication, and 
recombination. RPA facilitates DNA unwinding by TFIIH through its ssDNA binding activity. 
After the interaction with XPA, RPA binds to the single, undamaged strand thus protecting it 
from nuclease attack (Lee et al., 2003). After binding of RPA and XPA, XPC/HR23B is released, 
allowing its recycling for other damaged sites where the repair mechanism must start (Altieri 
et al., 2008). After damage recognition and the formation of an open complex, removal of the 
lesion is performed by bidirectional incisions at determined positions flanking the DNA 
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damage (Evans et al., 1997b). 3'-incision is carried out by XPG (O’Donovan et al., 1994), and 5'-
incision is performed by the XPF–ERCC1 complex (Sijbers et al., 1996). The arising DNA gap is 
filled in by the action of Polδ and Polε and sealed by DNA ligase I and accessory factors 
(Araujo et al., 2000; Mu et al., 1995). 

2.2.2 Transcription-coupled repair (TCR) 
Transcription-coupled repair (TCR) is specifically removes DNA lesions in the genomic 
region where transcription is occurring simultaneously. Nowadays, it is not very clear how 
repair is coupled with active transcription, but it is generally supposed that a stalled 
transcript provides a strong signal to attract the repair mechanism. In this situation, the 
recognition factors intercede the dissociation of RNA polymerase II (RNAPII) from the DNA 
strand to allow the repair process to continue (Sarasin & Stary, 2007). Slow removal of DNA 
lesions from transcription templates would prevent efficient transcription. XPB, XPD (as 
part of TFIIH), XPG, CSA and CSB are essential for TCR (Le Page et al., 2000; Schaeffer et al., 
1993). The reduction of transcription in CSB cells upon UV irradiation is caused by blockage 
of RNAPII at the photoproduct regions (Selby et al., 1997). When RNAPII is inactivated at 
the site of DNA lesions, CSA and CSB mediate the activation of NER pathway by release of 
the stalled RNAPII elongation complex from the damaged DNA. GGR and TCR could be 
related through a direct interaction of CSB and XPG (Iyer et al., 1996).  In humans, TCR 
requires all the proteins needed for GCR except XPC, XPE and HR23B. The following steps 
of TCR are actually the same as for GCR with the development of the open complex and the 
lesion demarcation by XPA, RPA, and TFIIH, the excision of damaged strand, the filling by 
DNA polymerase, and the sealing of DNA fragments by a DNA ligase (Altieri et al., 2008). 

2.3 Mismatch repair (MMR) 
MMR is a type of DNA repair mechanism that targets base substitution and insertion/deletion 
mismatches resulting from errors formed during DNA replication and escaped from the 
proofreading activity of DNA polymerases, an event occurring with a frequency of 
approximately 1 in 109–1010 base pairs per cell division (Iyer et al., 2006). It is responsible for 
removal of these base mismatches which are caused by spontaneous and induced base 
deamination, methylation, oxidation and replication errors (Christmann et al., 2003). 
MMR is well understood in E. coli, where the core enzymes of the repair system are the 
products of the mutH, mutL, and mutS genes. MMR can only protect cells from permanent 
mutations if the parental strand which contains the correct information can be accurately 
separated from the daughter strand. In E. coli, the strand discrimination signal is achieved 
by adenine methylation in GATC sequences. Newly replicated DNA is not still methylated 
on the daughter strand (Modrich, 1991; Friedberg et al., 1995). Thus MutH recognizes the 
temporarily unmethylated newly synthesized DNA strand and cleaves it at hemimethylated 
GATC sites which are located within 1,000 bp of the mismatch (Altieri et al., 2008). MutL 
protein mediates communication between the bound MutH and MutS products (Modrich, 
1991). MutL also recruits UvrD at the damage site (Altieri et al., 2008). UvrD helicase and 
RPA generates a ssDNA filament containing the mismatched base, which is then cleaved by 
nuclease activities. Ultimately, DNA polymerase III refills the gap truly and DNA ligase III 
seals the last nick (Kunkel & Erie, 2005).  
All eukaryotic organisms have MutS and MutL homologues, MSHs and MLHs, respectively. 
Five MSHs (MSH2–MSH6) are present in both yeast and mammals, whereas MSH1 exists 
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only in yeast. MSH2 is required for all mismatch correction in nuclear DNA, whereas MSH3 
and MSH6 are required for the repair of some distinct types of mismatched DNA during 
replication. MSH4 and MSH5 are probably involved in meiotic recombination. Mammalian 
cells have two MutS activities that function as heterodimers and share MSH2 as a common 
subunit: MutSα (MSH2–MSH6 heterodimer) and MutSβ (MSH2–MSH3 heterodimer) (Jascur 
& Boland, 2006; Modrich, 2006). Eukaryotic cell does not contain MutH protein. In this 
situation the problem is to find an entry point for the strand excision activities. The solution 
seems to rely on using nicks or gaps left behind by the progressing replication forks, which 
may explain the respective role of PCNA in MMR (Kunkel & Erie, 2005). Finally, the 
excision of the DNA strand which contains the mispaired base is carried out by exonuclease 
I (Genschel et al., 2002) and the new synthesis by Polδ (Longley et al., 1997). 

2.4 Double strand break repair (DSBR) 
DNA DSBs are the most damaging lesions in the genome. They can form as a result of 
several damaging agents including ionizing radiation (IR) or chemical exposure (Ataian & 
Krebs, 2006). The major difference between DSBs and many other types of DNA lesions, 
including SSBs, is that in DSBs both DNA strands are damaged, which impedes the use of 
the complementary strand as template in the repair process (Genovese et al., 2006).  
The two major pathways used by cells to repair DNA DSBs are homologous recombination 
(HR) and non-homologous end-joining (NHEJ). HR is an error-free pathway which is 
usually found in simple eukaryotes (Cromie et al., 2001). Conversely, NHEJ is an error-
prone pathway which is usually predominates in mammals (Dasika et al., 1999).  

2.4.1 Homologous recombinational repair (HR) 
HR is initiated by a nucleolytic excision of the DSB in the 5'–3' direction by the MRE11–
RAD50–NBS1 (MRN) complex (Christmann et al., 2003). In the development of MRN 
complex, MRE11 and RAD50 produce the core complex and then they interact with NBS1. 
MRE11 has got various biochemical properties, such as DNA exonuclease activity, which 
can be stimulated by RAD50, DNA unwinding activity and single-strand DNA 
endonuclease activity. Contribution of MRN complex to DSB sites is supported by the 
binding of NBS1 to phosphorylated histone-H2AX. After DNA strand excision and protein 
binding, heteroduplex DNA is formed. This process requires BRCA2 and RAD51. BRCA2 is 
assigned in controlling the recombinase activity of RAD51 and its loading onto single-
stranded DNA (Altieri et al., 2008). RAD51 is assisted by a number of protein factors 
including RAD52, RAD54, BRCA1 and RAD51 prologues (Rad51B, Rad51C, Rad51D, 
XRCC2, XRCC3) (Fleck & Nielsen, 2004). Afterwards the resulting 3' single-stranded DNA is 
bound by a heptameric ring complex formed by RAD52 proteins (Stasiak et al., 2000), which 
protects against exonucleolytic digestion. For binding of DNA ends, RAD52 competes with 
the Ku complex. This situation may determine whether the DSB is repaired by the HR or the 
NHEJ pathway (Van Dyck et al., 1999). RPA is another important protein that interacts with 
RAD51 (Golub et al., 1998). Interaction of RAD51 with RPA stabilizes RAD51-mediated 
DNA pairing by binding to the displaced DNA strand (Eggler et al., 2002). Thus, RAD51 
catalyzes strand-exchange process with the complementary strand in which the damaged 
DNA invades the undamaged DNA duplex, displacing one strand as D-loop (Baumann & 
West, 1997; Gupta et al., 1998). After D-loop formation, the annealed 3'-end is then extended 
by repair synthesis through the original break site to restore the missing sequence 
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damage (Evans et al., 1997b). 3'-incision is carried out by XPG (O’Donovan et al., 1994), and 5'-
incision is performed by the XPF–ERCC1 complex (Sijbers et al., 1996). The arising DNA gap is 
filled in by the action of Polδ and Polε and sealed by DNA ligase I and accessory factors 
(Araujo et al., 2000; Mu et al., 1995). 

2.2.2 Transcription-coupled repair (TCR) 
Transcription-coupled repair (TCR) is specifically removes DNA lesions in the genomic 
region where transcription is occurring simultaneously. Nowadays, it is not very clear how 
repair is coupled with active transcription, but it is generally supposed that a stalled 
transcript provides a strong signal to attract the repair mechanism. In this situation, the 
recognition factors intercede the dissociation of RNA polymerase II (RNAPII) from the DNA 
strand to allow the repair process to continue (Sarasin & Stary, 2007). Slow removal of DNA 
lesions from transcription templates would prevent efficient transcription. XPB, XPD (as 
part of TFIIH), XPG, CSA and CSB are essential for TCR (Le Page et al., 2000; Schaeffer et al., 
1993). The reduction of transcription in CSB cells upon UV irradiation is caused by blockage 
of RNAPII at the photoproduct regions (Selby et al., 1997). When RNAPII is inactivated at 
the site of DNA lesions, CSA and CSB mediate the activation of NER pathway by release of 
the stalled RNAPII elongation complex from the damaged DNA. GGR and TCR could be 
related through a direct interaction of CSB and XPG (Iyer et al., 1996).  In humans, TCR 
requires all the proteins needed for GCR except XPC, XPE and HR23B. The following steps 
of TCR are actually the same as for GCR with the development of the open complex and the 
lesion demarcation by XPA, RPA, and TFIIH, the excision of damaged strand, the filling by 
DNA polymerase, and the sealing of DNA fragments by a DNA ligase (Altieri et al., 2008). 

2.3 Mismatch repair (MMR) 
MMR is a type of DNA repair mechanism that targets base substitution and insertion/deletion 
mismatches resulting from errors formed during DNA replication and escaped from the 
proofreading activity of DNA polymerases, an event occurring with a frequency of 
approximately 1 in 109–1010 base pairs per cell division (Iyer et al., 2006). It is responsible for 
removal of these base mismatches which are caused by spontaneous and induced base 
deamination, methylation, oxidation and replication errors (Christmann et al., 2003). 
MMR is well understood in E. coli, where the core enzymes of the repair system are the 
products of the mutH, mutL, and mutS genes. MMR can only protect cells from permanent 
mutations if the parental strand which contains the correct information can be accurately 
separated from the daughter strand. In E. coli, the strand discrimination signal is achieved 
by adenine methylation in GATC sequences. Newly replicated DNA is not still methylated 
on the daughter strand (Modrich, 1991; Friedberg et al., 1995). Thus MutH recognizes the 
temporarily unmethylated newly synthesized DNA strand and cleaves it at hemimethylated 
GATC sites which are located within 1,000 bp of the mismatch (Altieri et al., 2008). MutL 
protein mediates communication between the bound MutH and MutS products (Modrich, 
1991). MutL also recruits UvrD at the damage site (Altieri et al., 2008). UvrD helicase and 
RPA generates a ssDNA filament containing the mismatched base, which is then cleaved by 
nuclease activities. Ultimately, DNA polymerase III refills the gap truly and DNA ligase III 
seals the last nick (Kunkel & Erie, 2005).  
All eukaryotic organisms have MutS and MutL homologues, MSHs and MLHs, respectively. 
Five MSHs (MSH2–MSH6) are present in both yeast and mammals, whereas MSH1 exists 
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only in yeast. MSH2 is required for all mismatch correction in nuclear DNA, whereas MSH3 
and MSH6 are required for the repair of some distinct types of mismatched DNA during 
replication. MSH4 and MSH5 are probably involved in meiotic recombination. Mammalian 
cells have two MutS activities that function as heterodimers and share MSH2 as a common 
subunit: MutSα (MSH2–MSH6 heterodimer) and MutSβ (MSH2–MSH3 heterodimer) (Jascur 
& Boland, 2006; Modrich, 2006). Eukaryotic cell does not contain MutH protein. In this 
situation the problem is to find an entry point for the strand excision activities. The solution 
seems to rely on using nicks or gaps left behind by the progressing replication forks, which 
may explain the respective role of PCNA in MMR (Kunkel & Erie, 2005). Finally, the 
excision of the DNA strand which contains the mispaired base is carried out by exonuclease 
I (Genschel et al., 2002) and the new synthesis by Polδ (Longley et al., 1997). 

2.4 Double strand break repair (DSBR) 
DNA DSBs are the most damaging lesions in the genome. They can form as a result of 
several damaging agents including ionizing radiation (IR) or chemical exposure (Ataian & 
Krebs, 2006). The major difference between DSBs and many other types of DNA lesions, 
including SSBs, is that in DSBs both DNA strands are damaged, which impedes the use of 
the complementary strand as template in the repair process (Genovese et al., 2006).  
The two major pathways used by cells to repair DNA DSBs are homologous recombination 
(HR) and non-homologous end-joining (NHEJ). HR is an error-free pathway which is 
usually found in simple eukaryotes (Cromie et al., 2001). Conversely, NHEJ is an error-
prone pathway which is usually predominates in mammals (Dasika et al., 1999).  

2.4.1 Homologous recombinational repair (HR) 
HR is initiated by a nucleolytic excision of the DSB in the 5'–3' direction by the MRE11–
RAD50–NBS1 (MRN) complex (Christmann et al., 2003). In the development of MRN 
complex, MRE11 and RAD50 produce the core complex and then they interact with NBS1. 
MRE11 has got various biochemical properties, such as DNA exonuclease activity, which 
can be stimulated by RAD50, DNA unwinding activity and single-strand DNA 
endonuclease activity. Contribution of MRN complex to DSB sites is supported by the 
binding of NBS1 to phosphorylated histone-H2AX. After DNA strand excision and protein 
binding, heteroduplex DNA is formed. This process requires BRCA2 and RAD51. BRCA2 is 
assigned in controlling the recombinase activity of RAD51 and its loading onto single-
stranded DNA (Altieri et al., 2008). RAD51 is assisted by a number of protein factors 
including RAD52, RAD54, BRCA1 and RAD51 prologues (Rad51B, Rad51C, Rad51D, 
XRCC2, XRCC3) (Fleck & Nielsen, 2004). Afterwards the resulting 3' single-stranded DNA is 
bound by a heptameric ring complex formed by RAD52 proteins (Stasiak et al., 2000), which 
protects against exonucleolytic digestion. For binding of DNA ends, RAD52 competes with 
the Ku complex. This situation may determine whether the DSB is repaired by the HR or the 
NHEJ pathway (Van Dyck et al., 1999). RPA is another important protein that interacts with 
RAD51 (Golub et al., 1998). Interaction of RAD51 with RPA stabilizes RAD51-mediated 
DNA pairing by binding to the displaced DNA strand (Eggler et al., 2002). Thus, RAD51 
catalyzes strand-exchange process with the complementary strand in which the damaged 
DNA invades the undamaged DNA duplex, displacing one strand as D-loop (Baumann & 
West, 1997; Gupta et al., 1998). After D-loop formation, the annealed 3'-end is then extended 
by repair synthesis through the original break site to restore the missing sequence 
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information at the break point. The sister chromatid provides a proper template for such 
error-free repair synthesis, actually it is the preferred template for homology-directed repair. 
On the other side of the D-loop, an “X” like structure, known as Holliday junction, is formed 
at the border between hetero- and homoduplex. If the Holliday junction is transported in the 
same direction as replication, it will release strand which is newly synthesized. Once repair 
synthesis is complete, the next step is to release the newly synthesized end, which can be 
performed by sliding the Holliday junction toward the 3'-end. Then the two broken ends 
reconnect. This process is facilitated by RAD52 and promoted by the annealing of 
complementary sequences. This process may generate gaps or flaps, depending on the 
degree of 3'-end extension during repair synthesis. Flaps can be removed by XPF/ERCC1 
complex also remaining gaps are filled and sealed by PCNA-dependent DNA polymerase 
δ/ε and DNA ligase I (Altieri et al., 2008).  

2.4.2 Non-homologous end joining repair (NHEJ) 
The term “non-homologous” is used to describe this repair pathway. Also in this pathway 
1–6 bp region of sequence homology (microhomology) near the DNA end frequently 
facilitates rejoining (Helleday et al., 2007). In contrast to NHEJ, HR is directed by longer 
stretches of homology (>100 bp) therefore the major difference between NHEJ and HR is the 
span of homologous sequences associated with repair process (Altieri et al., 2008). 
In the first step heterodimeric complex consisting of the proteins Ku70 (Reeves & Sthoeger, 
1989) and Ku80 binds to the damaged DNA, thus protecting the DNA from exonuclease 
digestion (Altieri et al., 2008). Then the DNA–Ku complex attracts and activates the catalytic 
subunit (DNA-PKcs), a serine/threonine protein kinase. DNA-PKcs is autophosphorylated 
after juxtaposition of the two DNA ends (Helleday et al., 2007). If further processing of ends is 
not required, the complex attracts the additional core components, XRCC4, LIG4 and XLF, 
which together form the ligase complex and seal the DNA ends. In the presence of 3'- and 5'-
overhangs, hairpins, gaps and flaps, characterized by single-strand/double-strand transitions 
DNA end joining requires an additional end processing before sealing (Altieri et al., 2008). 
Processing of DSBs is mainly performed by the MRN complex (Nelms et al., 1998) which has 
endonuclease, exonuclease, and helicase activity (Paull and Gellert, 1999) and removes excess 
DNA at 3' flaps. Flap endonuclease 1 (FEN1) is one of the candidate responsible for removal of 
5′ flaps (Wu et al., 1999). Other factors which are needed for processing includes structure-
specific Artemis nuclease and/or the DNA polymerases POLμ, POLλ, and TdT (Altieri et al., 
2008). Artemis acts in a complex with DNA–PK (Moshous et al., 2001). It also displays single-
strand-specific exonuclease activity (Ma, 2002). In this process, Ku heterodimer interact with 
Artemis, and the LIG4/XRCC4 complex, thus organizing the activities and the reversible 
interaction of the processing factors with the core components (Altieri et al., 2008). 

3. Cell cycle checkpoints 
Cell cycle checkpoint signaling is activated in response to incomplete DNA replication due 
to DNA damages induced by both internal and external sources such as UV light, reactive 
oxygen species, ionizing radiation or DNA damaging chemotherapeutic agents. Active 
checkpoints prevent further progression during the cell cycle. If the genotoxic stress exceeds 
repair capacity, additional signaling pathways may cause cell death, probably via apoptosis. 
(Reinhardt & Yaffe, 2009b). If the damage level is low, the cell can deal with the lesions so it 
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does not need to activate the checkpoint signaling. If the lesions are not rapidly repairable or 
if damage level is high, checkpoint signaling mechanisms take place for cell survival and 
protection of genome integrity (Lazzaro et al., 2009). Cells can arrest at cell cycle checkpoints 
to allow for: (1) repairing of cellular damage; (2) the dissipation of an exogenous cellular 
stress signal; or (3) availability of required hormones, growth factors or nutrients (Pientepol 
& Stewart, 2002). Thus cell cycle checkpoints provide more time for repair of DNA damage 
before DNA replication and mitosis (Kaufmann & Paules, 1996).  

3.1 G1/S checkpoint 
In the presence of DNA damage, the G1/S checkpoint prevents replication of damaged DNA 
through two different signal transduction pathways. The first pathway involves the 
degradation of Cdc25A phosphatase. Chk2 and Chk1 activated by ATM and ATR 
phosphorylate Cdc25A, which is then degraded by the ubiquitin proteasome pathway 
(Shimada & Nakanishi, 2006). Cdc25A degradation results from the inactivation of Cdk2 
and prevents Cdc45 from loading onto chromatin (Arata et al., 2000). Cdc45 is required for 
the recruitment of DNA polymerase α, thus lack of Cdc45 incorporation into the chromatin 
structure inhibits new origin firing. This pathway plays a role in the initial G1/S checkpoint 
arrest. In order to maintain this arrest, transcriptional responses are mediated by p53 
(Shimada & Nakanishi, 2006). ATM and ATR phosphorylate p53 at Ser15 (Banin et al, 1998; 
Canman et al, 1998), which inhibits the interaction of p53 with MDM2 (Shieh, 1997), thus 
p53 is stabilized. ATM also phosphorylates MDM2 on Ser395 and decreases the probability 
of an interaction between MDM2 and p53, thus p53 is accumulated (Maya et al., 2001) 
Stabilization and increased transactivation activity of p53 leads to the induction of p21, 
which inhibits the Cdk2–cyclin E–PCNA complex, thereby inhibiting G1/S transition 
(Mailand et al., 2000). p21 also binds to the cyclin D–Cdk4 complex and prevents it from 
phosphorylating Rb, thus suppressing the Rb/E2F pathway (Nakanishi et al., 2006). 
Therefore, degradation of cyclin D1 which is a subunit of the cyclin-dependent kinase cdk4, 
is the critical step in promoting a rapid arrest in G1. When cyclin D1 disappears, p21 is 
released from cdk4 complexes and binds rather than cdk2 complexes, preventing 
progression of cell cycle from G1 into S phase (Walworth, 2000). In summary, the G1/S 
checkpoint response targets two independent and critical tumor suppressor pathways, p53 
and pRb, which are most commonly deregulated in cancers (Nakanishi et al., 2006) 

3.2 S phase checkpoint 
In the S phase, genotoxic stress can arise from DNA-damaging insults or from difficulties 
with the replication process. S-phase checkpoints are catergorized into three types: (1) the 
replication-dependent intra-S-phase checkpoint (commonly named as replication 
checkpoint); (2) the replication-independent intra-S-phase checkpoint (generally named as 
intra-S-phase checkpoint), which can be induced by double strand breaks; and (3) the S-M 
checkpoint, which is also depends on DNA replication (Bartek et al., 2004). In the initiation 
of DNA damage checkpoints activity, the first step is the recognition of DNA damage. 
Studies in yeasts and mammals have demonstrated that RAD9, RAD1, HUS1 and RAD17 
are required factors that activate checkpoint signaling (Melo & Toczyski, 2002). RAD9, 
RAD1 and HUS1 form a heterotrimeric complex which is known as 9-1-1 complex. RAD17 
interacts with four small RFC subunits (Rfc2, Rfc3, Rfc4 and Rfc5) to form an RFC-related 
complex. When DNA is damaged, the 9-1-1 complex is recruited to the damage site under 
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information at the break point. The sister chromatid provides a proper template for such 
error-free repair synthesis, actually it is the preferred template for homology-directed repair. 
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complementary sequences. This process may generate gaps or flaps, depending on the 
degree of 3'-end extension during repair synthesis. Flaps can be removed by XPF/ERCC1 
complex also remaining gaps are filled and sealed by PCNA-dependent DNA polymerase 
δ/ε and DNA ligase I (Altieri et al., 2008).  

2.4.2 Non-homologous end joining repair (NHEJ) 
The term “non-homologous” is used to describe this repair pathway. Also in this pathway 
1–6 bp region of sequence homology (microhomology) near the DNA end frequently 
facilitates rejoining (Helleday et al., 2007). In contrast to NHEJ, HR is directed by longer 
stretches of homology (>100 bp) therefore the major difference between NHEJ and HR is the 
span of homologous sequences associated with repair process (Altieri et al., 2008). 
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1989) and Ku80 binds to the damaged DNA, thus protecting the DNA from exonuclease 
digestion (Altieri et al., 2008). Then the DNA–Ku complex attracts and activates the catalytic 
subunit (DNA-PKcs), a serine/threonine protein kinase. DNA-PKcs is autophosphorylated 
after juxtaposition of the two DNA ends (Helleday et al., 2007). If further processing of ends is 
not required, the complex attracts the additional core components, XRCC4, LIG4 and XLF, 
which together form the ligase complex and seal the DNA ends. In the presence of 3'- and 5'-
overhangs, hairpins, gaps and flaps, characterized by single-strand/double-strand transitions 
DNA end joining requires an additional end processing before sealing (Altieri et al., 2008). 
Processing of DSBs is mainly performed by the MRN complex (Nelms et al., 1998) which has 
endonuclease, exonuclease, and helicase activity (Paull and Gellert, 1999) and removes excess 
DNA at 3' flaps. Flap endonuclease 1 (FEN1) is one of the candidate responsible for removal of 
5′ flaps (Wu et al., 1999). Other factors which are needed for processing includes structure-
specific Artemis nuclease and/or the DNA polymerases POLμ, POLλ, and TdT (Altieri et al., 
2008). Artemis acts in a complex with DNA–PK (Moshous et al., 2001). It also displays single-
strand-specific exonuclease activity (Ma, 2002). In this process, Ku heterodimer interact with 
Artemis, and the LIG4/XRCC4 complex, thus organizing the activities and the reversible 
interaction of the processing factors with the core components (Altieri et al., 2008). 

3. Cell cycle checkpoints 
Cell cycle checkpoint signaling is activated in response to incomplete DNA replication due 
to DNA damages induced by both internal and external sources such as UV light, reactive 
oxygen species, ionizing radiation or DNA damaging chemotherapeutic agents. Active 
checkpoints prevent further progression during the cell cycle. If the genotoxic stress exceeds 
repair capacity, additional signaling pathways may cause cell death, probably via apoptosis. 
(Reinhardt & Yaffe, 2009b). If the damage level is low, the cell can deal with the lesions so it 
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does not need to activate the checkpoint signaling. If the lesions are not rapidly repairable or 
if damage level is high, checkpoint signaling mechanisms take place for cell survival and 
protection of genome integrity (Lazzaro et al., 2009). Cells can arrest at cell cycle checkpoints 
to allow for: (1) repairing of cellular damage; (2) the dissipation of an exogenous cellular 
stress signal; or (3) availability of required hormones, growth factors or nutrients (Pientepol 
& Stewart, 2002). Thus cell cycle checkpoints provide more time for repair of DNA damage 
before DNA replication and mitosis (Kaufmann & Paules, 1996).  

3.1 G1/S checkpoint 
In the presence of DNA damage, the G1/S checkpoint prevents replication of damaged DNA 
through two different signal transduction pathways. The first pathway involves the 
degradation of Cdc25A phosphatase. Chk2 and Chk1 activated by ATM and ATR 
phosphorylate Cdc25A, which is then degraded by the ubiquitin proteasome pathway 
(Shimada & Nakanishi, 2006). Cdc25A degradation results from the inactivation of Cdk2 
and prevents Cdc45 from loading onto chromatin (Arata et al., 2000). Cdc45 is required for 
the recruitment of DNA polymerase α, thus lack of Cdc45 incorporation into the chromatin 
structure inhibits new origin firing. This pathway plays a role in the initial G1/S checkpoint 
arrest. In order to maintain this arrest, transcriptional responses are mediated by p53 
(Shimada & Nakanishi, 2006). ATM and ATR phosphorylate p53 at Ser15 (Banin et al, 1998; 
Canman et al, 1998), which inhibits the interaction of p53 with MDM2 (Shieh, 1997), thus 
p53 is stabilized. ATM also phosphorylates MDM2 on Ser395 and decreases the probability 
of an interaction between MDM2 and p53, thus p53 is accumulated (Maya et al., 2001) 
Stabilization and increased transactivation activity of p53 leads to the induction of p21, 
which inhibits the Cdk2–cyclin E–PCNA complex, thereby inhibiting G1/S transition 
(Mailand et al., 2000). p21 also binds to the cyclin D–Cdk4 complex and prevents it from 
phosphorylating Rb, thus suppressing the Rb/E2F pathway (Nakanishi et al., 2006). 
Therefore, degradation of cyclin D1 which is a subunit of the cyclin-dependent kinase cdk4, 
is the critical step in promoting a rapid arrest in G1. When cyclin D1 disappears, p21 is 
released from cdk4 complexes and binds rather than cdk2 complexes, preventing 
progression of cell cycle from G1 into S phase (Walworth, 2000). In summary, the G1/S 
checkpoint response targets two independent and critical tumor suppressor pathways, p53 
and pRb, which are most commonly deregulated in cancers (Nakanishi et al., 2006) 

3.2 S phase checkpoint 
In the S phase, genotoxic stress can arise from DNA-damaging insults or from difficulties 
with the replication process. S-phase checkpoints are catergorized into three types: (1) the 
replication-dependent intra-S-phase checkpoint (commonly named as replication 
checkpoint); (2) the replication-independent intra-S-phase checkpoint (generally named as 
intra-S-phase checkpoint), which can be induced by double strand breaks; and (3) the S-M 
checkpoint, which is also depends on DNA replication (Bartek et al., 2004). In the initiation 
of DNA damage checkpoints activity, the first step is the recognition of DNA damage. 
Studies in yeasts and mammals have demonstrated that RAD9, RAD1, HUS1 and RAD17 
are required factors that activate checkpoint signaling (Melo & Toczyski, 2002). RAD9, 
RAD1 and HUS1 form a heterotrimeric complex which is known as 9-1-1 complex. RAD17 
interacts with four small RFC subunits (Rfc2, Rfc3, Rfc4 and Rfc5) to form an RFC-related 
complex. When DNA is damaged, the 9-1-1 complex is recruited to the damage site under 
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the regulation of the RAD17 complex (Melo et al., 2001). In this process chromatin-bound 9-
1-1 complex facilitates phosphorylation mediated by ATR and ATM (Nakanishi et al., 2006). 
During the S-phase, damaged DNA inhibits replicative DNA synthesis (intra-S checkpoint). 
This checkpoint is regulated by two distinct pathways, known as ATM/ATR–Chk1/Chk2–
Cdc25A and ATM–NBS1–SMC1 (Falck et al., 2002). Depending on the type of DNA damage, 
ATM or ATR phosphorylates Chk2 or Chk1, respectively, resulting in the phosphorylation 
and degradation of Cdc25A (Shimada & Nakanishi, 2006). Downregulation of Cdc25A 
subsequently causes inactivation of the S-phase-promoting cyclin E/Cdk2 and prevents 
loading of Cdc45 on replication origins. The phosphorylation of NBS1 on S343 by ATM is 
required for activation of the MRN complex and the intra-S checkpoint (Lim et al., 2000; 
Zhao et al., 2000). Depending on the phosphorylation state of NBS1, SMC1 is 
phosphorylated on Ser-957 and Ser-966 by ATM which is required for the intra-S checkpoint 
(Kim et al., 2002; Yazdi et al., 2002). Other mediator proteins, such as 53BP1, BRCA1 and 
MDC1, are also involved in the intra-S checkpoint by regulating the phosphorylation of 
downstream proteins such as Chk1, Chk2, and NBS1 (Shimada & Nakanishi, 2006). 

3.3 G2/M checkpoint 
The G2/M checkpoint prevents cells from entry into mitosis through the inhibition of 
cyclinB/Cdc2 kinase by Chk1/Chk2, p38-mediated subcellular sequestration, degradation, 
and inhibition of the Cdc25 family of phosphatases. The initiation of G2/M arrest is also 
carried out with p53 (Shimada & Nakanishi, 2006). After DNA damage, members of the PI-
3K family initiate signal transduction pathways that regulate DNA repair and cell cycle 
progression. Various members of the PI-3K family can directly phosphorylate p53, including 
DNA-PK, ATM, and ATR. ATM-dependent signaling also results in activation of the Chk1 
and Chk2 kinases (Pientepol & Stewart, 2002). Following DNA damage, the ATM–Chk2–
Cdc25A and/or the ATR–Chk1–Cdc25A pathways are activated. 53BP1, MDC1, BRCA1 also 
play roles in the activation of Chk1 and Chk2 (Chan et al., 1999). MDC1 functions as a 
molecular bridge between histone γ-H2AX and NBS1 in the MRN complex (Nakanishi et al., 
2006). Phosphorylated Cdc25A cause the degradation and inactivation of cyclinB/Cdc2. 
Many studies suggest that Chk1 and Chk2-mediated phosphorylation of p53 may be a 
crucial role for stabilization of the protein after DNA damage (Hirao et al., 2000; Shieh et al., 
2000). The major targets of p53 at G2/M checkpoint are the Cdk inhibitor p21, GADD45, 
which causes the dissociation of the Cdc2 and cyclin complex, and 14-3-3 sigma, which 
sequesters the cyclin B/Cdc2 complex in the cytoplasm (Chan et al., 1999). Two isoforms of 
MAP kinase, p38 α and γ are also implicated in the G2/M checkpoint by the regulation of 
Cdc25B and Chk2, respectively. Cells which require these genes and enzymes exhibit a 
G2/M checkpoint defect (Shimada & Nakanishi, 2006). 

4. Polymorphisms of DNA repair genes 
Many of the hereditary diseases with cancer predisposition are known to be caused by 
germ-line mutations of DNA repair genes (Paz-Elizur et al, 2008, Au, 2006). DNA repair 
deficiencies are milder in sporadic cancers than hereditary cases because of absence of germ-
line mutations (Paz-Elizur et al, 2008). Generally, the response to DNA damage involves 
expression of various genes to repair. Susceptibility to the diseases caused by failure of 
DNA repair can depend on rare mutations in genes involved in DNA repair or on low 
penetrance single nucleotide polymorphisms (SNPs) (Ripperger et al., 2009). Although no 
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clinical decisions can be based on their presence or absence, polymorphisms of DNA repair-
related genes may modulate cancer predisposition (Mocellin et al., 2009). SNPs occur when 
a single nucleotide in the genome sequence is altered; they occur every 100–300 bases along 
the 3 billion base human genome, so they contain about 90% of all human genetic variations 
that are thought to account for many health-related conditions, such as individualized drug 
responsiveness and disease predispositions including cancer (Mocellin et al., 2009, Paz-
Elizur et al, 2008). Even though risks conferred by individual loci are relatively small, some 
risky alleles have been thought to act multiplicatively (Ripperger et al., 2009).  
There are several different loci studied for various kinds of diseases and cancers. Cell cycle 
check-point and DNA repair gene polymorphisms are main foci in those studies. 
8-oxoguanine formation is one of the major mutagenic oxidative DNA lesions, frequently 
used as a measure of oxidative stress. To protect DNA from such a damage, prevention, 
repair or proofreading must be operated; prevention is by avoiding the incorporation by the 
enzyme MTH1 to hydrolyse 8-oxo-dGTP; repair is by excising 8-oxoguanine from DNA by 
OGG1-initiated BER; and proofreading is by removing an adenine misincorporated opposite 
a template 8-oxoG by MUTYH-initiated BER in order to enable conversion of the 
premutagenic 8-oxoG:A mispair into a 8-oxoG:C base pair. BER is applied on oxoguanine 
primarily by 8-oxoguanine DNA glycosylase 1 (OGG1). The most common SNP studied in 
this gene is OGG1Ser326Cys thought to change the phosphorylation status of the enzyme. 
Studies on polymorphism in this gene region and others involved in BER of oxidative DNA 
damage, such as APE1 or XRCC1, concluded no associations with cancer risk (Paz-Elizur et 
al, 2008). XRCC does not related to their biochemical functions; these genes only represent 
components of different damage recovery pathways (Basso et al., 2007). SSBs can be 
repaired by PARPs and XRCC1 (Basso et al., 2007, Ladiges, 2006). XRCC1 is known to have a 
large number of SNPs with its relative high frequency in the population (Basso et al., 2007, 
Au , 2006, Ladiges, 2006). XRCC1 has no enzymatic activity, but has three interactive 
domains: the N-terminal domain (NTD) is the site for POL b binding and also the site for 
direct binding to gapped or nicked DNA. Previously, 27 gene variations of XRCC1 were 
detected, the most frequent ones are R399Q and R194W (Ladiges, 2006). The XRCC1 194W 
allele was recently found to have a protective role against tobacco-related cancers. And the 
XRCC1 399Q allele was shown to behave as a risk factor for tobacco-related cancers in light 
smokers, but as a protective factor in heavy smokers (Basso et al., 2007).  
The Xeroderma pigmentosum complementation group C (XPC) is one of the eight genes in 
the NER pathway; the others are ERCC1, XPA, XPB, XPD, XPE, XPF and XPG. XPC is 
involved in the DNA damage recognition and DNA repair initiation in the NER pathway, 
this is important because the binding of XPC to damaged DNA is the rate-limiting step of 
NER. Normal XPC gene is found to be critical for the cells to complete excision repair of 
bulky DNA lesions including smoking-induced DNA adducts. The results of studies about 
the association of XPC polymorphisms with cancer risk are contradicting (Qui et al., 2008)  
XPD gene product is the adenosine triphosphate-dependent DNA helicase component of the 
transcription factor, TFIIH. The defects in XPD/ERCC2 (the xeroderma pigmentosum group 
D (XPD) gene, also called the excision repair cross-complementing rodent repair deficiency 
group 2 (ERCC2) gene) are the cause of an autosomal recessive skin disorder characterized 
by solar hypersensitivity of the skin exposed to direct sunlight and so it has high risk for 
developing epithelial cancers and melanoma (Mocellin et al., 2009, Manuguerra et al., 2006). 
XPD/ERCC2 is thought to be associated with the likelihood of harboring melanoma. The 
XRCC3 protein is important in DNA DSBs/recombinational repair as a member of Rad51-
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the regulation of the RAD17 complex (Melo et al., 2001). In this process chromatin-bound 9-
1-1 complex facilitates phosphorylation mediated by ATR and ATM (Nakanishi et al., 2006). 
During the S-phase, damaged DNA inhibits replicative DNA synthesis (intra-S checkpoint). 
This checkpoint is regulated by two distinct pathways, known as ATM/ATR–Chk1/Chk2–
Cdc25A and ATM–NBS1–SMC1 (Falck et al., 2002). Depending on the type of DNA damage, 
ATM or ATR phosphorylates Chk2 or Chk1, respectively, resulting in the phosphorylation 
and degradation of Cdc25A (Shimada & Nakanishi, 2006). Downregulation of Cdc25A 
subsequently causes inactivation of the S-phase-promoting cyclin E/Cdk2 and prevents 
loading of Cdc45 on replication origins. The phosphorylation of NBS1 on S343 by ATM is 
required for activation of the MRN complex and the intra-S checkpoint (Lim et al., 2000; 
Zhao et al., 2000). Depending on the phosphorylation state of NBS1, SMC1 is 
phosphorylated on Ser-957 and Ser-966 by ATM which is required for the intra-S checkpoint 
(Kim et al., 2002; Yazdi et al., 2002). Other mediator proteins, such as 53BP1, BRCA1 and 
MDC1, are also involved in the intra-S checkpoint by regulating the phosphorylation of 
downstream proteins such as Chk1, Chk2, and NBS1 (Shimada & Nakanishi, 2006). 

3.3 G2/M checkpoint 
The G2/M checkpoint prevents cells from entry into mitosis through the inhibition of 
cyclinB/Cdc2 kinase by Chk1/Chk2, p38-mediated subcellular sequestration, degradation, 
and inhibition of the Cdc25 family of phosphatases. The initiation of G2/M arrest is also 
carried out with p53 (Shimada & Nakanishi, 2006). After DNA damage, members of the PI-
3K family initiate signal transduction pathways that regulate DNA repair and cell cycle 
progression. Various members of the PI-3K family can directly phosphorylate p53, including 
DNA-PK, ATM, and ATR. ATM-dependent signaling also results in activation of the Chk1 
and Chk2 kinases (Pientepol & Stewart, 2002). Following DNA damage, the ATM–Chk2–
Cdc25A and/or the ATR–Chk1–Cdc25A pathways are activated. 53BP1, MDC1, BRCA1 also 
play roles in the activation of Chk1 and Chk2 (Chan et al., 1999). MDC1 functions as a 
molecular bridge between histone γ-H2AX and NBS1 in the MRN complex (Nakanishi et al., 
2006). Phosphorylated Cdc25A cause the degradation and inactivation of cyclinB/Cdc2. 
Many studies suggest that Chk1 and Chk2-mediated phosphorylation of p53 may be a 
crucial role for stabilization of the protein after DNA damage (Hirao et al., 2000; Shieh et al., 
2000). The major targets of p53 at G2/M checkpoint are the Cdk inhibitor p21, GADD45, 
which causes the dissociation of the Cdc2 and cyclin complex, and 14-3-3 sigma, which 
sequesters the cyclin B/Cdc2 complex in the cytoplasm (Chan et al., 1999). Two isoforms of 
MAP kinase, p38 α and γ are also implicated in the G2/M checkpoint by the regulation of 
Cdc25B and Chk2, respectively. Cells which require these genes and enzymes exhibit a 
G2/M checkpoint defect (Shimada & Nakanishi, 2006). 

4. Polymorphisms of DNA repair genes 
Many of the hereditary diseases with cancer predisposition are known to be caused by 
germ-line mutations of DNA repair genes (Paz-Elizur et al, 2008, Au, 2006). DNA repair 
deficiencies are milder in sporadic cancers than hereditary cases because of absence of germ-
line mutations (Paz-Elizur et al, 2008). Generally, the response to DNA damage involves 
expression of various genes to repair. Susceptibility to the diseases caused by failure of 
DNA repair can depend on rare mutations in genes involved in DNA repair or on low 
penetrance single nucleotide polymorphisms (SNPs) (Ripperger et al., 2009). Although no 
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clinical decisions can be based on their presence or absence, polymorphisms of DNA repair-
related genes may modulate cancer predisposition (Mocellin et al., 2009). SNPs occur when 
a single nucleotide in the genome sequence is altered; they occur every 100–300 bases along 
the 3 billion base human genome, so they contain about 90% of all human genetic variations 
that are thought to account for many health-related conditions, such as individualized drug 
responsiveness and disease predispositions including cancer (Mocellin et al., 2009, Paz-
Elizur et al, 2008). Even though risks conferred by individual loci are relatively small, some 
risky alleles have been thought to act multiplicatively (Ripperger et al., 2009).  
There are several different loci studied for various kinds of diseases and cancers. Cell cycle 
check-point and DNA repair gene polymorphisms are main foci in those studies. 
8-oxoguanine formation is one of the major mutagenic oxidative DNA lesions, frequently 
used as a measure of oxidative stress. To protect DNA from such a damage, prevention, 
repair or proofreading must be operated; prevention is by avoiding the incorporation by the 
enzyme MTH1 to hydrolyse 8-oxo-dGTP; repair is by excising 8-oxoguanine from DNA by 
OGG1-initiated BER; and proofreading is by removing an adenine misincorporated opposite 
a template 8-oxoG by MUTYH-initiated BER in order to enable conversion of the 
premutagenic 8-oxoG:A mispair into a 8-oxoG:C base pair. BER is applied on oxoguanine 
primarily by 8-oxoguanine DNA glycosylase 1 (OGG1). The most common SNP studied in 
this gene is OGG1Ser326Cys thought to change the phosphorylation status of the enzyme. 
Studies on polymorphism in this gene region and others involved in BER of oxidative DNA 
damage, such as APE1 or XRCC1, concluded no associations with cancer risk (Paz-Elizur et 
al, 2008). XRCC does not related to their biochemical functions; these genes only represent 
components of different damage recovery pathways (Basso et al., 2007). SSBs can be 
repaired by PARPs and XRCC1 (Basso et al., 2007, Ladiges, 2006). XRCC1 is known to have a 
large number of SNPs with its relative high frequency in the population (Basso et al., 2007, 
Au , 2006, Ladiges, 2006). XRCC1 has no enzymatic activity, but has three interactive 
domains: the N-terminal domain (NTD) is the site for POL b binding and also the site for 
direct binding to gapped or nicked DNA. Previously, 27 gene variations of XRCC1 were 
detected, the most frequent ones are R399Q and R194W (Ladiges, 2006). The XRCC1 194W 
allele was recently found to have a protective role against tobacco-related cancers. And the 
XRCC1 399Q allele was shown to behave as a risk factor for tobacco-related cancers in light 
smokers, but as a protective factor in heavy smokers (Basso et al., 2007).  
The Xeroderma pigmentosum complementation group C (XPC) is one of the eight genes in 
the NER pathway; the others are ERCC1, XPA, XPB, XPD, XPE, XPF and XPG. XPC is 
involved in the DNA damage recognition and DNA repair initiation in the NER pathway, 
this is important because the binding of XPC to damaged DNA is the rate-limiting step of 
NER. Normal XPC gene is found to be critical for the cells to complete excision repair of 
bulky DNA lesions including smoking-induced DNA adducts. The results of studies about 
the association of XPC polymorphisms with cancer risk are contradicting (Qui et al., 2008)  
XPD gene product is the adenosine triphosphate-dependent DNA helicase component of the 
transcription factor, TFIIH. The defects in XPD/ERCC2 (the xeroderma pigmentosum group 
D (XPD) gene, also called the excision repair cross-complementing rodent repair deficiency 
group 2 (ERCC2) gene) are the cause of an autosomal recessive skin disorder characterized 
by solar hypersensitivity of the skin exposed to direct sunlight and so it has high risk for 
developing epithelial cancers and melanoma (Mocellin et al., 2009, Manuguerra et al., 2006). 
XPD/ERCC2 is thought to be associated with the likelihood of harboring melanoma. The 
XRCC3 protein is important in DNA DSBs/recombinational repair as a member of Rad51-
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related protein family that is participating in HR to maintain chromosome stability and 
repair DNA damage (Manuguerra et al., 2006). 
Breast cancer is the most common malignancy in women with an average lifetime risk of 8–
10%. Breast cancer risk doubles in the women with a first degree relative with the same 
problem (Ripperger et al., 2009). Germline BRCA1 or BRCA2 mutations account for 20–40% of 
breast cancer in families, and they are associated with a high lifetime risk of 60–85% for breast 
cancer as well as an increased risk for ovarian cancer (Ripperger et al., 2009, Basso et al., 2007). 
In high risk families, some other genes are investigated to find their risk usually concentrating 
on genes involved in DNA repair as CHEK2, RAD50, BRIP1 and PALB2. Cell cycle checkpoint 
kinase 2 (CHEK2) is a signalling component of DNA repair phosphorylating BRCA1. 
Currently, there are several different SNPs in genes or chromosomal loci that have been 
identified in genome-wide association studies and a common SNP in CASP8 was found to 
reduce breast cancer risk (Ripperger et al., 2009).  
Breast cancer cells are thought to be deficient in DSB repair (Ralhan et al., 2007). The 
products of key breast cancer susceptibility genes, BRCA1, BRCA2 (XRCC11), ATM and 
TP53, play important roles in DSB repair and chromosome stability (Ralhan et al., 2007, 
Basso et al., 2007). ATM mutation (7271TG) has been suspected to be associated with an 
increased risk of breast cancer in relatives. The active ATM monomers phosphorylate 
various DSB repair and genome surveillance factors such as Artemis, NBS1, BRCA1, 
Fanconi anemia complementation group D2 protein (FANCD2), p53, p53-binding protein 1 
(53BP1). Recently RAD50 germline mutations have been related to breast cancer 
susceptibility. P53 has several responses simultaneously, modulating DNA repair, blocking 
the cell cycle or inducing apoptosis in irrepairably damaged cells. It inhibits strand exchange 
mediated by RAD51, binds Holliday junctions and detects mispairings in heteroduplex 
junction DNA (Ralhan et al., 2007). 
The polymorphism studies are usually focused on cancer cases. Since the development of 
cancer involves the induction of multiple mutations, recent investigations are usually about 
the interactions of multiple susceptibility genes. But cancer is polygenic and single genetic 
variants are usually insufficient to predict risk of cancer. Consequently, the functional 
significance of these SNPs is still largely unknown. Using established common cancer 
susceptibility SNPs, there are hundreds of possible combinations of genotypes for each 
kinds of cancer in different populations. The studies for SNPs must be enlarged for various 
populations to be reliable.  

5. DNA repair disorders 
DNA repair disorders are usually characterized by X-ray sensitivity, cancer susceptibility, 
immunodeficiency, neurological abnormalities. DNA repair disorders can be in either of 
the repair types. Defects in the NER mechanism are responsible for several genetic 
disorders, including XP (hypersensitivity to sunlight/UV, resulting in increased skin 
cancer incidence and premature aging), Cockayne syndrome (hypersensitivity to UV and 
chemical agents), Trichothiodystrophy (sensitive skin, brittle hair and nails). The latter 
two usually accompanies with mental retardation. XP is an autosomal recessive 
hereditary disease with a prevalence of approximately 1–4 in 106  live births characterized 
by severe predisposition to skin cancer, mainly squamous cell and basal cell carcinoma 
(Basso et al., 2007, Au, 2006). XP cells are defective in NER and known responsible genes 
are XP-A to XP-G (Basso et al., 2007).  
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Other DNA repair disorders include Werner's syndrome with growth retardation and 
premature aging; Bloom's syndrome with skin hypersensitivity and high incidence of 
malignancies and Ataxia telangiectasia(Louis–Bar syndrome) (ATM) with sensitivity to 
some chemicals and ionizing radiation. ATM mutations are found to be responsible for the 
autosomal recessive disease, ataxia teleangiectasia, characterized by cerebellar ataxia, 
telangiectases, immune defects and predisposition to various malignancies (Table 1) 
(Ripperger et al., 2009). The most common DSB repair defects result from deficiencies in the 
ATM and NBS genes. The defects in NBS and DNA Ligase IV genes are chromosomal 
instability syndromes associated with various chromosomal aberrations and translocations 
(Nahas & Gatti, 2009). All those diseases are "progeria syndromes" means "accelerated aging 
diseases" because these patients suffer from aging-related diseases at an abnormally young 
age, while not manifesting all the symptoms of old age.  
Hereditary breast cancer, hereditary colon cancer and Fanconi's anemia are also DNA repair 
diseases. Hereditary breast and ovarian cancer is the most frequent autosomal dominant 
disorder associated with mutations in BRCA1 or BRCA2. Additionally, there are several 
diseases increasing breast cancer risk. For instance, Peutz–Jeghers syndrome, caused by 
heterozygous germline mutations in STK11, is increasing the risk of breast cancer.It is 
mainly a polyposis syndrome characterized by melanocytic macules of the lips, digits as 
well as multiple hamartomatous polyps of gastrointestinal tract. Cowden syndrome is 
another one characterized by multiple hamartomas in skin, gastrointestinal tract, 
endometrium, breast and brain and it is associated with an increased breast cancer risk of up 
to 30–50% by the age of 70 years (Ripperger et al., 2009). Hereditary colon cancer is occuring 
by another defective DNA repair pathway, MMR, causing the predisposition to cancer. This 
condition leads to microsatellite instability (MSI) and frameshift mutations (Basso et al., 
2007). MSI is also a common finding in colorectal tumors of Lynch syndrome patients (Basso 
et al., 2007, Ripperger et al., 2009). MUTYH-associated polyposis (MAP) is another disease 
with strong predisposition to a hereditary form of colorectal cancer, germ-line biallelic 
mutations in the MUTYH gene has been found to be responsible (Paz-Elizur et al, 2008). 
Another interesting disease is Fanconi Anemia, characterized by progressive bone marrow 
failure and multiple congenital abnormalities, which has been suggested to be caused by 
defects in coordination of NER, HR and translesional DNA synthesis (TLS). Fanconi anemia 
can be either autosomal recessive or X-linked recessive cancer susceptibility syndrome 
(Basso et al., 2007, Nahas & Gatti, 2009). Cells taken from Fanconi anemia patients exhibit 
hypersensitivity to mitomycin C, the DNA crosslinking agent. This hypersensitivity to cross-
linking agents increases the risk to create chromosomal abnormalities. The characteristic 
feature for cell lines of patients deficient in DNA repair and chromatin maintenance proteins 
is the increased chromosomal aberration frequency (Nahas & Gatti, 2009). Another 
syndrome, Li–Fraumeni, is caused by germline TP53 mutations, has a high prevalence in 
breast cancer, soft tissue sarcomas, leukaemia and brain tumors in young population 
(Ripperger et al., 2009). There are several different genetic syndromes related to DNA repair, 
and because of the complexity of the repair pathways, various genes are found to be 
responsible from each. There are still some DNA repair syndromes without any known 
defective gene region. The XCIND syndrome comprises the chromosomal instability 
syndromes, the cancer susceptibility syndromes, the DNA DSB repair disorders, and the 
some primary immunodeficiencies (Nahas & Gatti, 2009).  
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related protein family that is participating in HR to maintain chromosome stability and 
repair DNA damage (Manuguerra et al., 2006). 
Breast cancer is the most common malignancy in women with an average lifetime risk of 8–
10%. Breast cancer risk doubles in the women with a first degree relative with the same 
problem (Ripperger et al., 2009). Germline BRCA1 or BRCA2 mutations account for 20–40% of 
breast cancer in families, and they are associated with a high lifetime risk of 60–85% for breast 
cancer as well as an increased risk for ovarian cancer (Ripperger et al., 2009, Basso et al., 2007). 
In high risk families, some other genes are investigated to find their risk usually concentrating 
on genes involved in DNA repair as CHEK2, RAD50, BRIP1 and PALB2. Cell cycle checkpoint 
kinase 2 (CHEK2) is a signalling component of DNA repair phosphorylating BRCA1. 
Currently, there are several different SNPs in genes or chromosomal loci that have been 
identified in genome-wide association studies and a common SNP in CASP8 was found to 
reduce breast cancer risk (Ripperger et al., 2009).  
Breast cancer cells are thought to be deficient in DSB repair (Ralhan et al., 2007). The 
products of key breast cancer susceptibility genes, BRCA1, BRCA2 (XRCC11), ATM and 
TP53, play important roles in DSB repair and chromosome stability (Ralhan et al., 2007, 
Basso et al., 2007). ATM mutation (7271TG) has been suspected to be associated with an 
increased risk of breast cancer in relatives. The active ATM monomers phosphorylate 
various DSB repair and genome surveillance factors such as Artemis, NBS1, BRCA1, 
Fanconi anemia complementation group D2 protein (FANCD2), p53, p53-binding protein 1 
(53BP1). Recently RAD50 germline mutations have been related to breast cancer 
susceptibility. P53 has several responses simultaneously, modulating DNA repair, blocking 
the cell cycle or inducing apoptosis in irrepairably damaged cells. It inhibits strand exchange 
mediated by RAD51, binds Holliday junctions and detects mispairings in heteroduplex 
junction DNA (Ralhan et al., 2007). 
The polymorphism studies are usually focused on cancer cases. Since the development of 
cancer involves the induction of multiple mutations, recent investigations are usually about 
the interactions of multiple susceptibility genes. But cancer is polygenic and single genetic 
variants are usually insufficient to predict risk of cancer. Consequently, the functional 
significance of these SNPs is still largely unknown. Using established common cancer 
susceptibility SNPs, there are hundreds of possible combinations of genotypes for each 
kinds of cancer in different populations. The studies for SNPs must be enlarged for various 
populations to be reliable.  

5. DNA repair disorders 
DNA repair disorders are usually characterized by X-ray sensitivity, cancer susceptibility, 
immunodeficiency, neurological abnormalities. DNA repair disorders can be in either of 
the repair types. Defects in the NER mechanism are responsible for several genetic 
disorders, including XP (hypersensitivity to sunlight/UV, resulting in increased skin 
cancer incidence and premature aging), Cockayne syndrome (hypersensitivity to UV and 
chemical agents), Trichothiodystrophy (sensitive skin, brittle hair and nails). The latter 
two usually accompanies with mental retardation. XP is an autosomal recessive 
hereditary disease with a prevalence of approximately 1–4 in 106  live births characterized 
by severe predisposition to skin cancer, mainly squamous cell and basal cell carcinoma 
(Basso et al., 2007, Au, 2006). XP cells are defective in NER and known responsible genes 
are XP-A to XP-G (Basso et al., 2007).  
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Other DNA repair disorders include Werner's syndrome with growth retardation and 
premature aging; Bloom's syndrome with skin hypersensitivity and high incidence of 
malignancies and Ataxia telangiectasia(Louis–Bar syndrome) (ATM) with sensitivity to 
some chemicals and ionizing radiation. ATM mutations are found to be responsible for the 
autosomal recessive disease, ataxia teleangiectasia, characterized by cerebellar ataxia, 
telangiectases, immune defects and predisposition to various malignancies (Table 1) 
(Ripperger et al., 2009). The most common DSB repair defects result from deficiencies in the 
ATM and NBS genes. The defects in NBS and DNA Ligase IV genes are chromosomal 
instability syndromes associated with various chromosomal aberrations and translocations 
(Nahas & Gatti, 2009). All those diseases are "progeria syndromes" means "accelerated aging 
diseases" because these patients suffer from aging-related diseases at an abnormally young 
age, while not manifesting all the symptoms of old age.  
Hereditary breast cancer, hereditary colon cancer and Fanconi's anemia are also DNA repair 
diseases. Hereditary breast and ovarian cancer is the most frequent autosomal dominant 
disorder associated with mutations in BRCA1 or BRCA2. Additionally, there are several 
diseases increasing breast cancer risk. For instance, Peutz–Jeghers syndrome, caused by 
heterozygous germline mutations in STK11, is increasing the risk of breast cancer.It is 
mainly a polyposis syndrome characterized by melanocytic macules of the lips, digits as 
well as multiple hamartomatous polyps of gastrointestinal tract. Cowden syndrome is 
another one characterized by multiple hamartomas in skin, gastrointestinal tract, 
endometrium, breast and brain and it is associated with an increased breast cancer risk of up 
to 30–50% by the age of 70 years (Ripperger et al., 2009). Hereditary colon cancer is occuring 
by another defective DNA repair pathway, MMR, causing the predisposition to cancer. This 
condition leads to microsatellite instability (MSI) and frameshift mutations (Basso et al., 
2007). MSI is also a common finding in colorectal tumors of Lynch syndrome patients (Basso 
et al., 2007, Ripperger et al., 2009). MUTYH-associated polyposis (MAP) is another disease 
with strong predisposition to a hereditary form of colorectal cancer, germ-line biallelic 
mutations in the MUTYH gene has been found to be responsible (Paz-Elizur et al, 2008). 
Another interesting disease is Fanconi Anemia, characterized by progressive bone marrow 
failure and multiple congenital abnormalities, which has been suggested to be caused by 
defects in coordination of NER, HR and translesional DNA synthesis (TLS). Fanconi anemia 
can be either autosomal recessive or X-linked recessive cancer susceptibility syndrome 
(Basso et al., 2007, Nahas & Gatti, 2009). Cells taken from Fanconi anemia patients exhibit 
hypersensitivity to mitomycin C, the DNA crosslinking agent. This hypersensitivity to cross-
linking agents increases the risk to create chromosomal abnormalities. The characteristic 
feature for cell lines of patients deficient in DNA repair and chromatin maintenance proteins 
is the increased chromosomal aberration frequency (Nahas & Gatti, 2009). Another 
syndrome, Li–Fraumeni, is caused by germline TP53 mutations, has a high prevalence in 
breast cancer, soft tissue sarcomas, leukaemia and brain tumors in young population 
(Ripperger et al., 2009). There are several different genetic syndromes related to DNA repair, 
and because of the complexity of the repair pathways, various genes are found to be 
responsible from each. There are still some DNA repair syndromes without any known 
defective gene region. The XCIND syndrome comprises the chromosomal instability 
syndromes, the cancer susceptibility syndromes, the DNA DSB repair disorders, and the 
some primary immunodeficiencies (Nahas & Gatti, 2009).  



 
DNA Repair and Human Health 

 

292 

SYNDROME GENE PRIMARY 
PATHOGENESIS PATHWAY PREDISPOSITION 

Ataxia 
Telangiectasia 

ATM ATM protein kinase HR, NHEJ Immunodeficiency, 
cancer 

Fanconi Anemia Fanconi 
anemia 
genes (A, B, 
C, D1, D2, 
E, F, G, I, J, 
L, M), 
Rad50 

Replication Fork/Cell 
Cycle Checkpoint 

Multiple 
pathways, 
crosslinking 
repair 

myelofibrosis, 
leukemia, other 
cancers 

 X-linked 
Agammaglobuline
mia (Bruton) 

BTK BTK gene function NER Immunodeficiency 

Lynch Syndrome 
(Hereditary non-
polyposis 
colorectal cancer : 
HNPCC) 

MLH1, 
MSH2, 
MSH6, 
PMS1, 
PMS2 

DNA repair/cell cycle 
checkpoint 

MMR Colon cancer (70-
85%) 
Endometrial 
carcinoma (50%) 
Other cancers (15%) 

Peutz–Jeghers  STK11 
(LKB1)  

Cell cycle checkpoint Multiple 
pathways 

Gastrointestinal 
hamartomatous 
polyps, breast 
cancer, other cancers 

SCID -ADA ADA 
 

Toxicity of 
deoxyadenosine 

NHEJ Immunodeficiency 

SCID-Artemis artemis DNA end-joining 
repair 

NHEJ Immunodeficiency 

Xeroderma 
Pigmentosum 

XP-A, XP-B  NER UV-induced skin 
cancers 

Nijmegen breakage 
Syndrome 

NBS1 Double strand DNA 
repair 

Multiple 
pathways, 
DSB cell 
signalling 

İmmunodeficiency, 
microcephaly, 
lymphoid 
malignancy 

Multiple colorectal 
adenomas and 
carcinomas with 
no germline APC 
defect 

MUTYH Base excision repair BER İndicating mutations 
in BER genes are 
involved in cancer. 

Werner’s 
Syndrome 

WRN RecQ 
helicase 

Cell cycle checkpoint HR, TLS Premature aging, 
cancer 

Bloom’s Syndrome BLM RecQ 
helicase 

Cell cycle checkpoint HR, TLS Premature aging, 
cancer 

Table 1. Genetic disorders involved in DNA repair pathways  
(Pollard & Gatti, 2009, Howlett et al., 2006, Donahue& Campbell, 2004, Mastrocola&Heinen, 
2010, Pichierri et al., 2011, Masai, 2011) 
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The cause of the most of those XCIND syndromes is not determined, suggesting many new 
DNA repair proteins have yet to be identified. Advanced researches will determine those 
and perhaps even new paths of DNA repair. Those diseases are important to be resolved 
both for their susceptibility for various cancers and their illustrating capacity to understand 
cancer mechanisms and also aging. 

6. DNA repair and cancer therapy 
The genome is continually exposed to mutagenic stress from endogenous and exogenous 
insults that damage DNA (Martin et al., 2008b, Moeller et al., 2009, Liang et al., 2009). DNA 
repair mechanisms play a central role to overcome these damaging effects and maintain 
DNA integrity. Deregulation of the DNA repair mechanisms is associated with the 
development of cancer as well as other diseases (Amir et al., 2010, Megnin-Chanet et al., 
2010). DNA damage repair mechanisms are required to prevent cancer. However, 
incomplete efficiency of these repair mechanisms is also required for genotoxic treatments 
(i.e. chemotherapy and/or radiotherapy) to achieve cure since DNA repair mechanisms 
greatly affect the response to cytotoxic treatments (Moeller et al., 2009, Rowe & Glazer, 
2010). Most of the anticancer therapies lead to DNA damage to trigger death signals in 
cancer cells. The efficacy of cancer therapy is extensively influenced by DNA repair 
capacity. Based on this rationale, inhibitors of DNA repair proteins have been developed in 
cancer therapy, mostly to potentiate the effects of cytotoxic agents (Martin et al., 2008b).  

6.1 DNA repair inhibitors as monotherapy (Synthetic Lethality) 
When mutation of two genes in isolation is compatible with viability, but simultaneous 
mutation is lethal, these two genes are synthetically lethal (Martin et al., 2008b, Moeller et 
al., 2009, Mangerich & Burkle, 2011, Reinhardt et al., 2009a, Rowe & Glazer PM, 2010, 
Helleday et al., 2008). Accordingly, targeting a gene that is synthetic lethal to a cancer-
relevant mutation should kill only malignant cells and preserve normal cells (Mangerich & 
Burkle, 2011). DNA repair is an ideal target for inhibition in cancer cells as the inhibitors 
should be exclusively toxic to cancer cells and be associated with minimal adverse effects for 
patients. Therefore, DNA repair inhibitors have been shown to work as single agents in 
patients with DNA repair defective tumors. The most remarkable example is the use of 
PARP inhibitors to treat patients with inherited breast and ovarian cancers that lack wild-
type copies of BRCA1 and BRCA2 genes. PARP was discovered in 1963 by Chambon and 
his group. It is a multifunctional nuclear protein implicated in detection and signaling of 
DNA strand breaks introduced by oxidative stress, ionizing radiations and cytotoxic agents. 
PARP is involved in multiple cellular processes, such as DNA repair and maintenance of 
genomic integrity, regulation of transcription, epigenetic regulation, chromatin remodeling, 
death via necrosis and apoptosis, regulation of cellular replication and differentiation, 
inflammation, regulation of telomerase activity and protein degradation via ubiquitination. 
(Martin et al., 2008b, Sodhi et al., 2010, Rassool & Tomkinson, 2010, Moeller et al., 2009,). 
PARP-1 is the most studied and the founding member of the PARP family. It is a 116 kDa 
protein having substantially conserved structural and functional organization including an 
N-terminal double zinc finger DNA-binding domain (DBD), a nuclear localization signal, a 
central auto modification domain and a C-terminal catalytic domain (Sodhi et al., 2010, 
Megnin-Chanet et al., 2010, Mangerich & Burkle, 2011). Zinc-finger DBD detects and binds 
to sites of single-stranded DNA damage. PARP1 utilizes NAD+ as a substrate and catalyzes 
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The cause of the most of those XCIND syndromes is not determined, suggesting many new 
DNA repair proteins have yet to be identified. Advanced researches will determine those 
and perhaps even new paths of DNA repair. Those diseases are important to be resolved 
both for their susceptibility for various cancers and their illustrating capacity to understand 
cancer mechanisms and also aging. 

6. DNA repair and cancer therapy 
The genome is continually exposed to mutagenic stress from endogenous and exogenous 
insults that damage DNA (Martin et al., 2008b, Moeller et al., 2009, Liang et al., 2009). DNA 
repair mechanisms play a central role to overcome these damaging effects and maintain 
DNA integrity. Deregulation of the DNA repair mechanisms is associated with the 
development of cancer as well as other diseases (Amir et al., 2010, Megnin-Chanet et al., 
2010). DNA damage repair mechanisms are required to prevent cancer. However, 
incomplete efficiency of these repair mechanisms is also required for genotoxic treatments 
(i.e. chemotherapy and/or radiotherapy) to achieve cure since DNA repair mechanisms 
greatly affect the response to cytotoxic treatments (Moeller et al., 2009, Rowe & Glazer, 
2010). Most of the anticancer therapies lead to DNA damage to trigger death signals in 
cancer cells. The efficacy of cancer therapy is extensively influenced by DNA repair 
capacity. Based on this rationale, inhibitors of DNA repair proteins have been developed in 
cancer therapy, mostly to potentiate the effects of cytotoxic agents (Martin et al., 2008b).  

6.1 DNA repair inhibitors as monotherapy (Synthetic Lethality) 
When mutation of two genes in isolation is compatible with viability, but simultaneous 
mutation is lethal, these two genes are synthetically lethal (Martin et al., 2008b, Moeller et 
al., 2009, Mangerich & Burkle, 2011, Reinhardt et al., 2009a, Rowe & Glazer PM, 2010, 
Helleday et al., 2008). Accordingly, targeting a gene that is synthetic lethal to a cancer-
relevant mutation should kill only malignant cells and preserve normal cells (Mangerich & 
Burkle, 2011). DNA repair is an ideal target for inhibition in cancer cells as the inhibitors 
should be exclusively toxic to cancer cells and be associated with minimal adverse effects for 
patients. Therefore, DNA repair inhibitors have been shown to work as single agents in 
patients with DNA repair defective tumors. The most remarkable example is the use of 
PARP inhibitors to treat patients with inherited breast and ovarian cancers that lack wild-
type copies of BRCA1 and BRCA2 genes. PARP was discovered in 1963 by Chambon and 
his group. It is a multifunctional nuclear protein implicated in detection and signaling of 
DNA strand breaks introduced by oxidative stress, ionizing radiations and cytotoxic agents. 
PARP is involved in multiple cellular processes, such as DNA repair and maintenance of 
genomic integrity, regulation of transcription, epigenetic regulation, chromatin remodeling, 
death via necrosis and apoptosis, regulation of cellular replication and differentiation, 
inflammation, regulation of telomerase activity and protein degradation via ubiquitination. 
(Martin et al., 2008b, Sodhi et al., 2010, Rassool & Tomkinson, 2010, Moeller et al., 2009,). 
PARP-1 is the most studied and the founding member of the PARP family. It is a 116 kDa 
protein having substantially conserved structural and functional organization including an 
N-terminal double zinc finger DNA-binding domain (DBD), a nuclear localization signal, a 
central auto modification domain and a C-terminal catalytic domain (Sodhi et al., 2010, 
Megnin-Chanet et al., 2010, Mangerich & Burkle, 2011). Zinc-finger DBD detects and binds 
to sites of single-stranded DNA damage. PARP1 utilizes NAD+ as a substrate and catalyzes 
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the addition of ADP-ribose polymer side chains to itself, DNA ligase III, DNA polymerase-
β, XRCC1, and other repair components, by that means recruiting and regulating the 
effectors of BER. The presence of PARP1 has been demonstrated to be required for efficient 
functioning of BER (Kupper JH et al., 1997, Sodhi et al., 2010, Mangerich & Burkle, 2011, 
Amir et al., 2010, Rowe & Glazer, 2010). Cells with defective BRCA-1 and BRCA-2 become 
highly dependent on other alternative repair pathways. One of those alternative routes is 
BER. This repair mechanism help prevent the development of DSBs in order to compensate 
for the inability of BRCA-mutant cells to repair DSB in an error-free manner. Inhibition of 
this pathway via PARP1 inhibitors increases the number of unrepaired SSBs, which 
eventually cause the collapse of the replication fork and produces DSBs. As a result, BRCA-
defective cells are hypersensitive to the blockade of BER by the inhibition of PARP1 due to 
dysfunction of DSB repair. The non-tumor cells are better able to tolerate the PARP 
inhibition because their HR pathway is intact (Farmer et al., 2005, McCabe et al., 2005, 
Martin et al., 2008b, Amir et al., 2010, Rowe & Glazer, 2010).  
Cells that are defective in recombination-related proteins other than BRCA1 or BRCA2, such 
as RAD51, RAD54, XRCC2, XRCC3, DSS1, replication protein A1, ATM, ATR, CHK1, CHK2, 
NBS1 and components of the Fanconi anaemia repair pathway, also show increased 
sensitivity to PARP inhibition. This suggests that PARP inhibitors might also be used in 
treating several types of tumors with defects in HR (Bryant et al., 2005, McCabe et al., 2006, 
Bryant & Helleday, 2006, Helleday et al., 2008).  
Several phase I and II trials using PARP inhibitors for patients with breast, ovarian, and a 
variety of other malignancies are currently under way. Olaparib (AZD2281, KU-0059436, 
KuDOS Pharmaceuticals/AstraZeneca, Cambridge, UK) shows low toxicity, and there are 
suggestions of significant antitumor activity, as assessed by radiography and by 
measurement of tumor biomarkers (Yap et al., 2007, Martin et al., 2008b, Rassool & 
Tomkinson, 2010, Mangerich & Burkle, 2011, Amir et al., 2010, Rowe & Glazer, 2010, 
Megnin-Chanet et al., 2010, Helleday et al., 2008). Also, BSI-201 (BiPar Sciences/Sanofi-
aventis, San Francisco, California), ABT-888 (Abbott Labs, Chicago, IL), AG-014699 
(Agouron Pharmaceuticals/Pfizer Inc., La Jolla, CA), MK-4827 (Merck & Co Inc, Whitehouse 
Station, NJ) and Cep-9722 (Abbott Labs, Chicago, IL) are strong inhibitors of PARP-1 and 
they are currently undergoing phase I or II testing both as monotherapy as well as in 
combination with a variety of different chemotherapy regimens.  
Another synthetic lethal interaction has been determined between ATM and p53. Loss of 
ATM or Chk2 strongly increased the sensitivity of p53-deficient cells to doxorubicin-
induced cell death. Inhibition of ATM/Chk2 in p53-deficient tumors provides an elegant 
synthetic lethality-based strategy to sensitize these tumors for DNA-damaging 
chemotherapy (Reinhardt et al., 2007, 2009a).  
The major challenge in the area of synthetic lethal approaches to cancer treatment is the 
identification of new synthetic lethal pairs. Genome-wide RNAi screening and next 
generation sequencing of cell lines and primary tumors should allow the systematic search 
for new synthetic lethal relationships (Rowe & Glazer, 2010).With the exploitation of new 
synthetic lethal approaches it is possible that novel therapeutics can be identified that show 
strong selectivity for tumor cells, yield better response rates and lower toxicity. 

6.2 DNA repair inhibitors in combination therapy 
Several clinical and preclinical studies using PARP inhibitors in combination with cytotoxic 
agents including alkylating agents, topoisomerase inhibitors, DNA-crosslinking agents and 
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ionizing radiation (IR) have been conducted. The data showed that PARP inhibitors 
sensitize malignant cells to all of these agents and to IR. (Martin et al., 2008b, Sodhi et al., 
2010, Mangerich & Burkle A, 2011, Rowe & Glazer PM, 2010, Megnin-Chanet et al., 2010, 
Helleday et al., 2008).  

6.2.1 Alkylating agents 
Temozolomide (TMZ) is an alkylating agent which is used as a single agent or in combination 
with IR in the therapy of glioblastoma multiforme and melanomas (Stupp et al., 2005, 
Mangerich & Burkle, 2011). TMZ can cross the blood brain barrier effectively and display 
limited bone marrow toxicity (Plummer et al., 2005, Mangerich & Burkle, 2011, Helleday et al., 
2008). The therapeutic benefit of TMZ depends on its ability to methylate DNA which occurs 
mostly at N-7 and O-6 position of guanine residues. TMZ also methylates N-3 position of 
adenine. This methylation damages DNA and triggers the death of tumor cells. However, 
some tumor cells show resistance to TMZ by repairing this type of DNA damage and therefore 
diminish therapeutic efficacy of the drug. Tumor cells express O-6 methylguanine-DNA 
methyltransferase (MGMT) in response to drug and subsequently repair O6-methylguanine. 
(Hegi et al., 2005, Martin et al., 2008b, Mangerich & Burkle, 2011, Rowe & Glazer, 2010, 
Megnin-Chanet et al., 2010). A potent oral inhibitor of MGMT O-6(4bromothenyl) guanine has 
been used in combination with TMZ with Phase II trials ongoing in metastatic melanoma and 
colorectal cancer (Hegi et al., 2005). TMZ has been also used in combination with PARP 
inhibitors due to its mechanism of action. Methylation products of TMZ are repaired 
efficiently by BER. PARP activity increases after TMZ administration because of DNA damage 
induction. As PARP inhibition blocks BER, increased cytotoxic lesions become lethal via 
induction of apoptosis. However, TMZ resistance develops if there is a deficiency in the MMR, 
which contributes to TMZ cell killing when functional. MMR is required for the induction of 
DNA strand breaks after the formation of methyl products. PARP inhibitor AG14361 has been 
indicated to restore sensitivity to TMZ in MMR-deficient human colon and ovarian cancer cells 
(Curtin N et al., 2004). 

6.2.2 Platinium drugs  
Cisplatin, carboplatin and oxaliplatin are the most commonly used chemotherapeutic 
compounds in cancer patients (Helleday et al., 2008). These drugs cause inter- and 
intrastrand crosslinks that are repaired by NER. It has been suggested that upregulation of 
ERCC1 expression, is a key enzyme in NER, is associated with the resistance to platinum-
based therapy. ERCC1 inhibitors have therefore been developed to deal with the resistance 
to platinium therapies (Altaha et al., 2004).  
Another resistance to platinum drugs develops due to the silencing of MMR genes by 
hypermethylation. The toxicity of agents such as cisplatin  depends on functional MMR. For 
this reason, DNA demethylating agents such as 2′-deoxy-5-azacytidine (decitabine; MGI 
Pharma, Bloomington, Minnesota, USA) have been combined with platinum compounds to 
reverse drug resistance. Preclinical data from xenograft models and translational studies 
from drug-resistant cells and tissues that are MMR-deficient owing to MLH1 
hypermethylation have demonstrated increased chemotherapeutic efficacy when a 
demethylating agent is combined with platinum chemotherapy (Gifford et al., 2004, Plumb 
et al., 2000). Decitabine is currently being tested in combination with carboplatin in a phase 
II clinical trial in patients with ovarian cancer. 
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the addition of ADP-ribose polymer side chains to itself, DNA ligase III, DNA polymerase-
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eventually cause the collapse of the replication fork and produces DSBs. As a result, BRCA-
defective cells are hypersensitive to the blockade of BER by the inhibition of PARP1 due to 
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ionizing radiation (IR) have been conducted. The data showed that PARP inhibitors 
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inhibitors due to its mechanism of action. Methylation products of TMZ are repaired 
efficiently by BER. PARP activity increases after TMZ administration because of DNA damage 
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induction of apoptosis. However, TMZ resistance develops if there is a deficiency in the MMR, 
which contributes to TMZ cell killing when functional. MMR is required for the induction of 
DNA strand breaks after the formation of methyl products. PARP inhibitor AG14361 has been 
indicated to restore sensitivity to TMZ in MMR-deficient human colon and ovarian cancer cells 
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6.2.2 Platinium drugs  
Cisplatin, carboplatin and oxaliplatin are the most commonly used chemotherapeutic 
compounds in cancer patients (Helleday et al., 2008). These drugs cause inter- and 
intrastrand crosslinks that are repaired by NER. It has been suggested that upregulation of 
ERCC1 expression, is a key enzyme in NER, is associated with the resistance to platinum-
based therapy. ERCC1 inhibitors have therefore been developed to deal with the resistance 
to platinium therapies (Altaha et al., 2004).  
Another resistance to platinum drugs develops due to the silencing of MMR genes by 
hypermethylation. The toxicity of agents such as cisplatin  depends on functional MMR. For 
this reason, DNA demethylating agents such as 2′-deoxy-5-azacytidine (decitabine; MGI 
Pharma, Bloomington, Minnesota, USA) have been combined with platinum compounds to 
reverse drug resistance. Preclinical data from xenograft models and translational studies 
from drug-resistant cells and tissues that are MMR-deficient owing to MLH1 
hypermethylation have demonstrated increased chemotherapeutic efficacy when a 
demethylating agent is combined with platinum chemotherapy (Gifford et al., 2004, Plumb 
et al., 2000). Decitabine is currently being tested in combination with carboplatin in a phase 
II clinical trial in patients with ovarian cancer. 
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PARP1 has a direct role in the repair of damages triggered by platinum compounds. Thus, 
PARP1 inhibitors potentiate the effect of platinum compounds (Bartsch et al., 2010). PARP-1 
inhibitors, in conjunction with platinum derivatives, were found to exhibit significant 
survival benefit over monotherapy in a relatively small phase II study. In this study, data 
were reported from a randomized phase II study of combination chemotherapy with 
carboplatin and gemcitabine with or without PARP1 inhibitor (BSI-201) in patients with 
triple negative breast cancer (O’Shaughnessy et al., 2009). In combined chemotherapy, 
PARP-inhibition is highly attractive, as carboplatin will cause DNA strand-breaks while BSI-
201 will block PARP1-dependent repair (Bartsch et al., 2010). BSI-201 is currently in phase III 
clinical trials for breast cancer and squamous cell lung cancer therapy in combination with 
gemcitabine/carboplatin. 

6.2.3 Topoisomerase inhibitors 
Topoisomerases are a group of enzymes that resolve torsional strains enforced on the 
double helix during DNA replication. Topoisomerase 1(Topo 1) induces transient SSBs by 
forming a covalent DNA-Topo 1 complex (Wang, 2002). Resealing of these breaks restores 
DNA integrity. (Koster et al., 2007, Pommier, 2006). Camptothecins are the inhibitors of 
Topo 1 which target Topo 1-DNA intermediate (Pommier, 2006, Waardenburg et al., 2004). 
Topotecan and irinotecan are the analogs of Camptothecins and they are used as anticancer 
agents in patients with ovarian, cervical and small cell lung cancer (Pommier, 2006). These 
inhibitors reversibly stabilize the covalent Topo 1- DNA intermediate by inhibiting DNA 
relegation. Topo 1-DNA-drug intermediates are converted to lethal lesions due to DSBs 
during replication (Waardenburg et al., 2004).  
PARP1 induces Topo 1 activity in response to DNA damage. Thus, combined therapy of 
Topo1 inhibitors with PARP1 inhibitors may potentiate cytotoxic effects of Topo 1 inhibitors 
(Mangerich & Burkle, 2011, Bowman et al., 2001, Delaney et al., 2000).  
In vitro combination experiments using platinum compounds with Topo 1 inhibitors 
showed a synergic effect in various cell lines (Waardenburg et al., 2004).   

6.2.4 Ionizing radiation  
DNA-dependent protein kinase (DNA-PK) is an essential enzyme in repairing DSBs by NEJ 
following IR. DNA-PK is a member of phosphatidylinositol-3-kinase (PI3K) superfamily. 
After cellular exposures, DNA-PK is autophosphorylated, which is crucial for efficient 
NHEJ. Studies show that cells defective in DNA-PK are highly sensitive to IR which makes 
it an attractive molecular target for cancer therapies (Collis et al., 2005). Currently, a number 
of potent and selective DNA-PK inhibitors are available including Vanillin, Su11752, 
IC87102, IC87361, NU7441, NU7026 and Salvicine (Salles et al., 2006, Hollick et al., 2003, 
Leahy et al., 2004, Ismail et al., 2004).  
PARP1 inhibition might have radiosensitizing effect following IR therapy which creates 
SSBs and DSBs since its inhibition introduces additional cytotoxicity to tumor cells (Dungey 
et al., 2008, Noel et al., 2006).   

6.2.5 ATM inhibition 
Two kinases from (PI3K)-related protein kinase family, ATM and ATR are central to cellular 
response to DSBs. Once the kinases are activated, many proteins are phosphorylated by 
ATM and ATR which initiates a cascade inducing cell-cycle arrest and facilitates DNA 
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repair. ATM inhibition makes tumor cells more sensitive to agents that cause DSBs 
(Helleday et al., 2008). KU55933, an inhibitor of ATM kinase activity, is currently in 
preclinical development.  
PARP-deficient cells have been shown to be sensitive to KU55933 and NU7026, which  
is a DNA-PK inhibitor. Based on this data, a relationship between PARP1, ATM and  
DNA-PK may have value in terms of combination therapy in cancer patients (Bryant & 
Helleday, 2006). 
It now seems likely that an understanding of how DNA damage contributes to 
tumorigenesis and how this damage is repaired can be used to design novel therapeutic 
approaches to cancer. In BRCA-associated cancers, the inhibition of BER with agents such as 
the PARP inhibitors may provide an effective synthetic lethality approach resulting in 
tumor cell death with minimal toxicity to normal tissues. 
Even though the use of PARPi in cancer therapy has received much attention in recent 
years, some issues remain to be addressed carefully in the near future: 
An important question is the issue of long-term safety. A major drawback in the systemic 
long-term treatment with PARP inhibitors is the damage to DNA repair and genomic 
stability in normal cells, which may lead to secondary tumors at later age. Basic research 
into obtaining a more complete picture of all DNA repair pathways and their interplay is 
crucial for solving the existing problems as well as for the future of DNA repair inhibitors in 
cancer therapy. 
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inhibitors, in conjunction with platinum derivatives, were found to exhibit significant 
survival benefit over monotherapy in a relatively small phase II study. In this study, data 
were reported from a randomized phase II study of combination chemotherapy with 
carboplatin and gemcitabine with or without PARP1 inhibitor (BSI-201) in patients with 
triple negative breast cancer (O’Shaughnessy et al., 2009). In combined chemotherapy, 
PARP-inhibition is highly attractive, as carboplatin will cause DNA strand-breaks while BSI-
201 will block PARP1-dependent repair (Bartsch et al., 2010). BSI-201 is currently in phase III 
clinical trials for breast cancer and squamous cell lung cancer therapy in combination with 
gemcitabine/carboplatin. 
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forming a covalent DNA-Topo 1 complex (Wang, 2002). Resealing of these breaks restores 
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Topo 1 which target Topo 1-DNA intermediate (Pommier, 2006, Waardenburg et al., 2004). 
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repair. ATM inhibition makes tumor cells more sensitive to agents that cause DSBs 
(Helleday et al., 2008). KU55933, an inhibitor of ATM kinase activity, is currently in 
preclinical development.  
PARP-deficient cells have been shown to be sensitive to KU55933 and NU7026, which  
is a DNA-PK inhibitor. Based on this data, a relationship between PARP1, ATM and  
DNA-PK may have value in terms of combination therapy in cancer patients (Bryant & 
Helleday, 2006). 
It now seems likely that an understanding of how DNA damage contributes to 
tumorigenesis and how this damage is repaired can be used to design novel therapeutic 
approaches to cancer. In BRCA-associated cancers, the inhibition of BER with agents such as 
the PARP inhibitors may provide an effective synthetic lethality approach resulting in 
tumor cell death with minimal toxicity to normal tissues. 
Even though the use of PARPi in cancer therapy has received much attention in recent 
years, some issues remain to be addressed carefully in the near future: 
An important question is the issue of long-term safety. A major drawback in the systemic 
long-term treatment with PARP inhibitors is the damage to DNA repair and genomic 
stability in normal cells, which may lead to secondary tumors at later age. Basic research 
into obtaining a more complete picture of all DNA repair pathways and their interplay is 
crucial for solving the existing problems as well as for the future of DNA repair inhibitors in 
cancer therapy. 
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1. Introduction 
1.1 Environmental endogenous DNA damages 
Cancer development is a long-term, multistep process with a complex interplay between 
genes and environment. The magnitude of environmental effects depends on the presence 
or absence of genetic susceptibility of the subjects to certain cancer types. Molecular 
epidemiological studies in cancer have proved that besides target cell genetic instability, the 
presence of triggering environmental exposure is critical in cancer development [Albertini & 
Hayes 1997, Newby & Howard 2005]. The biomarker responses, exposure character and the 
route of exposure of different environmental factors (chemicals, physical agents and 
biological agents) are also important in causing tumors especially in the cases of 
occupational cancer [Ward 1995]. The EPA Guidelines for carcinogen Risk Assessment [EPA 
2005] is based on the mode of action of chemicals, such as interaction with DNA, 
cytotoxicity, or binding to the receptors modifying signal pathways. There are several 
natural compounds – so called chemopreventive agents- which are able to modify the 
genotoxic or mutagenic response (Ames 1983) in different organisms. These vitamins, 
antioxidants, phytochemicals, micro nutrients are available on the market without knowing 
their mode of action. Mutagenesis caused by environmental chemicals or physical agents 
can be prevented by protection of the cell’s DNA replication, increasing the repair capacity 
or delaying cell replication to allow enough time to make a complete repair of damaged 
cells. Antioxidants are able to protect the cells from oxidative stress, and stimulate the phase 
I reactions including oxidation, reduction, and hydrolysis of xenobiotics by the 
monoxigenase detoxicating key enzymes, such as CYP450 [Xu et al. 1996, Poulsen & Loft 
1998]. These changes increase the polarity of these molecules and help to conjugate them in 
phase II to glucuronic acid, acetic acid and sulfuric acid which are the physiological ways to 
eliminate active metabolites that are genotoxic to the target cells. The best studied crucial 
early event in carcinogenesis is chromosomal aberration, including microsatellite instability, 
abnormal number of chromosomes (aneuploidy), gene amplification or the loss of 
heterozygosity of tumor suppressor genes. By reducing chromosomal mutation via 
chemoprevention, the cell may be able to survive the genotoxic effects without any 
permanent damage, or it is able to go through the physiological pathway of apoptosis, 
without mutation occurring in the P53 gene [Lowe & Lin 2000].  
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1.2 The role of DNA repair in gene-environmental interactions 
The measurement of UV-induced DNA repair is recommended in the risk assessment of 
environmental exposure to harmful chemicals (Reg. 440/2008/EC). Data obtained on 
prokaryota organisms suggest that exposure to chemicals as e.g. free oxygen radicals can 
interact with UV-induced DNA repair mechanisms (Chandor-Proust et al, 2008). Among 
the repair mechanisms existing in higher eukaryota, base excision repair (BER) seems to 
be the main mechanism involved in the removal of lesions produced by alkylation, 
deamination or oxidation (Rastogi et al, 2010). Orelli et al. (2009) demonstrated recently 
that nucleotide excision repair (NER) also plays an important role in the development of 
cisplatin resistance. UV-induced DNA damages can induce the so called three prime 
exonuclease1 (trex1), as a response to genotoxic stress. Beside thymine dimer production, 
UV irradiation can also produce reactive oxygen species. Benzo(a)pyrene (BaP) and 
hydrogen peroxide may, similarly to UV, induce the so-called three prime exonuclease1 
(trex1) involved in the repair pathways of UV-induced DNA lesions, and cells deficient in 
trex1 show reduced recovery from UV and BaP replication inhibition, and increased 
sensitivity to towards genotoxins compared to the isogenic control (Christmann et al, 
2010). These data suggest that both main mechanisms can be involved in the total repair 
of environmental chemical-induced genotoxic stress. Such mechanisms can probably 
explain the observed UDS reduction in some of our groups exposed to various chemicals 
but not UV.  
A second question is whether decreased UDS can be related to an increase in apoptotic 
capacity? Cells deficient in the repair of UV-induced DNA damage can be more susceptible 
to a G1 arrest after UV treatment than cells with normal repair capacity or those cells which 
have completed their DNA repair prior to movement from G1 to S phase (Geyer et al, 2000). 
Zampetti-Bosseler and Scott (1981) demonstrated a prolonged mitotic delay in repair 
deficient ataxia teleangiectasia and retinoblastoma fibroblasts after X-ray irradiation 
compared to normal human fibroblasts, also suggesting a general key role of cell cycle check 
points beside DNA repair in preservation of genome stability (Kaufman, 1995). Skin 
fibroblasts from derived ataxia teleangiectasia patients are also more sensitive to UV-
induced mutagenesis than those taken from healthy subjects (Hannan et al, 2002), and their 
results suggested a relationship between cell cycle control and DNA repair pathways in 
human cells. Genotoxic chemicals can also delay cellular proliferation in DNA repair-
deficient cell clones more significantly than in wild type cells, by interfering with DNA 
replication, thereby inducing DNA damage (Kyunghee et al, 2009). The recently discovered 
cell cycle checkpoint activation mechanisms are discussed in detail by Rastogi et al (2010). In 
the present study the so-called premature centromere division (PCD) was used as a 
cytogenetic indicator of abnormalities in cell cycle regulation (Méhes 1978, Vig, 1981, Major 
et al, 1999). PCD yields were increased among cytostatic drug producers, anesthesiologists 
using halothane, and in exposures to formaldehyde, benzene and PAHs. PCD can be 
involved in the pathomechanism of aneuploidy, it seems to be a possible manifestation of 
chromosome instability also in human chromosome breakage syndromes and it can be 
connected with carcinogenesis (for review, c.f. Major et al, 1999). 

2. Cancer development and DNA repair 
We don’t know exactly what the cause of cancer is; therefore we have several mechanisms 
and theories to explain it. One of them is shown in Fig.1. 
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Fig. 1. Basic mechanism of cancer development 

Figure 1. explains the genotoxic mechanism of cancer development, in which the P53 gene 
mutation is caused by DNA damage, and the consequence of this mutation leads to an 
inhibition of cell cycle arrest, or in differentiating cells, induces angiogenesis and inhibits the 
apoptotic activity of mutated cells. These changes are randomly mixed in target cells 
influencing clonal proliferation. The development of cancer is known to be a multistep 
process that is theoretically divided into initiation, promotion and progression (Fig. 2). 
Accumulation of mutational events necessarily leads to immortalizing the target cell. During 
this process the cells express several changes in phenotype. Most attractive changes are 
chromosomal aberrations (numerical and structural), easily detectable in cells, such as 
peripheral blood lymphocytes (PBL). Several epigenetic mechanisms are involved in cell 
initiation and promotion, eg. inhibition of DNA methyl-transferases, or DNA-repair 
enzymes (Ames 1989). Genotoxicity occurs when xenobiotics modify the DNA structure 
causing DNA damages which can lead to cytotoxicity or mutagenesis. DNA repair 
mechanisms are responsible for keeping the DNA in normal conformation and removing the 
lesions by enzymatic reactions. The damaging agents are divided into two main categories: 
endogenous and environmental agents. The endogenous factors are generated during 
normal metabolism; therefore these DNA damages are unavoidable and are related to 
sporadic and hereditary cancer (Valko et al. 2004, Bartkova et al. 2005). Usually the 
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physiological activities of DNA-repair and antioxidant systems are sufficient to keep these 
damages in balance, except when this machinery is already genetically altered. Although 
these damages are crucial in cancer development (Bardelli et al.2001), several other 
epigenetic events may lead to genomic instability, which initiate spontaneous chromosome 
breakage. Many other methods are used as biomarkers for DNA damage such as DNA 
strand breaks, chromosome aberrations (CA), micronucleus assay (MN), DNA-adduct, point 
mutation (HPRT) and epigenetic markers like DNA-methylation status, or the examination 
of the slow acetylation status among dye workers. These biomarkers are used in risk 
assessment of occupational and environmental cancer (Sorsa 1984, Forni 1987, Norppa 1997, 
Tompa et al. 2007) and they are important tools in analytical epidemiological studies, when 
intervention is necessary to avoid cancer development in the future (Hayes 1992).  
 

 
Fig. 2. Main steps of the multistep theory of cancer development: initiation, promotion and 
progression  

In the case of high cancer risk, chemoprevention can be indicated with the help of these 
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chromosomal aberrations, (Bonassi 2000) compared to controls, who have low level of 
CAs [Nordic Study Group 1990]. Diet is able to influence the base-line mutation in DNA 
since folic acid and other antioxidants and selenium supplementation can prevent DNA 
amplification and double stranded DNA breaks (Fenech 2001, Crott et al. 2001) caused by 
different alkylating agents e.g. methotrexate. Several micronutrients such as zinc, 
magnesium, folic acid and vitamin B12 are required as a co-factor in normal DNA 
metabolism. Not only direct carcinogen exposure can be genotoxic, but the deficiency of 
these protective factors can also cause chromosomal aberrations, genetic instability and 
gene mutations in somatic cells which can lead to cancer. The supplementation of these 
chemopreventive agents (given with indication, based on the evidence of low serum 
levels), may give us a future perspective in anti-cancer treatment in the early stage of 
cancer development (Klein, Thompson, 2004). The balance of micronutrients, antioxidants 
and any other chemopreventive agents are regulated and kept very precisely at 
individually specific levels, and adopted by the optimal balance according to the 
functional requirements. Reactive oxygen species (ROS) do not necessarily play a negative 
role in cell metabolism. The white blood cells, such as neutrophils and macrophages 
produce a great amount of ROS during phagocytosis (Meydani et al. 1995). Unnecessary 
antioxidant treatment may inhibit immune surveillance and can cause immune 
suppression during chemoprevention. Without the measurement of antioxidant status this 
treatment is probably more hazardous than helpful. The presence of individual 
susceptibility markers of cancer development, like chromosomal mutation, DNA-repair 
capacity, or HPRT-point mutation must be tested parallel to the detection of antioxidant 
status. Chemopreventive action may be indicated on the basis of the positivity of the 
investigated biomarkers. The basic concept, first introduced by Brewer (1971) and 
Motulsky (1991), ie. genetic variations affect the adaptation to any kind of environmental 
agent, created the new expression “ecogenetics”, explaining the reasons for individual 
susceptibility. Genetic polymorphism is the variation of normal phenotypes in the 
population, which usually does not alter the basic function of genes, but may modify the 
inducibility of the synthesis of the coded protein.  
When gene expression changes without DNA sequence change, it is considered as 
“epigenetic” carcinogenesis. These heritable changes may include the methylation of 
cytosine bases in the DNA, or the modifications of histone proteins (acetylation, 
methylation, and phosphorylation). Hypermethylation of CpG-rich promoter regions are 
one of the most common epigenetic changes during carcinogenesis [ Ames 1985, 1993, 
Baylin& Ohm 2006]. 
In physiological conditions the mammalian genome is often methylated at the C5 position 
of the cytosine by DNA methyltransferases. This mechanism plays a critical role in 
epigenetic gene silencing. When the methylation occurs in a different position on the 
DNA, this process may lead to serious DNA damage without mutation. S-
adenosylmethionine (SAM) is a major methyl donor in various biosynthesis processes in 
normal cells. It is able to donate methyl groups to the DNA without an enzymatic 
reaction. Methionine deficiency may cause hypomethylation of DNA, which causes higher 
vulnerability of DNA replication during the cell cycle. In the absence of DNA 
methylation, there is increased nuclear clustering of pericentric heterochromatin and 
extensive changes in primary chromatin structure and global levels of histone H3 
methylation and acetylation also become altered. This is one of the reasons why altered 
methylation of DNA can decrease the mobility of chromatin structure and nuclear 
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organization. In general DNA methylation is important in the control of gene 
transcription and chromatin structure. The complexities of this process are just beginning 
to be elucidated in relationship to other epigenetic mechanism of cancers [Feinberg et al. 
2002]. Other histone modifications, such as acetylation and phosphorylation, affecting 
histone methylation also appear to be highly reliant on chromatin remodeling enzymes. 
The chemopreventive effects of sodium selenite and benzyl thiocyanate and their 
inhibitory effect on methyltransferase activity was demonstrated on human cultured 
colon carcinoma cells (Fiala et al. 1998).  

3. Reactive oxygen species (ROS) and cancer chemoprevention 
All cells of every organism are continuously exposed to free radicals, or reactive oxygen 
species (ROS) produced by oxidation that is an integral part of physiological metabolism, 
and controlled by physiological antioxidant mechanisms like phase II enzymes 
(superoxide dismutase, catalase, glutathione peroxidase). Oxidative stress arises, when 
the level of ROS exceeds the cell antioxidant capacity. Generation of ROS in different 
individuals is roughly correlated with life span, and defines the rate of aging and age 
related diseases like cancer (Klaunig et al. 1998). Several cellular defense mechanisms are 
available to protect the cellular compartments from oxidative damages, like superoxide 
dismutase and catalase and vitamins E and C which function to terminate lipid chain 
reactions involving free radicals. Many environmental xenobiotics induce free radicals 
reacting with DNA, RNA, proteins and lipids, forming adducts with nucleic acids. 
Chemoprevention of free radical formation is one of the best scientifically established 
ways of cell protection against mutagenic agents. Vegetarian food and different food 
supplements have enough antioxidants to prevent oxidative damage of macromolecules. 
Consumption of mediterranean food, olive oil, fish, vegetables, citrus fruits, green tea etc. 
caused differences in statistical appearance of cancer types and incidences, as well as in 
other chronic diseases (Trichopoulou et al. 2000). All of these beneficial effects are related 
to the antioxidant contents of diet and the relaxed life style.  
Several in vivo and in vitro studies described the beneficial effects of antioxidants like 
polyphenols, terpenoids or vitamins in preventing cancer development or cell 
transformation. Although some human studies have described failure to prevent lung 
cancer among smokers and miners in long-term chemoprevention trials (Omenn et al. 1996). 
In a smoker group the supplementation with synthetic beta-carotene even increased the 
incidence of lung cancer, because the high dose caused a prooxidant effect during liver 
metabolism (Hennekens et al. 1996). In some other human trials, selenium, vitamin E and D, 
cyclooxygenase-2 inhibitors, lycopen and green tea were useful in reducing prostatic cancer 
development among PSA positive patients, except in those individuals, who had already in 
situ carcinoma (Mayer et al. 2005, Klein & Thompson, 2004). 
Approximately every fifth cancer case is related to chronic inflammation; therefore anti-
inflammatory agents are also used in chemoprevention, especially in the case of 
gastrointestinal cancer. Aspirin, piroxicam, ibuprofen or the naturally occurring sulindac 
has been shown to lead to a total regression of colorectal adenomatous polyps in patients 
with familiar adenomatosis (FAP). Vitamin D is also used as a chemopreventive agent, 
because it increases the apoptotic pathway through the inhibition of proliferation signals 
at the bcl2 gene expression level, as it is shown on Fig. 3. (Weitsman et al. 2003). 
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Fig. 3. Protective effect of Vitamin D through inhibition of unlimited cell growth and 
prevention of pro-caspase activity 

4. The role of DNA repair in cancer chemoprevention 
The principle of chemoprevention is based on the fact, that the treatment is able to interrupt 
the biological mechanisms that are involved in early carcinogenesis. It is important to know 
the mechanism of carcinogenesis, not only to understand the mode of action, but this 
knowledge gives potential for the development of novel chemopreventive agents, for future 
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perspectives. Chemoprevention may modify the progression of early molecular and 
morphological changes in the target tissues, like oncogene activation, chromosomal 
aberrations, mismatch-repair, and dysplasia, down regulation of DNA-repair enzymes, 
hyperplasia, angiogenesis, telomerase activity or anti-apoptotic effect of carcinogens. Cancer 
development is a long-term, multi-step process which consists of several genetic and 
epigenetic changes before the development of invasive cancer. The above mentioned 
intermediate biomarkers may serve as good tools in the indication of chemopreventive 
intervention. 

5. Basic mechanisms of UV-induced DNA repair 
The role of UV-induced DNA repair in the etiology of various malignancies has been 
demonstrated. Some inherited syndromes with altered DNA repair capacity increased 
sensitivity to mutagens manifested e.g. in abnormal sister chromatid exchange (SCE; Major 
et al, 1985) and have increased cancer risk (Au et al, 1996) as e.g. Down’s syndrome or 
xeroderma pigmentosum. Wei et al (2003) studying the role of UV-induced DNA repair in 
the etiology of cutaneous malignant melanoma of patients with xeroderma pigmentosum 
(XP) suggested that reduced DNA repair capacity may contribute to susceptibility to 
sunlight-induced malignant melanomas among the general population as well.  
UV exposure can also induce skin cancer partly by inducing immune suppression e.g. via 
the isomerization of trans-urocanic acid occurring naturally in the outermost layer of the 
skin, to the cis-isomer which can convert UV radiation into a biologically recognizable signal 
that activates immune suppression (Harriott-Smith & Halliday, 1988). The receptor of the 
cis-isomer is most probably the serotonin receptor itself (Walterscheid et al, 2006). Sreevidya 
et al (2010) demonstrated recently that platelet activating factor and serotonin receptor 
antagonists, known to reverse photocarcinogenesis and photoimmune suppression, can 
regulate DNA repair. The authors conclude that repairing DNA damage, neutralizing the 
activity of cis-urocanic acid, and reversing oxidative stress abrogates UV-induced immune 
suppression and cancer induction, suggesting that DNA, urocanic acid and lipid photo-
oxidation serve as UV photoreceptors 
UV irradiation induced DNA damage can be repaired by two major pathways: nucleotide 
excision repair (NER) is the pathway for removal lesions that distort DNA such as UV-
induced thymine dimers, while base excision repair (BER) removes lesions resulted from 
exposure to exogenous or endogenous reactive oxygen species (for review, c.f. Legrand et al, 
2008 and Asagoshi et al, 2010). For a detailed review of the molecular mechanisms of UV-
induced DNA damage and repair c.f. Rastogi et al. (2010). NER is initiated by two distinct 
DNA damage sensing mechanisms: transcription coupled repair which removes damage 
from the active strand of transcribed genes, and global genome repair which removes 
damage present elsewhere in the genome (for review, c.f. Lans et al, 2010). For an efficient 
NER, modification of histones by acetylation and remodeling of nucleosomes is necessary 
(Guo et al, 2011). Genetic polymorphism may also affect the NER or BER repair capacity as it 
was demonstrated in case of repair enzymes XRCC1, XPA and XPD (Chang et al, 2010). The 
earlier dogma strictly separating the repair mechanisms of double and single strand DNA 
breaks seems to be outdated, since recent studies have presented increased evidence that 
various DNA repair mechanisms are well interlinked, as e.g. NER and mismatch repair can 
be involved in double strand DNA repair (for review, c.f. Ye Zhang et al, 2009). 
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6. Analysis of biomarkers in blood samples  
Biomarkers for DNA damages and risk assessment 
Considering the basic mechanism of cancer development, the most acceptable predictors of 
cancer risks are the DNA-damage biomarkers (see Table 3.). These damages can be 
provoked by exogenous or endogenous agents when DNA repair or mis-repair is in 
dysfunction. The unrepaired DNA damage can reduce the basic cell functions eg. 
maintenance of genetic integrity, triggering of cell cycle arrest, apoptosis, uncontrolled 
growth and other functionalities. Ultimately, damaged repair capacity leads to an increase 
in somatic mutations and cancer. 
 

Any living cellsMitochondrial DNA mutation

Any living cellsPoint mutation (HPRT)

Any living cellsNuclear p53

Lymphocytes, germ cellsDNA-adducts and oxidation, methylation
Any living cellsTelomere shortening
Tumor cells, lymphocytes, germ cellsAneuploidy

Lymphocytes, bone marrow cellsMicronucleus assay

Tumor cells, lymphocytes, germ cellsChromosomal aberrations
Any living cells, germ cellsDNA strand breaks (SGE or Comet assay)
Lymphocytes, hepatocytesUnscheduled DNA synthesis (UDS)

Target cellsMethods
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Lymphocytes, germ cellsDNA-adducts and oxidation, methylation
Any living cellsTelomere shortening
Tumor cells, lymphocytes, germ cellsAneuploidy

Lymphocytes, bone marrow cellsMicronucleus assay
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Any living cells, germ cellsDNA strand breaks (SGE or Comet assay)
Lymphocytes, hepatocytesUnscheduled DNA synthesis (UDS)

Target cellsMethods

 
Table 1. Biomarkers of DNA damage   

7. The use of UV-induced DNA repair for risk assessment 
For assessing DNA repair capacity in human subjects exposed to various genotoxic agents in 
order to assess the health risk, probably the most frequently used method is the determination 
of UV-induced DNA repair which measures the unscheduled DNA synthesis (UDS) in cells 
with inhibited total repair (Bianchi et al, 1982). DNA repair measurement in liver cell lines, is 
also recommended by the European Union for the risk assessment of harmful chemicals, as it 
appears in the Regulation 440/2008/EC Part B (B.39.) and its amendments. The Regulation 
also allows the use of cells other than hepatocytes. The detection of a UDS response depends 
on the number of DNA bases excised and replaced at the site of the damage. The Regulation 
recommends the UDS test for the detection of substance-induced "longpatch repair" (20-30 
bases), while, in contrast, the test can also detect "shortpatch repair" (1-3 bases) although with 
much lower sensitivity. The Regulation warns the users, that mutagenic events may be a result 
of non-repair, misrepair or misreplication of DNA lesions. The extent of the UDS response 
gives no indication about the fidelity of the repair process. In addition, it is possible that a 
mutagen reacts with DNA but the DNA damage is not repaired via an excision repair process. 
The lack of specific information on mutagenic activity provided by the UDS test is 
compensated for by the potential sensitivity of this endpoint because it is measured in the 
whole genome (Reg. 440/2008/EC).  
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Eldridge et al (1992) suggested a role of unscheduled DNA synthesis (UDS) in the 
development of human breast cancer. Kopanja et al (2009) demonstrated that cells with a 
deletion of the Cul4A gene which encodes a core component of cullin-based E3 ubiquitin 
ligase complex being over-expressed in breast cancers and correlating with poor prognosis, 
exhibit aberrant cell cycle regulation and reduced levels of UDS. On the other hand, 
nucleotide excision repair, a major mechanism involved in UV-induced DNA repair 
pathways can contribute to the development of resistance against drugs like cisplatin in 
cancer cells (Orelli et al, 2009). UV-induced UDS can reflect only a part of the total repair 
capacity of human cells. An easy method for the measurement of the total repair capacity 
can be the single cell gel electrophoresis (Comet assay) (Collins et al. 1997). A cytogenetic 
phenomenon, the sister chromatid exchange (SCE) can also be considered as a 
representative of post-replication repair (Okada et al, 2005). In the multiple end-point 
genotoxicology monitoring system using peripheral blood lymphocytes for the assessment 
of genotoxic (and leukocytes for the immune toxic) effects of environmental exposure to 
harmful chemicals, the repair capacity of the cells is measured by UDS, SCE and recently the 
Comet assay. Studies of cigarette smokers, groups of workers exposed to various chemicals 
e.g. uranium, butadiene (Au et al, 1996), benzene, and cytostatic drugs (Tompa et al, 1994, 
2005, 2006), suggest that exposed populations can have a mutagen-induced abnormal DNA 
repair response. Repair mechanisms involved in the development of malignancies suggest 
an important role of DNA repair studies in cancer risk assessment. In an early study, 
Eldridge et al. (1992) demonstrated by an assay using UDS induced by chemicals and UV 
irradiation in early passage cultures of normal mammary epithelial cells derived from 5 
different women, that UDS may be used in addressing the role of environmental agents in 
the development of human breast cancer.  
Studies of DNA repair in populations exposed to mutagenic chemicals need to integrate 
chromosome aberration and other relevant assays for a more precise prediction of health 
risk (Au et al, 1996). When applying the so called multiple end-point genotoxicological 
monitoring system in Hungary, beside the use of UV-induced unscheduled DNA synthesis 
(UDS), we also included other biomarkers such as structural and numeric chromosome 
aberrations (CA), sister-chromatid exchange (SCE), mutations in the HPRT loci, early 
centromere separation (CS), and apoptotic capacity (AC) (Tompa, Sápi, 1989, Jakab et al, 
2010, Major et al, 1999). In the present multiple end-point genotoxicology monitoring system 
run in Hungary (Tompa et al, 2006, c.f., Fig. 4.). DNA repair is investigated at three levels: 
Comet assay, UV-induced unscheduled DNA synthesis (UDS), and sister-chromatid 
exchange (SCE), representing the total repair capacity, the nucleotide excision repair, and 
the post-replication repair, respectively. Here we present data of UDS (and SCE) obtained in 
groups of subjects exposed to cytostatic drugs, anesthetic gases, formaldehyde, heavy and 
precious metals, benzene and polycyclic aromatic hydrocarbons compared to industrial 
controls. 

8. Methods 
8.1 The measurement of UV induced unscheduled DNA synthesis (UDS) in PBLs 
The measurement of UDS was done according to Bianchi et al.(1982), as previously 
described (Tompa et al., 2005). Briefly, the separation of peripheral blood lymphocytes 
(PBLs) of citrated blood samples was performed by Ficoll-Hypaque density centrifugation. 
PBLs were irradiated in open petri dishes by UV light (24 J/m2) and then incubated for 3 h  
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Fig. 4. Biomarkers used for the multiple geno- and immuno toxicological monitoring in 
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3H-TdR incorporation in separated lymphocytes. UDS was calculated as the difference 
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deoxyuridine (BrdU, Sigma-Aldrich) used in SCE analysis to identify the first and 
subsequent metaphases, was added at a concentration of 5 µg/ ml at 22 hr of culture. 
Culture harvest, slide preparation and staining were made following standard methods 
using 5% Giemsa stain (Fluka) for CA (Moorhead et al., 1960), and according to the 
Fluorescent-Plus-Giemsa method of Perry and Wolff (1974) for SCE. All microscopic 
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Eldridge et al (1992) suggested a role of unscheduled DNA synthesis (UDS) in the 
development of human breast cancer. Kopanja et al (2009) demonstrated that cells with a 
deletion of the Cul4A gene which encodes a core component of cullin-based E3 ubiquitin 
ligase complex being over-expressed in breast cancers and correlating with poor prognosis, 
exhibit aberrant cell cycle regulation and reduced levels of UDS. On the other hand, 
nucleotide excision repair, a major mechanism involved in UV-induced DNA repair 
pathways can contribute to the development of resistance against drugs like cisplatin in 
cancer cells (Orelli et al, 2009). UV-induced UDS can reflect only a part of the total repair 
capacity of human cells. An easy method for the measurement of the total repair capacity 
can be the single cell gel electrophoresis (Comet assay) (Collins et al. 1997). A cytogenetic 
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irradiation in early passage cultures of normal mammary epithelial cells derived from 5 
different women, that UDS may be used in addressing the role of environmental agents in 
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risk (Au et al, 1996). When applying the so called multiple end-point genotoxicological 
monitoring system in Hungary, beside the use of UV-induced unscheduled DNA synthesis 
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centromere separation (CS), and apoptotic capacity (AC) (Tompa, Sápi, 1989, Jakab et al, 
2010, Major et al, 1999). In the present multiple end-point genotoxicology monitoring system 
run in Hungary (Tompa et al, 2006, c.f., Fig. 4.). DNA repair is investigated at three levels: 
Comet assay, UV-induced unscheduled DNA synthesis (UDS), and sister-chromatid 
exchange (SCE), representing the total repair capacity, the nucleotide excision repair, and 
the post-replication repair, respectively. Here we present data of UDS (and SCE) obtained in 
groups of subjects exposed to cytostatic drugs, anesthetic gases, formaldehyde, heavy and 
precious metals, benzene and polycyclic aromatic hydrocarbons compared to industrial 
controls. 

8. Methods 
8.1 The measurement of UV induced unscheduled DNA synthesis (UDS) in PBLs 
The measurement of UDS was done according to Bianchi et al.(1982), as previously 
described (Tompa et al., 2005). Briefly, the separation of peripheral blood lymphocytes 
(PBLs) of citrated blood samples was performed by Ficoll-Hypaque density centrifugation. 
PBLs were irradiated in open petri dishes by UV light (24 J/m2) and then incubated for 3 h  
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(early) centromere divisions (PCD i.e. the separation of centromeres during 
prophase/metaphase of the mitotic cycle) were scored according to Méhes & Bajnóczky 
(1981). Mitoses with more than three chromosomes with PCD were considered as 
PCD/CSG (centromere separation general).  

9. Flow cytometric analysis of apoptosis and cell proliferation in PBLs 
For the measurement of the percentage of apoptosis and S-phase, PBLs were separated from 
the blood samples on Histopaque 1077 gradients (Sigma-Aldrich) and cultured in RPMI-
1640 medium (Sigma-Aldrich) supplemented with 20% fetal calf serum (Gibco Invitrogen 
Corporation) and 0.5 % PHA (Gibco Invitrogen Corporation) for 50 hours without 
antibiotics in a standard thermostat at 37°C in humidified atmosphere containing 5% CO2. 
One hour prior to the termination of the cultures, 5 µg/ml BrdU (Sigma-Aldrich) was added 
to the cultures. Cells were washed twice with PBS, and fixed in 1 ml of ice-cold 70% ethanol 
and stored at –20 oC until further processing.  
DNA denaturation prior to propidium iodide (PI, Sigma-Aldrich) and fluorescein 
isothiocyanate (FITC)-labeled monoclonal anti-BrdU (Becton-Dickinson) staining was 
performed at room temperature with 2M HCl containing 0.2 mg/ml pepsin (Sigma-
Aldrich), according to the method of Piet van Erp et al. (1988). DNA was stained with PI  
and the incorporated BrdU was detected by flow cytometry with FITC-labeled monoclonal 
antibody.  
Flow cytometric analysis was performed on a FACS Calibur (Beckton-Dickinson) flow 
cytometer. Data for at least 10000 lymphocytes per sample were acquired; CellQuestPro 
Software was used for analysis. Statistical analysis was made using the GraphPad Prism 3.02 
software (GraphPad Software, Inc.), differences between the studied groups and the control 
were tested using the Student’s t-test, p < 0.05 was considered as statistically significant.  

10. Sample selection 
Here we present the mean values (± SE) of the results of the genotoxicological investigations 
in 55 donors from 3 production units in the oil industry. Together with the results of the 
genotoxicological investigations completed with measurements of apoptosis and cell 
proliferation in altogether 275 subjects from oncology health care units, workers from the 
pharmaceutical industry, pathology and anesthesiology units, goldsmiths and galvanizers 
from the metal industy producing coins and mints. All subjects took part in the study 
voluntarily with prior informed consent, and were interviewed by a physician to collect data 
on age, medication, life-style (smoking and drinking habits), as well as medical and work 
histories in relation to known, or suspected chemical mutagens and/or to exposure to 
ionizing radiation.  
Blood was collected by venipuncture from each of the investigated subjects: 18 ml blood in 2 
VACUETTE® Coagulation tubes filled with 1 ml of 0.109 mol/l (3.2%) buffered tri-sodium 
citrate (Ref. No. 455322, Greiner Bio-One) for the measurements of UV induced unscheduled 
DNA synthesis (UDS), and 9 ml blood in 1 VACUETTE® Heparin tube coated with the 
anticoagulant sodium-heparin (Ref. 455051, Greiner Bio-One) for the determination of CA and 
SCE frequencies, and for the flow cytometric analysis of apoptosis and cell proliferation. The 
samples were processed immediately after blood collection. Only active smokers were 
considered to be “smokers”. None of the individuals were addicted to alcohol, subjects 

Application of UV-Induced Unscheduled DNA-Synthesis  
Measurements in Human Genotoxicological Risk Assessment 

 

319 

considered as “drinkers” consumed less than the equivalent of 80 g pure alcohol daily. All 
subjects took part in a routine clinical checkup, including hematology, liver and kidney 
function tests. The results were compared with control subjects without any known 
occupational exposure to genotoxic agents. 

11. Demographic and exposure data 
11.1 Exposure to aromatic hydrocarbons 
Among oil industry workers, in the first group we have investigated 27 workers exposed 
mainly to benzene from a plant producing aromatic compounds, such as benzene (26 men 
and 1 woman, 186 investigations). The second and third groups comprised of 14 bitumen 
producers (13 men and 1 woman, 107 investigations) and 14 coke producing workers mainly 
exposed to PAH's (only men, 87 investigations), respectively. Mean ages were 34.7± 1.6 
years (range 24-55) for the benzene producers, 40.4± 2.4 years (range 26-55) for the bitumen 
exposed workers, and 32.1± 1.4 years (range 25-42) for the coke producers, respectively. 
Mean percentages of current smokers were 22.2 % among benzene producers, 50.0 % among 
bitumen exposed workers, and 28.6% among the coke producers, respectively. Mean 
frequencies of "drinkers" were 81.5% in the benzene exposed group, 78.6% among bitumen 
producers and 71.4 among coke producers, respectively. 

11.2 Exposure to cytostatic drugs 
Altogether 138 subjects of hospital staff from health care units exposed to various cytostatics 
during the treatment of cancer patients, were divided into two groups. The first group of 
health care workers working without adequate protection consisted of 23 subjects (1 man 
and 22 women, 45 investigations), while the other group of the health care workers using 
protective devices during work consisted of 115 subjects (8 men, 107 women, 131 
investigations), respectively. In the group of the pharmeceutical industry workers 
producing cytostatics there were 36 subjects (4 men, 32 women, 97 investigations). Mean 
ages were 38.9± 2.1 years (range 24-57) for the health care personnel without and 33.7± 0.93 
years (range 20-62) with protection, respectively. Mean age among pharmeceutical industry 
workers exposed to cytostatics was in the range of 20-55 years (mean 36.0±1.6 years). Mean 
percentages of active smokers were 47.8 % among health care personnel without protection, 
54.8 % among health care personnel with protection, and 44.4% among pharmaceutical 
industry workers, respectively. Mean frequencies of "drinkers" in the above listed groups 
were 13.0 % among health care personnel without protection, 52.2 % among health care 
personnel with protection, 44.4% among pharmaceutical industry workers, respectively.  

11.3 Exposure to anesthetic gases and formaldehyde 
Hospital staff from anesthesiology units were also divided into two groups: the first 
consisted of 30 subjects exposed to the anesthetic gas halothane (4 men and 26 women, 34 
investigations), while in the other 28 workers were exposed to anesthethic gases isoflurane 
and sevoflurane (2 men and 26 women, 28 investigations). Pathology staff consisted of 21 
subjects (only women, 21 investigations) exposed to formaldehyde. Mean ages of 
anesthesiology unit workers exposed to halothane and anesthetic gases other than halothane 
were 39.0±1.8 and 40.4±1.36 years (ranges 23-57 and 29-55), respectively. Mean age in the 
groups of pathology staff was 43.3±2.0 years (range 26-60). The frequencies of active 
smokers were 16.7% among anesthesiologists exposed to halothane, 35.7% among 
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(early) centromere divisions (PCD i.e. the separation of centromeres during 
prophase/metaphase of the mitotic cycle) were scored according to Méhes & Bajnóczky 
(1981). Mitoses with more than three chromosomes with PCD were considered as 
PCD/CSG (centromere separation general).  

9. Flow cytometric analysis of apoptosis and cell proliferation in PBLs 
For the measurement of the percentage of apoptosis and S-phase, PBLs were separated from 
the blood samples on Histopaque 1077 gradients (Sigma-Aldrich) and cultured in RPMI-
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Corporation) and 0.5 % PHA (Gibco Invitrogen Corporation) for 50 hours without 
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considered as “drinkers” consumed less than the equivalent of 80 g pure alcohol daily. All 
subjects took part in a routine clinical checkup, including hematology, liver and kidney 
function tests. The results were compared with control subjects without any known 
occupational exposure to genotoxic agents. 

11. Demographic and exposure data 
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Among oil industry workers, in the first group we have investigated 27 workers exposed 
mainly to benzene from a plant producing aromatic compounds, such as benzene (26 men 
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exposed workers, and 32.1± 1.4 years (range 25-42) for the coke producers, respectively. 
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investigations), respectively. In the group of the pharmeceutical industry workers 
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anesthesiologists exposed to anesthetic gases other than halothane and 23.8 % in pathology 
workers, respectively. The frequencies of ’drinkers’ were 46.7% among anesthesiologists 
exposed to halothane, 64.3% among anesthesiologists exposed to anesthetic gases other than 
halothane and 57.1 % in pathology workers, respectively.  

11.4 Exposure to heavy metals 
In the group of the 22 goldsmiths' and galvanizers there were 14 men and 8 women (22 
investigations). The mean age in the group of goldsmiths and galvanizers was 51.5±1.6 years 
(range 34-60). There were 31.8% smokers and 45.5% ’drinkers’ in this group.  

12. Control subjects 
The results of the investigated subjects in oil industry groups were compared with 87 
industrial controls (53 men and 34 women), selected from the administrative staff in the oil 
industry, without known previous occupational exposure to genotoxic agents. Mean age 
was 38.6±1.1 years (range 20-67) for this group of the industrial controls. There were 42.5% 
current smokers and 50.6% ’drinkers’ among industrial controls. 
In case of the investigated health care, pharmaceutical and metall industry subjects the 
results were compared with 57 industrial controls without known previous occupational 
exposure to genotoxic agents (11 men and 46 women). The controls were selected from 
health care personnel and from the administrative staff in the metal industry producing 
coins and mints, without known previous occupational exposure to cytostatics and other 
genotoxic agents. The mean age was 44.1±1.7 years (range 22-69). The percentages of active 
smokers and ’drinkers’ were 24.6% and 45.6% among industrial controls, respectively. 

13. Results 
The results of the UDS measurements and the mean frequencies of SCE and CA in the 
workers in the oil industry are summarized in Table 2A. UDS was significantly decreased 
among benzene (p=0.00067) and bitumen (p=0.00788) exposed donors. Similarly, a 
significantly decreased UDS (p=7.04E-8) was also observed among coke producers. CA was 
significantly increased in each group of the exposed donors. Similarly to CA, an increase in 
the mean values of SCE could be observed in each group of the exposed, although the 
increases were only significant among the benzene and bitumen exposed (p=0.000602 and 
p=0.001204, respectively).  
Table 2B summarizes the cytogenetic parameters in cultured PBLs among the oil industry 
workers. Mean frequencies of cells with aberrations (aberrant cells, AB.C) were increased in 
all groups of the oil industy workers. The aberrations in all groups were mainly of the 
chromatide type breaks. Similarly to the CA and AB.C values, mean PCD(CSG) values were 
also significantly increased in all groups of oil industry workers (p=1.238E-21, p=9.7E-15 
and p=1.61E-13, respectively).  
The results of flow cytometric and UDS measurements, and the mean frequencies of SCE 
and CA are summerized in Table 3A. Mean apoptosis values were significantly increased in 
two groups of the cytostatics exposed subjects (health care personnel without protection,  
p= 0.0047 and pharmaceutical industry workers, p=0.0056), in anesthesiologists exposed to 
halothane (p=0.02451) and in formaldehyde exposed subjects (p=0.00066). Apoptosis was 
also increased among anesthesiologists exposed to anesthetic gases other than halothane, 
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but this increase was only at the 10% level (p=0.09427). In contrast, apoptosis was 
significantly reduced among goldsmiths and galvanizers (p=0.02203). Cell proliferation (the 
percentage of S-phase) was significantly decreased in both groups of health care personnel 
exposed to cytostatics (p=0.00079 and p=3.65E-8, respectively) and in both groups of 
anesthesiologists (p= 7.42E-8 and p=0.003324, respectively). In the group of the 
pharmeceutical industry workers, S-phase showed a significant increase (p=3.21E-10). A 
statistically significant decrease in UDS was observed in the groups of health care personnel 
exposed to cytostatics without protection (p=0.057927) and the workers from the 
pharmaceutical industry (p=0,04959). SCE was only significantly increased in the group of 
the health care personnel without adequate protection (p=0.000416). CA was significantly 
increased in the groups of the pharmaceutical industry workers (p=0.01515) and the 
pathologists exposed to formaldehyde (p=0,053). Among anesthesiologist exposed to 
halothane, CA was also increased, but the significance was only at the 10% level (p=0.08429).  
 

UDS 
rel.unit 

SCE 
1/mitoses 

CA 
% Groups Exposure No of 

investigations
mean ±SE mean ±SE mean ±SE 

Industrial controls - 87 7.11 0.37 5.71 0.12 1.60 0.24 

Benzene producers Benzene 186 5.63* 0.21 6.20* 0.08 2.47* 0.17 
Bitumen producers Bitumen 107 6.00* 0.33 6.43* 0.10 2.98* 0.26 
Coke producers PAHs 87 4.42* 0.30 5.90 0.11 2.49* 0.22  

* Significant to the industrial controls (Student’s t-test. p<0.05) 

Table 2. a. Mean values (± SE) of UV induced unscheduled DNA synthesis (UDS, relative 
units), the frequencies of sister chromatid exchanges (SCE, 1/mitoses) and chromosome 
aberrations (CA, %) in cultured peripheral lymphocytes among oil industry workers 

 
AB.C 

% 
CHT 

% 
CHS 

% 
PCD(CSG) 

% Groups Exposure Number of 
investigations

mean ±SE mean ±SE mean ±SE mean ±SE 

Industrial controls - 87 1.58 0.25 1.14 0.20 0.42 0.11 0.95 0.25 

Benzene producers Benzene 186 2.41* 0.16 1.63* 0.14 0.84* 0.09 6.18* 0.40 

Bitumen producers Bitumen 107 2.75* 0.24 1.64* 0.16 1.34* 0.18 5.33* 0.43 

Coke producers PAHs 87 2.40* 0.22 1.87* 0.20 0.67 0.11 6.05* 0.56 
 

*Significant to the controls (Student’s t-test. p<0.05) 

Table 2. b. Mean values (± SE) of the frequencies of cells with chromosomal aberrations 
(AB.C, %), chromosomal aberrations of the chromatide (CHT, %) and chromosome type 
(CHS, %) and the frequencies of premature centromere divisions with centromere 
separation general (PCD/CSG, %) in cultured peripheral lymphocytes among oil industry 
workers 
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anesthesiologists exposed to anesthetic gases other than halothane and 23.8 % in pathology 
workers, respectively. The frequencies of ’drinkers’ were 46.7% among anesthesiologists 
exposed to halothane, 64.3% among anesthesiologists exposed to anesthetic gases other than 
halothane and 57.1 % in pathology workers, respectively.  

11.4 Exposure to heavy metals 
In the group of the 22 goldsmiths' and galvanizers there were 14 men and 8 women (22 
investigations). The mean age in the group of goldsmiths and galvanizers was 51.5±1.6 years 
(range 34-60). There were 31.8% smokers and 45.5% ’drinkers’ in this group.  

12. Control subjects 
The results of the investigated subjects in oil industry groups were compared with 87 
industrial controls (53 men and 34 women), selected from the administrative staff in the oil 
industry, without known previous occupational exposure to genotoxic agents. Mean age 
was 38.6±1.1 years (range 20-67) for this group of the industrial controls. There were 42.5% 
current smokers and 50.6% ’drinkers’ among industrial controls. 
In case of the investigated health care, pharmaceutical and metall industry subjects the 
results were compared with 57 industrial controls without known previous occupational 
exposure to genotoxic agents (11 men and 46 women). The controls were selected from 
health care personnel and from the administrative staff in the metal industry producing 
coins and mints, without known previous occupational exposure to cytostatics and other 
genotoxic agents. The mean age was 44.1±1.7 years (range 22-69). The percentages of active 
smokers and ’drinkers’ were 24.6% and 45.6% among industrial controls, respectively. 

13. Results 
The results of the UDS measurements and the mean frequencies of SCE and CA in the 
workers in the oil industry are summarized in Table 2A. UDS was significantly decreased 
among benzene (p=0.00067) and bitumen (p=0.00788) exposed donors. Similarly, a 
significantly decreased UDS (p=7.04E-8) was also observed among coke producers. CA was 
significantly increased in each group of the exposed donors. Similarly to CA, an increase in 
the mean values of SCE could be observed in each group of the exposed, although the 
increases were only significant among the benzene and bitumen exposed (p=0.000602 and 
p=0.001204, respectively).  
Table 2B summarizes the cytogenetic parameters in cultured PBLs among the oil industry 
workers. Mean frequencies of cells with aberrations (aberrant cells, AB.C) were increased in 
all groups of the oil industy workers. The aberrations in all groups were mainly of the 
chromatide type breaks. Similarly to the CA and AB.C values, mean PCD(CSG) values were 
also significantly increased in all groups of oil industry workers (p=1.238E-21, p=9.7E-15 
and p=1.61E-13, respectively).  
The results of flow cytometric and UDS measurements, and the mean frequencies of SCE 
and CA are summerized in Table 3A. Mean apoptosis values were significantly increased in 
two groups of the cytostatics exposed subjects (health care personnel without protection,  
p= 0.0047 and pharmaceutical industry workers, p=0.0056), in anesthesiologists exposed to 
halothane (p=0.02451) and in formaldehyde exposed subjects (p=0.00066). Apoptosis was 
also increased among anesthesiologists exposed to anesthetic gases other than halothane, 
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but this increase was only at the 10% level (p=0.09427). In contrast, apoptosis was 
significantly reduced among goldsmiths and galvanizers (p=0.02203). Cell proliferation (the 
percentage of S-phase) was significantly decreased in both groups of health care personnel 
exposed to cytostatics (p=0.00079 and p=3.65E-8, respectively) and in both groups of 
anesthesiologists (p= 7.42E-8 and p=0.003324, respectively). In the group of the 
pharmeceutical industry workers, S-phase showed a significant increase (p=3.21E-10). A 
statistically significant decrease in UDS was observed in the groups of health care personnel 
exposed to cytostatics without protection (p=0.057927) and the workers from the 
pharmaceutical industry (p=0,04959). SCE was only significantly increased in the group of 
the health care personnel without adequate protection (p=0.000416). CA was significantly 
increased in the groups of the pharmaceutical industry workers (p=0.01515) and the 
pathologists exposed to formaldehyde (p=0,053). Among anesthesiologist exposed to 
halothane, CA was also increased, but the significance was only at the 10% level (p=0.08429).  
 

UDS 
rel.unit 

SCE 
1/mitoses 

CA 
% Groups Exposure No of 

investigations
mean ±SE mean ±SE mean ±SE 

Industrial controls - 87 7.11 0.37 5.71 0.12 1.60 0.24 

Benzene producers Benzene 186 5.63* 0.21 6.20* 0.08 2.47* 0.17 
Bitumen producers Bitumen 107 6.00* 0.33 6.43* 0.10 2.98* 0.26 
Coke producers PAHs 87 4.42* 0.30 5.90 0.11 2.49* 0.22  

* Significant to the industrial controls (Student’s t-test. p<0.05) 

Table 2. a. Mean values (± SE) of UV induced unscheduled DNA synthesis (UDS, relative 
units), the frequencies of sister chromatid exchanges (SCE, 1/mitoses) and chromosome 
aberrations (CA, %) in cultured peripheral lymphocytes among oil industry workers 

 
AB.C 

% 
CHT 

% 
CHS 

% 
PCD(CSG) 

% Groups Exposure Number of 
investigations

mean ±SE mean ±SE mean ±SE mean ±SE 

Industrial controls - 87 1.58 0.25 1.14 0.20 0.42 0.11 0.95 0.25 

Benzene producers Benzene 186 2.41* 0.16 1.63* 0.14 0.84* 0.09 6.18* 0.40 

Bitumen producers Bitumen 107 2.75* 0.24 1.64* 0.16 1.34* 0.18 5.33* 0.43 

Coke producers PAHs 87 2.40* 0.22 1.87* 0.20 0.67 0.11 6.05* 0.56 
 

*Significant to the controls (Student’s t-test. p<0.05) 

Table 2. b. Mean values (± SE) of the frequencies of cells with chromosomal aberrations 
(AB.C, %), chromosomal aberrations of the chromatide (CHT, %) and chromosome type 
(CHS, %) and the frequencies of premature centromere divisions with centromere 
separation general (PCD/CSG, %) in cultured peripheral lymphocytes among oil industry 
workers 
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Apoptosis  

 % 

 
S-phase    

% 

 
UDS 

rel.unit 

 
SCE 

1/mitoses 

 
CA 
% 

 
 
Groups 

 
 

Exposure 

 
Number

of 
investi-
gations mean ±SE mean ±SE mean ±SE mean ±SE mean ±SE 

Controls  - 57 5.85 0.27 20.93 1.20 5.99 0.35 6.09 0.11    1.81 0.24 

Health care 
personnel without 
protection 

Cytostatics 45  8.39* 0.83 15.07* 1.29 4.92* 0.44  6.94* 0.20    2.47 0.43 

Health care 
personnel with 
protection 

Cytostatics 131 5.90 0.33 12.79* 0.57 5.83 0.25 6.36 0.07    1.61 0.22 

Pharmaceutical 
industry Cytostatics 97  8.78* 0.94 41.81* 2.19 4.72* 0.30 6.16 0.14    2.62* 0.22 

Anesthesiologists Halothane 34  7.87* 0.81 11.16* 1.11 5.92 0.41 6.25 0.13    2.62** 0.39 

Anesthesiologists Other than 
halothane 28 8.31 1.42 15.41* 1.35 5.57 0.49 6.36 0.15    1.30 0.27 

Pathology staff Formalde-
hyde 21 10.46* 1.17 25.24 2.38 4.63 0.86 6.36 0.26    3.05* 0.62 

Goldsmiths and 
galvanizers 

Heavy and 
precious 
metals 

22 4.84* 0.36 22.84 2.14 5.21 0.55 6.14 0.13    1.77 0.38 

 
* Significant to the controls (Student’s t-test. p<0.05) 
**Significant to the controls (Student’s t-test. p<0.1) 

Table 3. a. Mean values (± SE) of apoptosis induction (%), cell proliferation (S-phase), UV 
induced unscheduled DNA synthesis (UDS, relative units), the frequencies of sister 
chromatid exchanges (SCE, 1/mitoses) and chromosome aberrations (CA, %) in cultured 
peripheral lymphocytes. The investigated groups were: health care personnel and workers 
in the pharmaceutical industry exposed to cytostatics, anesthesiologists, pathology unit 
personnel exposed to formaldehyde and goldsmiths and galvanizers in the metal industry 
exposed to heavy and precious metals 

Table 3B represents the cytogenetic data of donors exposed to cytostatics, anesthetic gases, 
formaldehyde and metals. Aberrations were mainly of the chromatid type, with the 
exception of health care personnel without protection, where a nearly equal frequency of 
chromatid and chromosome type aberrations were scored. PCD/CSG was significantly 
increased in parallel to the increases of CAs and AB.C., among workers from the 
pharmaceutical industry (p=0.00356) and pathologists exposed to formaldehyde 
(p=0.004608). However, mean percentages of PCD/CSG were (not significantly) increased 
among cytostatics exposed health care personnel with protection and anesthesiologists 
exposed to anesthetic gases other than halothane, although the mean values of CAs and 
AB.C were not increased in these groups. On the contrary, in case of the anesthesiologists 
exposed to halothane, PCD/CSG was not increased, but CAs and AB.C were.  

14. Discussion 
14.1 Gene and environmental interactions 
In the present study, the level of environmental genotoxic stress was characterized by  
the frequencies of chromosomal aberrations (CA). Au et al. (1996) suggested that the  
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AB.C 
% 

CHT 
% 

CHS 
% 

PCD(CSG) 
% Groups Exposure 

Number 
of 

investigations mean ±SE mean ±SE mean ±SE mean ±SE 

Controls  - 57   1.63 0.22 1.25 0.22 0.56 0.14 4.71 0.55 

Health care 
personnel without 
protection 

Cytostatics 45   2.20 0.33 1.20 0.30 1.27* 0.23 3.67 0.50 

Health care 
personnel with 
protection 

Cytostatics 131   1.47 0.19 0.83 0.14 0.78 0.14 5.71 0.48 

Pharmaceutical 
industry Cytostatics 20   2.55* 0.21 1.90* 0.18 0.71 0.12 7.07* 0.39 

Anesthesiologists Halothane 34   2.38** 0.33 1.53 0.29 1.09* 0.26 3.41 0.75 

Anesthesiologists Other than 
halothane 30   1.19 0.27 0.74 0.21 0.44 0.15 6.43 1.61 

Pathology staff Formaldehyde 21   2.80* 0.61 2.35* 0.46 0.70 0.26 8.80* 1.07 

Goldsmiths and 
galvanizers 

Heavy and 
precious 
metals 

22 1.50 0.33 1.18 0.35 0.59 0.23 3.95 0.75 
 

* Significant to the controls (Student’s t-test. p<0.05) 
** Significant to the controls (Student’s t-test. p<0.1) 

Table 3. b. Mean values (± SE) of the frequencies of cells with chromosomal aberrations 
(AB.C, %), chromosomal aberrations of the chromatide (CHT, %) and chromosome type 
(CHS, %) and the frequencies of premature centromere divisions with centromere 
separation general (PCD/CSG, %) in cultured peripheral lymphocytes. The investigated 
groups were: health care personnel and workers in the pharmaceutical industry exposed to 
cytostatics, anesthesiologists, pathology unit personnel exposed to formaldehyde and 
goldsmiths'and galvanizers in the metal industry exposed to heavy and precious metals 

measurement of CA yields should be integrated in the assessment of health risk when DNA 
repair responses are studied. In the Hungarian multiple end-point genotoxicology 
monitoring system introduced in the late 1980s, the two key biomarkers have been the 
frequencies of gene mutations in the hprt loci (Tompa, A., Sápi, E., 1989) and CAs (Tompa, 
A., et al, 1994). In the present study, CA yields were increased in exposures to cytostatic 
drugs, halothane, formaldehyde, benzene and PAHs, as compared to controls, indicating a  
genotoxic stress in these populations (see Tables 2A and 3A). Chromatid type aberrations 
(CHT) representing rather the damages of DNA bases and single strand breaks, and 
chromosome type aberrations (CHS) representing double stranded DNA breaks that formed 
in cells mostly prior to entering the cell cycle, were increased in groups exposed to cytostatic 
drugs, formaldehyde, heavy and precious metals, benzene, and PAHs (see Tables 2B and 3B).  
An Italian team led by Bonassi in 2000 and the Nordic Study Group correlated the 
occurrence of chromosomal aberrations in human PBL cells with cancer risk in human 
populations. These prospective cohort studies have shown a significant (2.3-2.6 fold) 
increase in cancer in those individuals, who had permanent high level of chromosomal 
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Apoptosis  

 % 

 
S-phase    

% 

 
UDS 

rel.unit 

 
SCE 

1/mitoses 

 
CA 
% 

 
 
Groups 

 
 

Exposure 

 
Number

of 
investi-
gations mean ±SE mean ±SE mean ±SE mean ±SE mean ±SE 

Controls  - 57 5.85 0.27 20.93 1.20 5.99 0.35 6.09 0.11    1.81 0.24 

Health care 
personnel without 
protection 

Cytostatics 45  8.39* 0.83 15.07* 1.29 4.92* 0.44  6.94* 0.20    2.47 0.43 

Health care 
personnel with 
protection 

Cytostatics 131 5.90 0.33 12.79* 0.57 5.83 0.25 6.36 0.07    1.61 0.22 

Pharmaceutical 
industry Cytostatics 97  8.78* 0.94 41.81* 2.19 4.72* 0.30 6.16 0.14    2.62* 0.22 

Anesthesiologists Halothane 34  7.87* 0.81 11.16* 1.11 5.92 0.41 6.25 0.13    2.62** 0.39 

Anesthesiologists Other than 
halothane 28 8.31 1.42 15.41* 1.35 5.57 0.49 6.36 0.15    1.30 0.27 

Pathology staff Formalde-
hyde 21 10.46* 1.17 25.24 2.38 4.63 0.86 6.36 0.26    3.05* 0.62 

Goldsmiths and 
galvanizers 

Heavy and 
precious 
metals 

22 4.84* 0.36 22.84 2.14 5.21 0.55 6.14 0.13    1.77 0.38 

 
* Significant to the controls (Student’s t-test. p<0.05) 
**Significant to the controls (Student’s t-test. p<0.1) 

Table 3. a. Mean values (± SE) of apoptosis induction (%), cell proliferation (S-phase), UV 
induced unscheduled DNA synthesis (UDS, relative units), the frequencies of sister 
chromatid exchanges (SCE, 1/mitoses) and chromosome aberrations (CA, %) in cultured 
peripheral lymphocytes. The investigated groups were: health care personnel and workers 
in the pharmaceutical industry exposed to cytostatics, anesthesiologists, pathology unit 
personnel exposed to formaldehyde and goldsmiths and galvanizers in the metal industry 
exposed to heavy and precious metals 

Table 3B represents the cytogenetic data of donors exposed to cytostatics, anesthetic gases, 
formaldehyde and metals. Aberrations were mainly of the chromatid type, with the 
exception of health care personnel without protection, where a nearly equal frequency of 
chromatid and chromosome type aberrations were scored. PCD/CSG was significantly 
increased in parallel to the increases of CAs and AB.C., among workers from the 
pharmaceutical industry (p=0.00356) and pathologists exposed to formaldehyde 
(p=0.004608). However, mean percentages of PCD/CSG were (not significantly) increased 
among cytostatics exposed health care personnel with protection and anesthesiologists 
exposed to anesthetic gases other than halothane, although the mean values of CAs and 
AB.C were not increased in these groups. On the contrary, in case of the anesthesiologists 
exposed to halothane, PCD/CSG was not increased, but CAs and AB.C were.  

14. Discussion 
14.1 Gene and environmental interactions 
In the present study, the level of environmental genotoxic stress was characterized by  
the frequencies of chromosomal aberrations (CA). Au et al. (1996) suggested that the  
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AB.C 
% 

CHT 
% 

CHS 
% 

PCD(CSG) 
% Groups Exposure 

Number 
of 

investigations mean ±SE mean ±SE mean ±SE mean ±SE 

Controls  - 57   1.63 0.22 1.25 0.22 0.56 0.14 4.71 0.55 

Health care 
personnel without 
protection 

Cytostatics 45   2.20 0.33 1.20 0.30 1.27* 0.23 3.67 0.50 

Health care 
personnel with 
protection 

Cytostatics 131   1.47 0.19 0.83 0.14 0.78 0.14 5.71 0.48 

Pharmaceutical 
industry Cytostatics 20   2.55* 0.21 1.90* 0.18 0.71 0.12 7.07* 0.39 

Anesthesiologists Halothane 34   2.38** 0.33 1.53 0.29 1.09* 0.26 3.41 0.75 

Anesthesiologists Other than 
halothane 30   1.19 0.27 0.74 0.21 0.44 0.15 6.43 1.61 

Pathology staff Formaldehyde 21   2.80* 0.61 2.35* 0.46 0.70 0.26 8.80* 1.07 

Goldsmiths and 
galvanizers 

Heavy and 
precious 
metals 

22 1.50 0.33 1.18 0.35 0.59 0.23 3.95 0.75 
 

* Significant to the controls (Student’s t-test. p<0.05) 
** Significant to the controls (Student’s t-test. p<0.1) 

Table 3. b. Mean values (± SE) of the frequencies of cells with chromosomal aberrations 
(AB.C, %), chromosomal aberrations of the chromatide (CHT, %) and chromosome type 
(CHS, %) and the frequencies of premature centromere divisions with centromere 
separation general (PCD/CSG, %) in cultured peripheral lymphocytes. The investigated 
groups were: health care personnel and workers in the pharmaceutical industry exposed to 
cytostatics, anesthesiologists, pathology unit personnel exposed to formaldehyde and 
goldsmiths'and galvanizers in the metal industry exposed to heavy and precious metals 

measurement of CA yields should be integrated in the assessment of health risk when DNA 
repair responses are studied. In the Hungarian multiple end-point genotoxicology 
monitoring system introduced in the late 1980s, the two key biomarkers have been the 
frequencies of gene mutations in the hprt loci (Tompa, A., Sápi, E., 1989) and CAs (Tompa, 
A., et al, 1994). In the present study, CA yields were increased in exposures to cytostatic 
drugs, halothane, formaldehyde, benzene and PAHs, as compared to controls, indicating a  
genotoxic stress in these populations (see Tables 2A and 3A). Chromatid type aberrations 
(CHT) representing rather the damages of DNA bases and single strand breaks, and 
chromosome type aberrations (CHS) representing double stranded DNA breaks that formed 
in cells mostly prior to entering the cell cycle, were increased in groups exposed to cytostatic 
drugs, formaldehyde, heavy and precious metals, benzene, and PAHs (see Tables 2B and 3B).  
An Italian team led by Bonassi in 2000 and the Nordic Study Group correlated the 
occurrence of chromosomal aberrations in human PBL cells with cancer risk in human 
populations. These prospective cohort studies have shown a significant (2.3-2.6 fold) 
increase in cancer in those individuals, who had permanent high level of chromosomal 



 
DNA Repair and Human Health 

 

324 

aberrations. This seems to verify the hypothesis; that an increase of chromosomal aberration 
in itself may increase cancer risk. Therefore the intervention should take place in advance, 
when these alterations have just appeared in the peripheral blood lymphocytes (PBL). 
Genetic polymorphisms, eg. mutations of detoxification enzymes glutathione S-transferase 
(GST, GSTP1, and GSTM1) seem to be a risk factor for lung, head and neck cancer. Sequence 
variation in a DNA-repair gene, i.e. XPD have been associated with high lung cancer 
incidence. Chromosomal aberrations and loss of heterozygosity (LOH), especially 3p and 9p 
losses are important in all types of lung cancer too. Nuclear p53 mutation is a predictor of 
cancer, because the mutant cells are not able to respond properly to apoptotic signals and 
daughter cells inherit the mutation and genetic instability with the message of cancer 
development (Gretarsdottir 1998).  

14.2 DNA repair capacity in the exposure groups 
UV-induced DNA repair capacities (UDS) in PBLs were decreased, while CA yields 
(including the chromosome type aberrations) were increased in each groups exposed to 
aromatic hydrocarbons (benzene and PAHs) when compared to the controls in accordance 
with our earlier observations (Tompa et al 2005). Exposure to benzene, which was present in 
the ambient air could produce DNA strand breaks and oxidation of the bases in correlation 
with the level of its metabolite phenylmercapturic acid in urine (Sorensen et al 2003). It 
means that the higher is benzene in the ambient air, the higher can be the level of benzene-
induced DNA damage. It can trigger the repair mechanisms such as BER, NER and double 
strand break DNA repairs involved in the removal of benzene-induced DNA lesions 
(Hartwig, 2010). Ambient air PAH levels and their diol epoxide metabolites also correlate 
with DNA base oxidation and strand breaks in the exposed human populations (Ruchirawat 
et al 2010; Zhong et al 2010). However, several studies demonstrated reduction in DNA 
repair capacity (measured by different methods) among benzene or PAHs exposed workers 
(Tompa et al 2005; Keretetse et al 2008; Chanvaivit et al 2007; Ruchirawat et al 2010). Using 
the Comet assay for the characterization both of the level of primary DNA lesions and repair 
in PBLs of petrol attendants with occupational exposures longer than 1 year, Keretetse et al 
(2008) demonstrated that the genotoxic volatile organic compounds such as benzene and 
certain PAHs can inhibit the repair of single-strand breaks. The reduction of the excision 
repair capacity is influenced by the polymorphism of the involved repair genes (Shi et al 
2004; Pavanello et al 2005). 
DNA repair capacities of PBLs were also reduced while CA yields were increased among 
the hospital nurses and pharmaceutical industry workers occupationally exposed to various 
anticancer drugs producing DNA strand breaks or base alterations, compared to the 
controls and to the subjects with proper protection. The same was observed in the case of 
pathology unit staff members exposed to formaldehyde. Exposure to halothane, although 
increased the CA frequencies among the exposed anesthesiologists as compared to the 
controls, did not affect the UDS levels. Among workers exposed to heavy or precious metals 
with potency to induce oxidative damages of DNA, no alterations were observed in the 
investigated biomarkers when compared to the controls. In an early study, Celotti et al 
(1990) demonstrated increased UV-induced UDS in the PBLs of patients treated with 
antineoplastic drugs, while no alteration compared to the controls were observed among the 
nurses handling and administering the drugs. Studies demonstrated that careless handling 
of antineoplastic drugs can lead to exposure of personnel (Sorsa & Anderson 1996; Tompa et 

Application of UV-Induced Unscheduled DNA-Synthesis  
Measurements in Human Genotoxicological Risk Assessment 

 

325 

al 2006). Again reduced UDS capacity was observed among hospital nurses occupationally 
exposed to ethylene oxide and 222Rn from the local tap-water (Tompa et al 1999; Major et al 
1996). In contrary, UDS was increased compared to the control among nurses using 
horizontal air flow cabinets for the preparation of cytostatic infusions (Jakab et al 1999). 
Polymorphism of the repair genes XRCC1 and XRCC3 can contribute to increase the genetic 
damage in susceptible subjects with chronic exposure to cytostatic drugs (Laffon et al 2005; 
Cornetta et al 2008). Formaldehyde, an endogenous cellular aldehyde often used in 
pathology and anatomy laboratories is a well-known human mutagenic carcinogen 
although evidence of genotoxic effects in human PBLs is insufficient (Costa et al 2008; Jakab 
et al 2010). In our study a significant increase of CA yields and apoptotic capacity was 
observed among the exposed donors (Jakab et al 2010). Formaldehyde is a capacious inducer 
of DNA-protein crosslinks beside base modifications. Speit et al (2000) investigating the base 
excision and crosslink repairs suggested that a disturbed excision repair can have more 
severe consequences with regards of CA formation after formaldehyde exposure than a 
disturbed crosslink repair. Costa et al (2008) found no significant effect of genetic 
polymorphism of DNA repair enzymes on the investigated genotoxic end points 
(micronuclei, SCE, and primary DNA lesions determined by the comet assay). 

15. DNA-repair and apoptosis  
UDS was reduced; however apoptotic capacity was increased in some groups exposed to 
genotoxic chemicals such as anticancer drugs, benzene and polycyclic aromatic 
hydrocarbons (PAHs) but not UV (see Tables 2A and 3A) during the monitoring indicating an 
exposure-related decrease in UV-induced excision DNA repair capacity among these 
donors, and suggesting a relationship between UV-induced repair and apoptotic capacities 
of peripheral blood lymphocytes. However, sister-chromatid exchanges (SCE), probably 
reflecting post-replication repair events mediated by homologous recombination (Okada et 
al, 2005), therefore considered as biomarkers of total DNA repair, were increased among 
hospital nurses exposed to cytostatics, and workers exposed to benzene and PAHs, 
compared to the controls.  
Apoptosis is energy dependent and programmed cell death is regulated by several 
biochemical mechanisms [Evan & Vousden 2001]. Three main pathways are known of 
apoptotic events. One is stimulated by the death receptors and caspase 8 activation, the 
second is an intrinsic pathway with activation of mitochondrial changes trough caspase 9 
and 3 activation. The third mechanism occurs through cytotoxic T cells with the help of 
perforin production, and granzyme A and B stimulation with caspase 10 activation. Each 
pathway activates its initiator caspase. Only granzyme A works independently of caspases. 
According to our present knowledge, approximately 14 caspases have been identified as 
initiators of apoptosis and proteolytic enzymes. Inhibition of apoptotic processes can be a 
significant cause of cancer development or autoimmune diseases. Excessive apoptosis is 
present in neurodegenerative diseases or in HIV infection. In contrast, tumor cells can resist 
apoptotic signals leading to an unlimited growth of malignant cells, production of anti-
apoptotic proteins like Bcl-2, mutated P53, or down regulation of pro apoptotic Bax protein. 
P53 mutation is very common in human cancers; more than 50% of malignant tumors 
express mutant P53 cells. During cell replication the DNA repair is able to recognize DNA 
damages and keep the cell in G1/S phase. If the damage is irreparable, the apoptotic signal 
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aberrations. This seems to verify the hypothesis; that an increase of chromosomal aberration 
in itself may increase cancer risk. Therefore the intervention should take place in advance, 
when these alterations have just appeared in the peripheral blood lymphocytes (PBL). 
Genetic polymorphisms, eg. mutations of detoxification enzymes glutathione S-transferase 
(GST, GSTP1, and GSTM1) seem to be a risk factor for lung, head and neck cancer. Sequence 
variation in a DNA-repair gene, i.e. XPD have been associated with high lung cancer 
incidence. Chromosomal aberrations and loss of heterozygosity (LOH), especially 3p and 9p 
losses are important in all types of lung cancer too. Nuclear p53 mutation is a predictor of 
cancer, because the mutant cells are not able to respond properly to apoptotic signals and 
daughter cells inherit the mutation and genetic instability with the message of cancer 
development (Gretarsdottir 1998).  

14.2 DNA repair capacity in the exposure groups 
UV-induced DNA repair capacities (UDS) in PBLs were decreased, while CA yields 
(including the chromosome type aberrations) were increased in each groups exposed to 
aromatic hydrocarbons (benzene and PAHs) when compared to the controls in accordance 
with our earlier observations (Tompa et al 2005). Exposure to benzene, which was present in 
the ambient air could produce DNA strand breaks and oxidation of the bases in correlation 
with the level of its metabolite phenylmercapturic acid in urine (Sorensen et al 2003). It 
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al 2006). Again reduced UDS capacity was observed among hospital nurses occupationally 
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although evidence of genotoxic effects in human PBLs is insufficient (Costa et al 2008; Jakab 
et al 2010). In our study a significant increase of CA yields and apoptotic capacity was 
observed among the exposed donors (Jakab et al 2010). Formaldehyde is a capacious inducer 
of DNA-protein crosslinks beside base modifications. Speit et al (2000) investigating the base 
excision and crosslink repairs suggested that a disturbed excision repair can have more 
severe consequences with regards of CA formation after formaldehyde exposure than a 
disturbed crosslink repair. Costa et al (2008) found no significant effect of genetic 
polymorphism of DNA repair enzymes on the investigated genotoxic end points 
(micronuclei, SCE, and primary DNA lesions determined by the comet assay). 

15. DNA-repair and apoptosis  
UDS was reduced; however apoptotic capacity was increased in some groups exposed to 
genotoxic chemicals such as anticancer drugs, benzene and polycyclic aromatic 
hydrocarbons (PAHs) but not UV (see Tables 2A and 3A) during the monitoring indicating an 
exposure-related decrease in UV-induced excision DNA repair capacity among these 
donors, and suggesting a relationship between UV-induced repair and apoptotic capacities 
of peripheral blood lymphocytes. However, sister-chromatid exchanges (SCE), probably 
reflecting post-replication repair events mediated by homologous recombination (Okada et 
al, 2005), therefore considered as biomarkers of total DNA repair, were increased among 
hospital nurses exposed to cytostatics, and workers exposed to benzene and PAHs, 
compared to the controls.  
Apoptosis is energy dependent and programmed cell death is regulated by several 
biochemical mechanisms [Evan & Vousden 2001]. Three main pathways are known of 
apoptotic events. One is stimulated by the death receptors and caspase 8 activation, the 
second is an intrinsic pathway with activation of mitochondrial changes trough caspase 9 
and 3 activation. The third mechanism occurs through cytotoxic T cells with the help of 
perforin production, and granzyme A and B stimulation with caspase 10 activation. Each 
pathway activates its initiator caspase. Only granzyme A works independently of caspases. 
According to our present knowledge, approximately 14 caspases have been identified as 
initiators of apoptosis and proteolytic enzymes. Inhibition of apoptotic processes can be a 
significant cause of cancer development or autoimmune diseases. Excessive apoptosis is 
present in neurodegenerative diseases or in HIV infection. In contrast, tumor cells can resist 
apoptotic signals leading to an unlimited growth of malignant cells, production of anti-
apoptotic proteins like Bcl-2, mutated P53, or down regulation of pro apoptotic Bax protein. 
P53 mutation is very common in human cancers; more than 50% of malignant tumors 
express mutant P53 cells. During cell replication the DNA repair is able to recognize DNA 
damages and keep the cell in G1/S phase. If the damage is irreparable, the apoptotic signal 
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is activated, although damaged or mutated P53 does not respond properly to this 
physiological signal (see Fig. 5.) 
 

 
Fig. 5. The cell cycle and apoptosis 

The gene p53 can play a key role in response to DNA damage by activating a G1 cell cycle 
arrest (Geyer et al, 2000). Squires et al. (2004) studying the DNA structure of replication forks 
in normal human and NER-deficient XP cells observed that replication associated DNA double 
strand breaks do not accumulate in p53 proficient human cells and proposed the prevention of 
DSB accumulation at long lived single stranded DNA regions in stalled-replication forks as a 
major mechanism of maintenance of genome stability by p53. Geyer et al (2000) reported a G1 
to S phase delay of the mitotic cell cycle after UV treatment in GM6419 cells expressing 
dominant negative p53 mutations and suggested that unrepaired DNA damage was the signal 
for the stabilization of p53 and a subsequent G1 phase cell cycle arrest in UV-irradiated cells. A 
homeostatic regulator, the wild-type p53-induced phosphatase (Wip1) which is induced by 
p53 in response to e.g. UV-induced DNA damage is also involved in DNA repair and cell cycle 
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checkpoint pathways. Wip1 can be activated via both the JNK c-Jun and p38 MAPK-p53 
signaling pathways, and a temporal induction of Wip1 depends largely on the balance 
between c-Jun and p53, which compete for JNK binding (Song et al, 2010). In wild-type but not 
in c-Jun (and c-Fos) null human cells a clear up-regulation of trex1 was observed after UV 
irradiation, and upon genotoxic stress a translocation of trex1 into the nucleus was suggested 
(Christmann et al, 2010) also indicating a strong relationship between UV-induced DNA 
damage and apoptotic capacity of human cells. Protein p21 is also a key component in p53 
regulated cell cycle control and apoptosis, directing an anti apoptotic response following DNA 
damage as a major transcriptional target of p53 (Hill et al, 2008). Moreover, UV irradiation can 
also trigger p21 proteolysis, which seems to be in correlation with increased apoptosis (Soria et 
al, 2008). Data obtained on p53 binding on the p21 promoter suggest that the nature of DNA 
damage is itself the key factor for p53-regulated expression of target genes such as p21 and the 
subsequent cellular outcome (Hill et al, 2008).   

16. Conclusions 
During the multistep process of carcinogenesis several genetic and epigenetic changes 
accumulate in the target tissue through mutations, alkylation and formation of DNA and 
protein adducts. The modifications in cell cycle, proto-oncogenes, oncogenes and induction 
of chromosomal aberrations represent the arsenal of biomarkers showing early signs of cell 
transformation. Chemoprevention of carcinogenesis is based upon knowledge of the 
mechanisms of carcinogenesis, eg. inhibition of cell proliferation, signal transduction, 
increases in tumor suppression, activation of antipromotion, changes in metabolic activation 
and enhancement of apoptotic activity. Chemopreventive agents are usually selected 
according to cancer type (lung, colon, breast, oral cavity, bladder and prostate) or on the 
known mechanism of cancer development. The other, most effective approach to prevent 
cancer is to avoid carcinogenic agents (primary prevention). Biomarkers can be utilized as 
indicators of exposures, effects and individual susceptibility to cancer. Proper selection of 
biomarkers in relation to exposure may have a great impact on the reliability of mechanism 
of action. Recent developments in genomics provide an opportunity to investigate several 
oncogenes, tumor-suppressor genes, phenotypic changes in proteins simultaneously. 
Biomarkers such as the occurrence of high level of chromosomal aberrations can also 
indicate the need of intervention in high risk groups. An introduction of chemoprevention 
in order to avoid or delay cancer development can be advised in those cases, where removal 
of environmental hazards have not been efficient and the subjects have already sufferred 
irreversible genetic damages. 
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1. Introduction 
DNA repair is essential to genomic integrity of the cell. Numerous studies have provided 
compelling evidence that hereditary defects in DNA repair are linked with predispositions 
to cancer, shedding light on the mechanism of DNA repair and its importance in cancer 
biology. The majority of human cancers however rarely undergo somatic mutations in DNA 
repair genes, yet they acquire genetic alterations as they progress. Little is known about the 
mechanism of genetic alteration during malignant progression. We and others have shown 
recently that hypoxia—oxygen deficiency—plays an important role in inhibiting DNA 
repair. Tumor hypoxia gives rise to the over-expression and activation of hypoxia-inducible 
factor 1α (HIF-1α), an oxygen-sensitive transcription factor commonly over-expressed in 
human cancers. Although HIF-1α is best known for its transcriptional up-regulation of a 
host of target genes responsible for tumor growth and survival, in this chapter we describe a 
novel mechanism by which HIF-1α inhibits DNA repair, thereby promoting genetic 
alterations and malignant progression.  

2. Tumor hypoxia and hypoxic response 
2.1 Role of hypoxia in tumor progression 
In mammals, molecular oxygen is required for aerobic metabolism to maintain intracellular 
bioenergetics and to serve as an electron acceptor. Although the oxygen concentration in 
ambient air is approximately 21%, oxygen levels in mammalian tissues are generally 
maintained at 2–9%. Tissues become hypoxic when oxygen levels drop below 2% and 
severely hypoxic or anoxic when they are less than 0.02% (Bertout et al, 2008). Whereas mild 
hypoxia is part of normal development and physiology, as well as pathophysiology, severe 
hypoxia occurs mostly in pathophysiological conditions. 
Human cancers frequently experience mild to severe hypoxia arising from rapid cell 
proliferation that outstrips oxygen supply and aberrant angiogenic processes that yield 
vascular anomaly, such as vessel tortuosity, arteriovenous shunts, and blind ends. 
Consequently, despite rampant angiogenic response, necrotic lesions become conspicuous 
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Consequently, despite rampant angiogenic response, necrotic lesions become conspicuous 



 
DNA Repair and Human Health 

 

340 

as a result of severe hypoxia or anoxia, especially in advanced human cancers 
accompanying cell proliferation. By contrast, benign tumors are less hypoxic, with cells 
proliferating at a pace compatible with vasculature development. Therefore, the degree of 
malignancy appears to be associated with the severity of hypoxia. 
Many studies have indicated that hypoxia promotes tumor metabolism, angiogenesis, and 
metastasis (Bertout et al, 2008; Giaccia et al, 2003; Harris, 2002; Semenza, 2003). Solid tumors 
manifest enhanced glucose consumption resulting from hypoxic switching to anaerobic 
glycolysis from the tricarboxylic acid cycle for bioenergetics. In advanced human gliomas, 
tumor angiogenesis is rampant and frequently accompanied by rapid cell proliferation. 
Hypoxia confers metastatic potential by altering extracellular matrix function and increasing 
the motility of tumor cells.  
Moreover, it has long been recognized that tumor hypoxia is tightly linked with DNA 
damage, mutation, and over-replication (Bindra & Glazer, 2005; Bristow & Hill, 2008; Huang 
et al, 2007). It is proposed that hypoxia provides a physiological selective pressure in tumors 
for the expansion of apoptosis-resistant variants by acquiring p53 mutations (Graeber et al, 
1996). Hypoxia also induces genomic rearrangement through activation of fragile sites, 
thereby triggering breakage–fusion–bridge cycles and, in turn, gene amplification (Coquelle 
et al, 1998). Furthermore, hypoxia is known to contribute to the development of resistance to 
radiation therapy and chemotherapy by, for example, up-regulating the expression of the 
multidrug resistance gene ABCB1, also known as MDR1.   

2.2 Hypoxic response 
Through evolution, mammals have developed a coordinated physiological system to cope 
with hypoxic stress (Bunn & Poyton, 1996; Semenza, 1999). Respiratory, circulatory, and 
hematopoietic systems are developed at the systemic level for oxygen uptake, transport, and 
delivery. Oxygen-sensing and responsive mechanisms are widely present in mammalian 
cells to maintain oxygen homeostasis by altering DNA replication, gene expression, and 
metabolism. In particular, the identification of HIF-1α (Wang & Semenza, 1993; Wang & 
Semenza, 1995) has immensely advanced the understanding of hypoxic response at the 
molecular level. 
HIF-1α is an oxygen-sensitive transcription factor that belongs to the PAS (Per–ARNT–Sim) 
superfamily (Wang et al, 1995) (Fig. 1). Upon dimerization with ARNT (arylhydrocarbon 
receptor nuclear translocator; also known as HIF-1β), HIF-1α recognizes the hypoxia-
responsive element (5’-RCGTG-3’) in the promoter and/or enhancer of its target genes via a 
basic helix–loop–helix domain at the amino terminus (Semenza, 1999). HIF-1α 
heterodimerization depends on both the helix–loop–helix domain and the downstream PAS 
domain, which can be divided into two subdomains: PAS-A and PAS-B. Whereas PAS-A has 
been implicated in the heterodimerization and interaction with other proteins such as the heat 
shock protein 90 (Gradin et al, 1996; Semenza, 1999), the role of PAS-B remains less 
understood. HIF-1α harbors an oxygen-dependent degradation (ODD) domain that mediates 
proteolysis by the ubiquitin–proteasome pathway (Huang et al, 1998; Pugh et al, 1997). 
Hypoxia-stabilized HIF-1α recruits the transcription coactivator p300/CBP for transcriptional 
activation of its target genes via a potent transactivation domain at the carboxyl terminus 
(Arany et al, 1996; Gu et al, 2001; Kallio et al, 1998). Likewise, HIF-2α (also known as EPAS1) 
(Tian et al, 1997) shares similar structural domains with HIF-1α and binds to ARNT. 
HIF-1α is regulated primarily at the post-translational level (Huang & Bunn, 2003). Whereas 
both HIF-1α and ARNT are constitutively expressed at mRNA and protein levels, HIF-1α is 
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Fig. 1. Schematic representation of HIF-1α, ARNT, and HIF-2α. HIF-1α possesses a basic 
helix–loop–helix (bHLH) domain, a Per–ARNT–Sim (PAS) domain that can be divided into 
PAS-A and PAS-B, and a transactivation (TA) domain. Although similar domains can be 
found in ARNT based on sequence homology, an oxygen-dependent degradation (ODD) 
domain is uniquely present in HIF-1α. HIF-2α shares strong sequence homology with  
HIF-1α. 

extremely sensitive to proteolysis under oxygenated conditions (Gradin et al, 1996; Huang et 
al, 1996; Pugh et al, 1997). The ODD domain is crucial for HIF-1α proteolysis and is targeted 
for polyubiquitination by the E3 ubiquitin ligase containing the von Hippel-Lindau protein 
(pVHL) (Cockman et al, 2000; Ohh et al, 2000; Tanimoto et al, 2000). pVHL binding requires 
hydroxylation of two proline residues (Pro-402 and Pro-564 within the ODD domain) (Ivan 
et al, 2001; Jaakkola et al, 2001). Prolyl hydroxylation is catalyzed by a family of prolyl-4-
hydroxylases (EglN1, EglN2, and EglN3, which are widely known as PHD2, PHD1, and 
PHD3, respectively) that belong to the 2-oxoglutarate-dependent oxygenase superfamily 
(Bruick & McKnight, 2001; Epstein et al, 2001; Kaelin & Ratcliffe, 2008). Accordingly, these 
prolyl-4-hydroxylases sense and transduce oxygen signals through hydroxylation, resulting 
in polyubiquitination and degradation of HIF-1α. By contrast, hypoxia inhibits the oxygen-
dependent enzymatic activity, thereby preventing HIF-1α degradation. Consequently, a 
stabilized HIF-1α exerts its transcriptional function through heterodimerization, DNA 
binding, and recruitment of p300/CBP for transactivation (Fig. 2).  
Given the widespread over-expression of HIF-1α and/or HIF-2α in solid cancers, this 
canonical mechanism of HIF-1α has been the guiding light for elucidating many of the 
pathological processes crucial for tumor growth and progression through the identification 
of numerous target genes of HIF-1α and HIF-2α (Bertout et al, 2008; Giaccia et al, 2003; 
Harris, 2002; Semenza, 2003). In particular, HIF-1α and HIF-2α have been shown to 
contribute to tumorigenesis, angiogenesis, metastasis, metabolism, and stem cell 
maintenance (Bertout et al, 2008; Majmundar et al, 2010). Despite these remarkable 
advancements in understanding the molecular basis of tumor hypoxia, the key question—
whether HIF-1α and HIF-2α are responsible for genetic alterations that drive malignant 
progression—remains unanswered. 

3. Regulation of DNA repair by hypoxia 
3.1 DNA repair and human cancer 
Hereditary defects in DNA repair have been linked with genetic instability and 
predispositions to cancer (Vogelstein & Kinzler, 2004). Genetic mutations in a host of  
DNA repair genes have been attributed to the development of a variety of human cancers 
including breast, colon, brain, and skin cancers, as well as leukemias and lymphomas.  
These genes participate in different pathways of DNA repair, such as mismatch 
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receptor nuclear translocator; also known as HIF-1β), HIF-1α recognizes the hypoxia-
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shock protein 90 (Gradin et al, 1996; Semenza, 1999), the role of PAS-B remains less 
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Fig. 1. Schematic representation of HIF-1α, ARNT, and HIF-2α. HIF-1α possesses a basic 
helix–loop–helix (bHLH) domain, a Per–ARNT–Sim (PAS) domain that can be divided into 
PAS-A and PAS-B, and a transactivation (TA) domain. Although similar domains can be 
found in ARNT based on sequence homology, an oxygen-dependent degradation (ODD) 
domain is uniquely present in HIF-1α. HIF-2α shares strong sequence homology with  
HIF-1α. 

extremely sensitive to proteolysis under oxygenated conditions (Gradin et al, 1996; Huang et 
al, 1996; Pugh et al, 1997). The ODD domain is crucial for HIF-1α proteolysis and is targeted 
for polyubiquitination by the E3 ubiquitin ligase containing the von Hippel-Lindau protein 
(pVHL) (Cockman et al, 2000; Ohh et al, 2000; Tanimoto et al, 2000). pVHL binding requires 
hydroxylation of two proline residues (Pro-402 and Pro-564 within the ODD domain) (Ivan 
et al, 2001; Jaakkola et al, 2001). Prolyl hydroxylation is catalyzed by a family of prolyl-4-
hydroxylases (EglN1, EglN2, and EglN3, which are widely known as PHD2, PHD1, and 
PHD3, respectively) that belong to the 2-oxoglutarate-dependent oxygenase superfamily 
(Bruick & McKnight, 2001; Epstein et al, 2001; Kaelin & Ratcliffe, 2008). Accordingly, these 
prolyl-4-hydroxylases sense and transduce oxygen signals through hydroxylation, resulting 
in polyubiquitination and degradation of HIF-1α. By contrast, hypoxia inhibits the oxygen-
dependent enzymatic activity, thereby preventing HIF-1α degradation. Consequently, a 
stabilized HIF-1α exerts its transcriptional function through heterodimerization, DNA 
binding, and recruitment of p300/CBP for transactivation (Fig. 2).  
Given the widespread over-expression of HIF-1α and/or HIF-2α in solid cancers, this 
canonical mechanism of HIF-1α has been the guiding light for elucidating many of the 
pathological processes crucial for tumor growth and progression through the identification 
of numerous target genes of HIF-1α and HIF-2α (Bertout et al, 2008; Giaccia et al, 2003; 
Harris, 2002; Semenza, 2003). In particular, HIF-1α and HIF-2α have been shown to 
contribute to tumorigenesis, angiogenesis, metastasis, metabolism, and stem cell 
maintenance (Bertout et al, 2008; Majmundar et al, 2010). Despite these remarkable 
advancements in understanding the molecular basis of tumor hypoxia, the key question—
whether HIF-1α and HIF-2α are responsible for genetic alterations that drive malignant 
progression—remains unanswered. 

3. Regulation of DNA repair by hypoxia 
3.1 DNA repair and human cancer 
Hereditary defects in DNA repair have been linked with genetic instability and 
predispositions to cancer (Vogelstein & Kinzler, 2004). Genetic mutations in a host of  
DNA repair genes have been attributed to the development of a variety of human cancers 
including breast, colon, brain, and skin cancers, as well as leukemias and lymphomas.  
These genes participate in different pathways of DNA repair, such as mismatch 
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Fig. 2. The canonical mechanism of HIF-1α is responsible for the expression of various 
relevant genes and pathological processes in tumor development and progression. HRE, 
hypoxia-responsive element; EMT, epithelial–mesenchymal transition. 

repair (MSH2, MSH6), base excision repair (MUTYH), nucleotide excision repair (XPA), and 
double-strand break repair (NBS1, BRCA1). A wealth of knowledge has been gained that 
significantly advances our understanding of the biology of DNA repair and the mechanism of 
cancer development, and yet the role of DNA repair in the majority of cancers remains obscure 
because somatic mutations are rarely detected in DNA repair genes of sporadic cancers.  

3.2 Functional impairment of DNA repair by hypoxia 
To account for genetic alterations in sporadic cancers, functional impairment rather than 
genetic defect in DNA repair has been proposed on the basis of the evidence that hypoxia 
inhibits the expression of genes involved in DNA mismatch repair and double-strand break 
repair (Bindra & Glazer, 2005; Bristow & Hill, 2008; Huang et al, 2007). Indeed, multiple 
studies have shown hypoxic suppression of DNA repair genes including MLH1 (Mihaylova 
et al, 2003), MSH2 and MSH6 (Koshiji et al, 2005), RAD51 (Bindra et al, 2004), BRCA1 (Bindra 
et al, 2005), and NBS1 (To et al, 2006). Furthermore, it appears that hypoxia specifically 
inhibits homologous recombination but not non-homologous end joining, thereby 
inappropriately shunting double-strand break repair from high-fidelity homologous repair 
to error-prone non-homologous end joining. Moreover, hypoxic down-regulation of DNA 
repair genes results in DNA damage and genetic alteration, further supporting the notion 
that functional impairment of DNA repair induced by hypoxia contributes to genetic 
alterations in cancer. A challenging puzzle, however, is identifying the underlying 
mechanism by which hypoxia inhibits DNA repair. Some studies suggest that hypoxic 
down-regulation of RAD51 and BRCA1 involves formation of the E2F4/p130 repressive 
complex that occupies E2F sites in the target promoter (Bindra et al, 2005; Bindra & Glazer, 
2007). It remains unclear, however, how hypoxia signals the E2F4/p130 complex and 
whether this mechanism of genetic alteration is relevant in vivo to cancer biology.  

3.3 Mechanism of hypoxic inhibition of DNA repair 
In the process of understanding how hypoxia inhibits DNA repair, we made the following 
observations (Koshiji et al, 2005): i) HIF-1α but not HIF-2α was required for hypoxic 
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induction of microsatellite instability and down-regulation of MSH2 and MSH6 in MSH2-
proficient colon cancer cells; ii) ectopic expression of HIF-1α but not HIF-2α was sufficient to 
recapitulate the hypoxic effects; iii) whereas the transcriptional activator c-Myc was required 
for maintaining MSH2 and MSH6 expression, HIF-1α competed with c-Myc for occupying 
the target gene promoter via the DNA-binding factor Sp1; and iv) HIF-1α DNA-binding and 
transactivation domains were dispensable for MSH2 and MSH6 down-regulation. Hence, 
these findings have led us to propose a distinct mechanism by which HIF-1α inhibits DNA 
repair (Fig. 3), which is referred to hereafter as the HIF-1α–c-Myc pathway, in contrast to the 
aforementioned canonical mechanism as the HIF-1α–ARNT pathway.  
 

 
Fig. 3. A schematic representation of the HIF-1α–c-Myc pathway, in which HIF-1α competes 
with c-Myc for Sp1 binding to the promoter of DNA repair genes, resulting in c-Myc 
displacement and therefore inhibition of DNA repair.  

In keeping with the finding that hypoxia inhibits DNA mismatch repair, we showed that the 
HIF-1α–c-Myc pathway also accounted for hypoxic inhibition of NBS1 and induction of 
DNA double-strand break (To et al, 2006). We not only identified HIF-1α PAS-B as 
necessary and sufficient to mediate the HIF-1α–c-Myc pathway, but also elucidated the 
molecular distinction between HIF-1α and HIF-2α that engenders functional difference in 
DNA repair. We demonstrated that despite strong sequence homology in the PAS-B 
subdomain, subtle differences between HIF-1α Val-317, Ala-321, and Thr-327 and the 
corresponding amino acid residues of HIF-2α essentially enabled HIF-1α to inhibit DNA 
repair (To et al, 2006). This important finding has prompted us to test the hypothesis that the 
HIF-1α–c-Myc pathway is crucial to malignant progression. 

4. A mechanism of genetic alteration that drives malignant progression 
Although we provided a molecular mechanism by which HIF-1α but not HIF-2α mediates 
hypoxic induction of genetic alteration by inhibiting DNA repair, whether such mechanism 
is relevant to cancer biology had yet to be demonstrated. Given the close association of 
malignant progression with genetic alteration, we sought to test our hypothesis that the 
HIF-1α–c-Myc pathway is crucial to malignant progression by inducing genetic alterations. 
To isolate the HIF-1α–c-Myc pathway from the HIF-1α–ARNT pathway, we elected to 
uncouple the two pathways by inactivating each individually with site-directed 
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mutagenesis. Mutations were carried out in the context of a stabilized form of HIF-1α, 
designated as HIF1α(PP) (Kageyama et al, 2004), in which the prolyl hydroxylation sites 
Pro-402 and Pro-564 had been destroyed to prevent oxygen-dependent proteolysis (Fig. 4). 
Subsequently, the HIF-1α–c-Myc pathway was inactivated by substituting the 
aforementioned Val, Ala, Thr residues in the PAS-B domain with those of HIF-2α, yielding 
the mutant HIF1α(PP)+VAT (Yoo et al, 2011). Likewise, the HIF-1α–ARNT pathway was 
disabled by mutating residues critical for DNA binding and transactivation (Gu et al, 2001; 
Koshiji et al, 2004; Land & Tee, 2007) to create the mutant HIF1α(PP)+RFC. Our results 
showed that the two pathways are functionally independent because HIF1α(PP)+VAT was 
functional only in the HIF-1α–ARNT pathway, while HIF1α(PP)+RFC was active only in the 
HIF-1α–c-Myc pathway (Yoo et al, 2011). In contrast, HIF1α(PP) was active in both 
pathways. 
 

 
 

 
 
 

Fig. 4. The HIF-1α–ARNT pathway and the HIF-1α–c-Myc pathway are functionally 
independent. Both pathways are inactivated individually by site-directed mutagenesis with 
substitutions of specific amino acid residues, as indicated, in the functional domains. 

After retroviral transduction with HIF1α(PP) and HIF1α(PP)+RFC, tumor cells exhibited 
conspicuous DNA double-strand breaks as indicated by a sharp increase of γ-H2AX foci in 
the nucleus and microsatellite instability when analyzed with specific mononucleotide and 
dinucleotide markers (Yoo et al, 2011) (Fig. 5). Furthermore, there was a loss of the tumor 
suppressor genes FHIT and WWOX at the genomic level, indicative of chromosomal fragile 
site instability (Yoo et al, 2011). However, none of these DNA damage and genetic 
alterations were detected in cells expressing HIF1α(PP)+VAT, which was functional only in 
the HIF-1α–ARNT pathway.  
Importantly, all of these cells that had undergone genetic alterations not only acquired 
malignant traits including anchorage-independent growth and tumorigenicity but also 
became malignantly aggressive in mouse xenograft models, as indicated by rapid tumor 
growth, massive hemorrhagic necrosis, and rampant invasion of neighboring tissues (Yoo et 
al, 2011; Yoo et al, 2009). Moreover, advanced malignant progression was recapitulated in 
cells expressing HIF-1α PAS-B alone but not its VAT mutant. Altogether, these studies 
strongly indicate that the HIF-1α–c-Myc pathway is the underlying mechanism of malignant 
progression by inhibiting DNA repair and inducing genetic alterations. 
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Fig. 5. The HIF-1α–c-Myc pathway is responsible for DNA damage and genetic alteration. 
Left, Human osteosarcoma U-2 OS cells transduced with HIF-1α variants as specified were 
determined with immunofluorescence for colocalization (Merge) of the phosphorylated 
histone variant γ-H2AX foci with those of 53BP1. Both serve as indicators of DNA damage, 
which were absent in the parental and HIF1α(PP)+VAT cells. Right, The transduced cells 
were also analyzed for microsatellite instability, as indicated by the shortening (shift to the 
left) of genomic DNA fragments amplified with the mononucleotide marker BAT25. (Figure 
modified with permission from Yoo et al, 2011.) 

5. Conclusion 
Cancer remains one of the most deadly diseases overall and the leading cause of death in 
persons under the age of 85 years in the United States (Jemal et al, 2007). Technological 
advancements in cancer prevention and early detection have greatly reduced cancer 
incidence and mortality, yet the progressive nature of the disease seems to inevitably drive 
cancer to the advanced stage, posing an insurmountable challenge to the available 
treatments. The identification of the mechanism of hypoxia-driven malignant progression at 
the genetic level may provide a molecular basis for controlling the evolutionary process in 
tumors, a strategy proposed 35 years ago to combat tumor progression (Nowell, 1976). 
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1. Introduction 
Fanconi anemia (FA) was first described in 1927 by the Swiss pediatrician Guido Fanconi in 
a family with five children, three of which had various physical abnormalities and 
hematological defects, in a condition that resembled pernicious anemia [1]. In all the three 
children the disease was manifested between ages of five to seven years old and had fatal 
consequences. Studies in peripheral blood cells from these and other patients with the same 
symptoms made Guido Fanconi to realize that the disorder affected all the hematopoietic 
lineages, not only erythropoiesis, and that these alterations were usually the main cause of 
mortality (See review in [2]). From the beginning of his studies, he thought that this disease 
was too complex to be caused by mutations in one single gene, but neither he, nor the rest of 
the research community could imagine at that time that mutations in at least fourteen 
different genes, currently known as FA genes, could account for the same disease. The 
description of the chromosomal instability of FA cells as a hallmark of the disease in 1964[3] 
focused the etiology of the disease as a DNA repair failure, but it was almost forty years 
later when this idea was confirmed. 
In this chapter we will make an overview of the implications of the FA pathway in DNA 
repair and cell survival, and discuss the advances, limitations and perspectives of the 
therapeutic approaches used for the treatment of the most severe problem that takes place in 
FA patients, the bone marrow failure (BMF).  

2. Fanconi anemia proteins form a complex pathway involved in the repair of 
DNA inter-strand cross-links 
Mutations in at least 14 genes have been associated with FA. Patients with biallelic 
mutations in any of these FA genes (except in FANCB, which is X-linked) are assigned to 
different complementation groups (Table 1). The identification of the first FA 
complementation group was conducted by the fusion of cell lines generated from different 
FA patients[4]. The first FA gene, FANCC, was then identified by the transfection of cells 
from a FA patient with a cDNA expression library, followed by their exposure to mitomycin 
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FA patients[4]. The first FA gene, FANCC, was then identified by the transfection of cells 
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C (MMC), a DNA cross-linking drug that is extremely toxic and generates specific 
chromosomal instability in FA cells[5]. Only those cells complemented with FANCC grew 
after MMC exposure, allowing the identification of the defective gene in these patients. 
Similar approaches, together with positional cloning and linkage analysis, allowed the 
identification of other protein members of the so called “FA core complex”, which included 
FANCA, FANCG, FANCF and FANCE[6-10]. Although the description of FANCD2[11] and 
its activation by monoubiquitination after DNA damage linked FA with DNA repair, the 
confirmation of the involvement of the FA pathway in DNA repair and its link to 
homologous recombination occurred in 2002, when BRCA2 was identified as the FANCD1 
gene[12]. After the discovery of BRCA2 as a FA gene, several other FA genes were 
described, initially FANCL, containing the ubitiquitin ligase activity of the complex [13]and 
later on, FANCB; the only FA gene linked to the X chromosome[14]. The description of 
FANCJ (BRIP1)[15-17], PALB2[18] and RAD51C (not formally assigned yet as a FA gene)[19, 
20] together with the previously described BRCA2, definitively linked the FA/BRCA 
pathway with increased cancer susceptibility[19, 21-24]. In subsequent studies FANCI [25-
27] was found to be the partner of FANCD2. Additionally, the finding that FANCM[28] can 
interact with DNA, and the observation that FANCP (SLX4) had endonuclease activity, is 
allowing to unravel the role of the FA/BRCA pathway in the repair of DNA interstrand 
cross-links (ICLs) during replication [29](Table 1).  
Interstrand cross-linking drugs covalently bind both strands of the DNA helix, blocking the 
DNA replication and transcription. As a consequence of stalled replication produced by 
ICLs or at S-phase entry, the FA pathway is activated (See review in [29]). Although the 
exact role of FA proteins in the repair of ICLs is not clear yet, it is known that they work 
together in a complex network, where the key event is the monoubiquitination of 
FANCD2[30] and FANCI [25-27] (D2-I complex). This monoubiquitination requires the 
presence of the FA core complex, currently known to be formed by FANCA, FANCB, 
FANCC, FANCE, FANCF, FANCG, FANCL and FANCM[31], together with other FA 
associated proteins(FAAP; see Figure 1). The description of the last members of the 
FA/BRCA pathway, particularly FANCM, FAN1 (associated nuclease, with no mutations 
still found in FA patients)[32-35] and FANCP (SLX4)[36, 37] has added new critical elements 
in this intriguing pathway.  
After the generation of an ICL in the DNA, the progression of the DNA replication fork is 
stalled, and this activates the FA core complex and ATR. The first protein from FA pathway 
that seems to initiate DNA repair is FANCM. This protein, thanks to its translocase activity 
[28], together with FAAP24 and MHF1/2[29], moves along the DNA to sense the stalled 
replication fork[38], facilitating the translocation and anchoring the rest of the FA core 
complex to damaged DNA. In this way, the FA core complex can monoubiquitinate 
FANCD2/I, inducing the replication fork pause and the incision/unhooking of the ICL, 
facilitating the translesion synthesis and finally the HR machinery required for the repair of 
the DNA damage [39, 40]. Once the D2-I complex is monoubiquitinated, another FA protein 
- FAN1 - is also recruited to sites of DNA damage, where all these proteins form large 
nuclear foci. The endonuclease activity of FAN1 suggests that this protein could also pair 
with MUS81-EME1 to unhook the ICL[32, 35, 40] necessary for DNA repair. In this step, the 
endonuclease XPF-ERCC1, whose activity is coordinated by the last described member of 
the FA family SLX4 (FANCP[36, 37]), probably also plays an important role in the repair of 
the DNA damage (See Figure 1). 
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* FANCO/RAD51C is not formally defined as a FA gene. NLS; nuclear localization signals. HR; 
Homologous recombination 

Table 1. Main characteristics of the Fanconi anemia genes and their proteins.  
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Fig. 1. Description of the four essential steps in the repair of DNA interstrand cross-links of 
the FA/BRCA pathway (Adapted from Niedernhofer [39] , Kee et al.[29], Valeri et al. [41] 
and Cybulski and Howlett[42]). 
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3. Clinical features of Fanconi anemia 
Fanconi anemia is a rare autosomal recessive disease (except for FA-B which is X-linked), 
with an estimated frequency of 1-5 per 100,000 births. Although the presentation of the 
disease is very heterogeneous, around 70% of FA patients show physical anomalies, such as 
skeletal abnormalities, including radial hypoplasia, short stature and microphtalmia. Most 
FA patients present hypo or hyperpigmentation of the skin, showing the characteristic café 
au lait spots, and with a lower frequency, cardiac, renal, gastrointestinal and other organ 
malformations [43]. The most common feature of the disease is the bone marrow failure 
(BMF), which is manifested at a median age of 8 years, being the primary cause of morbidity 
and mortality in FA patients[44]. Clinical data from the International Fanconi anemia 
Registry (IFAR) and the German Fanconi anemia Registry (GEFA) have shown that virtually 
all FA patients would develop BMF by the age of 40 years[45, 46]. At birth, the blood counts 
are usually normal, macrocytosis usually being the first symptom detected in these patients, 
followed by thrombocytopenia and neutropenia. Pancytopenia is generally presented 
between 5 and 10 years of age. The German and American studies showed that the use of a 
defined abnormality score, based on the analysis of five different congenital abnormalities, 
can significantly predict the development of the BMF in FA patients[46, 47]. 
In addition to the BMF, the incidence of cancer in FA patients is also markedly increased 
compared to the normal population, the incidence of myelodisplasia (MDS) or acute 
myeloid leukemia (AML) being 33% at the age of 40 years (more than eight hundred fold 
increased incidence compared to a healthy population). Reports from the IFAR and GEFA 
have also shown that FA patients are at extraordinary risk of developing specific solid 
tumors, such as head and neck squamous cell carcinomas (HN-SCCs; with several hundred 
fold increased frequency), esophagus SCCs (several thousand fold increase) and vulvar 
cancer in women (also several thousand fold increase)[46, 48, 49].GEFA also observed an 
increase in breast and brain tumors, while the North American study observed an increased 
incidence of cervical,ostesarcoma and liver tumors [46].  
Myelodisplasia is often presented as a refractory cytopenia with multilineage dysplasia, 
with or without excess of blasts[49]. Acute myeloid leukemia can be diagnosed primarily or 
after a MDS phase, with an increasing fraction of blast cells in the BM[50]. The high selective 
pressure during their teens or early adulthood is probably involved in the development of 
clonal MDS and AML. The most common abnormalities found in FA patients with 
MDS/AML are gains of chromosome 1q, monosomy 7, gains of 3q (where EVI1 is included) 
[44, 49-51], and abnormalities in RUNX1/AML1 gene at chromosome 21q[50]. Results by 
Quentin et al also suggest a model of multi-step oncogenesis progression in the BM of FA 
patients, in which 1q+ (which can be found in the aplastic anemia form of the disease) 
would possibly constitute the initiating event, while the 3q+, -7/7q and RUNX1 
abnormalities would lead to high grade MDS or AML. In this model 1q+ might clonally 
rescue the BMF of FA patients, but would not protect against progression towards MDS and 
leukemia[50]. 
A remarkable aspect concerning the clinical symptoms of the disease is the observation that 
some of FA patients can undergo somatic mosaicism by means of a spontaneous reverse 
mutation or mitotic recombination in one of the FA pathogenic mutations in particular 
somatic cells[52-54]. If such a reversion occurs in a hematopoietic progenitor or stem cell 
(HSC), it may confer a proliferation advantage to the reverted cell, leading to the recovery of 
the BMF in the patient[52-55].  
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the BMF in the patient[52-55].  



 
DNA Repair and Human Health 

 

 

354 

A recent paper described for the first time a characteristic phenotype in a number of FA 
patients who showed two of the FA hallmark features (high number of chromosomal 
aberrations after DNA damage and absence of FANCD2 monoubiquitination), compatible 
with normalized hematological counts[56]. Remarkably, blood cells from these patients did 
not show the FA characteristic G2/M cell cycle arrest after exposure to DNA cross-
linkers[56]. Moreover, in contrast to mosaic FA patients, no reversion in the pathogenic 
mutations occurred in this new group of FA patients. Based on the above observations, a 
phenomenon defined as attenuation of the phenotype was described in FA[56]. Attenuation 
was associated with almost normal blood cell counts, and in some cases with development 
of MDS or AML. This process was accompanied by clonal hematopoiesis, implying that all 
peripheral blood cells derive from a single progenitor cell, in which a molecular event 
reducing CHK1 expression took place, resulting in the attenuated G2 arrest. The conclusions 
of this work have important implications in the management of FA patients because patients 
with this phenotype, although having essentially normal blood cell counts, should be 
followed closely to prevent the development of MDS or AML. Additionally, this study 
offers new explanations that could account for differences in the severity of the disease 
between FA siblings with the same mutation. Another important study has recently shown 
that FA proteins also play a role in mitosis, since FANCD2, FANCI and FANCM are 
localized to the extremities of ultrafine DNA bridges (UFBs), which link sister chromatids 
during cell division. FA cells show increase number of UFBs that may inhibit cytokinesis, 
leading to binucleated or multinucleated cells, a phenomenon that could account for the 
increased apoptosis and thus, also contribute to BMF [57, 58]. 

4. Main phenotypic characteristics of Fanconi anemia cells 
FA cells are hypersensitive to ICL agents such as mitomycin C (MMC) and diepoxibutane 
(DEB). Additionally, these drugs specifically induce a high number of chromosomal 
aberrations in FA cells[59, 60], thus constituting a hallmark for the diagnosis of FA 
patients[60, 61]. Although normal cells exposed to DNA cross-linkers develop a transient 
accumulation in the G2/M phase of the cell cycle, the defective ability of FA cells to repair 
the DNA damage leads to a very significant accumulation of these cells in G2/M after 
exposure to ICLs[62]. This property has been also used for the diagnosis of FA patients, 
particularly in skin fibroblasts for the characterization of FA mosaic patients in which no 
obvious phenotypic markers may be apparent in their peripheral blood cells[63, 64]. 
FA cells are also characterized by their hypersensitivity to ambient oxygen conditions [65-
67], manifested by a poor ex vivo growth and clonogenic capacity. This impaired growth 
properties of FA cells can be significantly restored when the incubation atmosphere is 
changed to hypoxic conditions (<5% of oxygen)[67], mimicking the low oxygen 
concentrations present in most tissues, including the BM niche[68, 69]. 
FA cells also show an increased apoptotic predisposition, something that may account for 
the BMF of these patients and for the development of malformations during embryonic 
development. One of the biochemical pathways involved in the increased apoptosis of FA 
cells is related to the over-production of cytokines such as TNFα and interferon-γ [70, 71]; an 
observation that has been confirmed in BM from FA patients[72].  
FA patient hematopoietic progenitor cells have also shown a defective adhesion and homing 
activities, associated with an aberrant regulation of Cdc42 activity[73].  
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5. Identification of complementation groups in Fanconi anemia patients 
As described before, fourteen different FA genes have been described so far, whose 
mutations account for the different FA complementation groups already identified (Table 1). 
However, there is still a number of patients with clinical symptoms of FA without mutations 
in any of the 14 FA genes, suggesting that more FA genes will be added to this long list. The 
identification of the FA complementation group (FA subtyping) in a patient has several 
advantages in the management of the disease. In this respect FA subtyping 1) confirms the 
FA diagnosis; 2) facilitates the identification of pathogenic mutations in FA genes, 3) allows 
to investigate relationships between the phenotype and the genotype in the patients, and 4) 
it is required for a potential future treatment of the patient by gene therapy. 
Once a patient is diagnosed with FA, several alternatives have been used for FA subtyping. 
Because of the technical difficulties of the cell fusion approaches initially developed by 
Buschwald[4, 5], Hanenberg et al. in 2002 developed a new strategy based on genetic 
complementation strategies with retroviral vectors harboring the different FA genes[74]. 
This strategy, combined with Western blot analyses, principally of the monoubiquitinated 
and non ubiquitinated forms of FANCD2 (to detect if the mutation is upstream  
or downstream FANCD2 monoubiquitination), and also with the analysis of foci of nuclear 
proteins, has allowed the assignment of FA patients to the different complementation 
groups[75]. Sequencing has also been used [76]however, the large number and complexity 
of some FA genes and their mutations, together with the necessity of verifying  
the pathogenicity of each new mutation, implies that subtyping of patients with FA  
by mutational analysis is often time consuming and laborious [75]. Nevertheless, sequencing 
combined with genetic complementation strategies can be useful to deeply characterize  
FA patients. 

6. Current treatments of the bone marrow failure in Fanconi anemia patients 
As discussed above, the BMF is the main cause of mortality in FA patients. Many of the 
treatments of the BMF are palliative and directed to maintain acceptable numbers of 
peripheral blood cells. The use of androgens, in some cases combined with corticoids, 
constitute one of the most common treatments of FA patients in early stages of the disease, 
when a residual endogenous hematopoiesis remains[43, 77]. However, not all the patients 
respond to this treatment and, in most cases the response is slow, transient and normally 
limited to the red blood cells. Although a longer survival has been reported in patients who 
have been treated with androgens, in comparison with those who have not (20 years vs 14 
years) [77], it has been reported that their use might constitute an adverse predictor when 
hematopoietic cell transplantation (HCT) is required [78]. Additionally, side effects such as 
liver tumors[48, 79] and masculinization may occur when androgens are used[80].  
The use of growth factors to activate specific hematopoietic lineages has been also used in 
FA patients[81, 82], although generally with a limited success due to the transient benefit 
[82] and risks of leukemia due to the activation of potential pre-leukemic clones already 
present in the patient[83].  
So far, the only curative treatment capable of restoring the hematopoiesis of FA patients in 
the long-term is allogenic HCT. Many of the obstacles initially found for the HCT of FA 
patients have been overcome nowadays. The hypersensitivity of FA patients to conditioning 
regimens was a limiting factor for the success of the first HCTs in FA patients. However, 
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conditioning is necessary to eliminate the endogenous hematopoiesis and allow the 
engraftment of donor cells. In 1984, Gluckman et al. [84] developed the first successful 
conditioning regimen for FA patients consisting of a low dose of cyclophosphamide (CY) 
and a single dose of total body irradiation (TBI). Since then, many different protocols have 
been developed aiming to limit the radiation exposure in HCT preparative regimens[85], 
and thus to minimize risks of malignancies in the long-term[77]. As a result of these 
improvements, current HCTs from HLA(Human Leukocyte Antigen) identical siblings do 
not generally include irradiation in the conditioning. The use of mild conditioning regimens 
and the inclusion of fludarabine (FLU) (an antimetabolite with profound 
immunosuppressive effects) has, therefore, markedly improved the outcome of HCTs with 
HLA-matched grafts from related donors.  
Although the outcome of transplants from alternative donors in FA has also markedly 
improved in the last decade, the morbidity and mortality associated to these transplants is 
still significant[86]. Problems like graft failure, acute and chronic graft versus host disease 
(GVHD) and opportunistic infections are the major obstacles to address. Again, the 
inclusion of FLU and the use of T cell depletion (TCD) have significantly improved the 
efficacy of the transplant of FA patients from unrelated donors[87]. Recent clinical trials 
conducted in the University of Minnesota have shown the relevance of thymic shielding 
during irradiation with reduced doses of TBI to limit opportunistic infections, and thus to 
increase overall survivals after unrelated HCTs in FA patients[88]. Ideally, transplantation 
should be done previously to the development of a myelodysplasic syndrome or 
leukemia[88]. The success of HCTs in patients that already have developed any of these 
pathologies is limited in comparison to those who have not. The main risk associated with 
the HCT of these patients is that the low doses of radio/chemotherapy that must be used in 
FA patients might not be enough to destroy the endogenous leukemic cells, thus increasing 
the risk of future relapses [88].  
Traditionally the preferential source for the HCT for FA patients was BM or mobilized 
progenitors from peripheral blood (mPB). However, umbilical cord blood is nowadays also 
a good alternative for the transplantation of FA patients. This is not only the case for the 
HCT from HLA-identical siblings - in some instances derived from in vitro fertilization and 
preimplantation genetic diagnosis - but also from unrelated donors[89].  

7. Gene therapy as a new strategy for the treatment of Fanconi anemia 
Hematopoietic gene therapy, defined as the HCT of genetically corrected autologous HSCs, 
is considered a good alternative to allogenic HCT in FA. This strategy would avoid GVHD 
and limit, at least partially, the side effects associated to severe chemo/radiotherapy and 
immunosupression (See review in [90]).  
The previous observation that a number of mosaic FA patients (those who have reverted a 
pathogenic mutation in a HSC) could progressively improve their hematological status[52-
55] opened the possibility of rescuing the BMF of FA patients after the infusion of gene-
corrected HSCs, even in the absence of conditioning. As it is the case with HSCs that have 
reverted a pathogenic mutation, it is expected that ex vivo corrected FA HSCs may also 
develop a proliferation advantage over uncorrected cells, thus restoring progressively 
hematopoietic system of the patient. 
To allow the stable integration of the transgene in the HSCs genome, gamma-retroviral 
vectors (RVs) have been the most frequently used vectors in clinical gene therapy protocols 
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[90, 91]. The principle of most of these protocols was based on the purification of CD34+ 
cells, either from BM or mPB, followed by the transduction with the therapeutic vector, and 
the re-infusion of the transduced cells in the patient, either pre-conditioned or not[91-94]. 
Two different gene therapy trials have been already conducted in FA. The first one was 
developed by Liu and colleagues in FA-C patients [95] and the second one by Kelly and 
colleagues in FA-A patients [96]. Both protocols used similar conditions to those previously 
used for the gene therapy of other monogenic diseases, such as X1-SCID. Essentially, in both 
protocols in vitro pre-stimulated CD34+ cells were transduced with RVs for three or four 
days in culture, and thereafter infused into non conditioned patients. In contrast to the 
results observed in X1-SCID patients, none of these protocols improved the clinical status of 
FA patients, indicating the necessity of improving the therapeutic vector and/or the 
manipulation of the target cells. 

8. Towards the development of improved protocols of Fanconi anemia gene 
therapy  
8.1 Lessons from Fanconi anemia mouse models 
Mouse models represent an invaluable tool for improving the understanding of the 
mechanisms responsible of different pathologies, and also for developing new therapies 
with improved efficacy and reduced side effects. In the case of FA, where intrinsic 
difficulties exist to engraft inmunodeficient mice with BM from FA patients, the relevance of 
mouse models is even higher.  
Different FA mouse models with disruptions in FA genes such as Fanca[97, 98], Fancc[99, 
100], Fancd1(Brca2)[101], Fancd2[102], Fancg[103], Fancm[104] and more recently Fancp 
(Slx4)[105] have been generated (See Table 2). Additionally, a FA mouse model based on the 
deletion of Usp1 (the enzyme responsible for FANCD2 deubiquitination) has been 
described[106]. This gene, however, is not currently considered a FA gene since no FA 
patients have been so far identified with Usp1mutations.  
Although all FA mouse models are characterized by their hypersensitivity to DNA-cross-
linking agents and in some instances to cytokines such as TNFα and IFN( (See Table 2), the 
severe BMF that takes place in FA patients is far from being reproduced in these models. In 
fact, only the recently developed mouse model of FA-P (Btbd12-/- mice) is prone to develop 
marked blood cytopenias, reflected by a reduction in white blood cells (WBCs) and platelets 
in a significant number of animals[105] (Table 2).  
Aiming to generate FA mouse models that resemble more closely the disease observed in 
FA patients, double knock-outs have been also generated. Among these mouse models, only 
the double knock-out Fancc-/-/Fancg-/- mice [107] and the Fancc-/-/Sod1-/- mice showed 
evidences of BMF [108].  
Significantly, although some FA mouse models are prone to develop tumors (i.e. FA-D1, FA-
D2, FA-M), AML is not spontaneously generated in the FA mouse models generated so far. 
Studies conducted in Fancc-/- mice have shown, however, that the ex vivo culture and/or 
incubation of Fancc-/- BM cells with TNF-α, whose expression is significantly increased in FA 
patients, induces leukemic clonal evolution after transplantation [109, 110], suggesting that 
leukemia development in FA patients could be at least partially related to the deregulated 
expression of this cytokine. 
Fanca-/- as well as Fancc-/- mice, and also mice with a hypomorphic mutation in Brca2/Fancd1 
(FA-D1 mice) constitute the FA mouse models more frequently used both to understand the 
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[90, 91]. The principle of most of these protocols was based on the purification of CD34+ 
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role of FA genes in HSCs functionality, and also to evaluate the preclinical efficacy of new 
therapies in FA. Defects in the HSCs have been observed in all tested FA mouse models, not 
only in terms of clonogenic potential, but also regarding the engrafting ability and 
repopulating properties of these cells (see Table 2). Although no aplastic anemia was 
observed in FA-D1 mice, this mouse model showed a more severe hematopoietic phenotype 
compared to other models with mutations in FA genes upstream in the FA/BRCA 
pathway[111]. In this respect, results from our laboratory showed a defective function in the 
repopulating potential of endogenous FA-D1 HSCs in their own natural microenvironment. 
This was demonstrated by the observation that BM cells from WT animals could repopulate 
in the long-term the hematopoietic tissues of FA-D1 unconditioned recipients [111]. This 
contrasts with studies conducted in other FA mouse models where only after the treatment 
with IFNγ [112, 113] or DNA damaging drugs, wild-type BM cells could be engrafted in FA 
recipients (Table 2). 
In the field of gene therapy, it was shown for the first time in Fancc-/- mice that the retroviral-
mediated expression of Fancc corrects the defective repopulation ability of FA HSCs[114]. 
Similar conclusions were obtained in different FA mouse models using RVs, Lentiviral and 
also Foamyviral vectors (LVs and FVs; Table 1). Significantly, Li et al. showed that the ex vivo 
culture of Fancc-/- HSCs increases apoptosis and promotes the development of clonal 
aberrations[109]. Studies conducted with Fanca-/- and Fancc-/- mice showed, on the other 
hand, that rapid transductions with LVs or FVs markedly improved the repopulating 
properties of the HSCs (Table 2). Taken together, these studies suggest the convenience of 
using similar short-transduction protocols in human FA gene therapy.  
Working with the FA-D1 mouse model, our group showed that the infusion of LV-
transduced cells in mice pre-treated with a mild conditioning results in a progressive 
increase in the proportion of genetically-corrected cells, in the absence of any selection 
treatment. This is in contrast to data obtained in other FA mouse models, where exposures 
to cytokines or DNA damaging agents were required (Table 2). Moreover, our data showed 
that in the long term after transplantation, most of the hematopoietic cells of recipient FA-
D1 mice were resistant to otherwise cyototoxic doses of MMC and became genetically stable 
[115], suggesting that a similar proliferation advantage of ex vivo corrected HSCs may occur 
in FA clinical trials.  

8.2 Lessons from in vitro studies conducted with bone marrow samples from  
FA patients 
Based on the current knowledge on the biology of FA cells, it is now clear that marked 
differences distinguish FA HSCs from HSCs successfully treated with gene therapy (i.e. X1-
SCID HSCs). In this respect, it has been already shown that in the case of FA HSCs, in vitro 
incubation induces apoptosis and genomic instability [109, 116, 135]. Therefore, it is now 
considered that short transduction strategies would improve the possibilities of engrafting 
FA patients with genetically corrected cells, as it has been already shown in FA mouse 
models [119, 125]. 
Because of the limited number of hematopoietic progenitors and HSCs present in the BM of 
FA patients [136], we hypothesized that these precursor cells would be actively cycling in 
the patient and therefore, directly susceptible to transduction with RVs without further in 
vitro stimulation. Consistent with this hypothesis, our studies showed that hematopoietic 
progenitors from FA patients can be efficiently transduced by Gibbon Ape Leukemia Virus 
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(GALV)-packaged RVs in protocols that lasted only 12-24 h [136]. Whether or not the most 
primitive HSCs were also efficiently transduced in these protocols is, however, unknown 
due to current limitations to engraft immunodeficient animals with BM from FA patients.  
 

 

BMF: Bone marrow failure; CTK: Cytokines; CFC: colony forming cell; Chemo: chemotherapy; CPA: 
cyclophosfamide; CRA: Competitive repopulation ability; FV: foamyviral vector; HSC: hematopoietic 
stem cell; IR: Ionizing radiation; LV: lentiviral vector; MMC: Mitomycin C; RV: Retroviral vector 

Table 2. Principal characteristics of the hematopoietic system of FA mouse models and 
results from ex vivo HSC gene therapy.  

Experimental studies [137, 138] and more recently also human trials[139, 140] have 
demonstrated that LVs currently constitute the most efficient clinical vectors for stably 
transducing HSCs after very short transduction periods. Additional studies have shown that 
these vectors facilitate the stable expression of the transgene in vivo, while transgene 
inactivation has been frequently reported in RVs[137]. Finally, but not less importantly, LVs 
have shown improved safety properties, compared to the RVs already used in human gene 
therapy [141-145].  
Concerning the level of expression that is required for inducing a therapeutic effect in FA 
cells, we have recently shown in FA-A and FA-D2 cells that a weak expression of FA genes, 
at least FANCA and FANCD2, is sufficient to revert the FA phenotype of hematopoietic cells 
([146],[147] and unpublished data). Because FA-A is the most frequent FA complementation 
group [75, 148] our group [147], as well as Hans-Peter Kiem group[149] have proposed 
independently the same LV construct for the gene therapy of FA patients. In this vector 
FANCA expression is driven by the phosphoglycerate kinase (PGK) promoter and stabilized 
by a mutated version of the posttranscriptional regulatory element (WPRE) [147, 149](see 
Figure 2). 
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Fig. 2. Illustration of the FANCA-LV proposed independently by González-Murillo et al 
[147] and Becker et al [149] for the gene therapy of FA-A patients.  

Studies conducted with BM samples from FA patients have also shown that FA progenitor 
cells are highly sensitive to cytokines such as TNF-α or IFN- γ and also to reactive oxygen 
species (ROS) [121, 150-154]. Thereafter it was shown that the use of ex vivo manipulation 
conditions that limit the oxidative damage (hypoxia or inclusion of N-acetyl-cysteine) 
improved the growth of FA progenitor cells[149, 155]. Similar observations were obtained 
when TNF-α was specifically inhibited with antibodies[72, 136]. Based on these observations 
and with the aim of improving the repopulation potential of genetically corrected HSCs, 
many of the experimental protocols aiming the genetic correction of FA HSCs use hypoxia 
and antibody-mediated inhibition of TNF-α[149, 155]. 
Concerning the ideal target population to be transduced in FA gene therapy trials, we 
reasoned that, if possible, the transduction of total BM would be the preferential option[155]. 
This suggestion derives from the fact that in FA every type of HSC, and also of accessory 
BM cell, would be directly affected by the genetic defect. Therefore, the genetic correction of 
each of these populations might be useful for the engraftment of the patient. Using GALV-
TR (modified GALV envelope) packaged LVs carrying FANCA and/or EGFP, we 
demonstrated the possibility of efficiently transducing hematopoietic and mesenchymal 
progenitor cells in FA BM samples subjected to a very simple erythrocyte’s depletion[155]. 
Although our data showed that, in contrast to LVs packaged with the G-protein from 
Vesicular Stomatitis Virus (VSV-G), GALV-TR packaged LVs can efficiently transduce FA 
BM samples at low multiplicities of infection (around 1-3 infective units/cell), there are still 
limitations in the production of GMP GALV-TR LVs at high titers. Because high MOIs 
(Multiplicity of infection) of VSV-G LVs produced in conditions approved for clinical use 
(GMP) are required to achieve efficient transductions, purified CD34+ or CD133+ cells 
currently constitute the preferential populations to be used in the next FA gene therapy 
protocols[156].  

9. Perspectives for the future gene therapy of Fanconi anemia patients 
The discovery by S. Yamanaka that the transfer of a few transcription factors can reprogram 
adult somatic cells and generate induced pluripotential cells (iPS cells) [157] has opened new 
perspectives for the cell and gene therapy of different diseases, particularly in FA. The 
collaborative study conducted between our group and J.C. Izpisua-Belmonte and J. Surralles 
groups demonstrated for the first time the possibility of generating disease-free hematopoietic 
progenitors from genetically corrected fibroblasts from patients with a monogenic disease, 
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specifically FA patients[158, 159]. Although the technology related to iPS cell generation 
should be further improved both in terms of efficiency and safety, these strategies have 
opened an unpredicted applicability in the management of genetic diseases like FA. 

10. Concluding remarks  
Since the description of the first FA patient by Guido Fanconi in 1927, an extraordinary 
advance in the understanding of the mechanisms accounting for the disease has occurred. 
Although more work is still required to elucidate the interactions between the FA/BRCA 
pathway with the different mechanisms of DNA repair, the relevance of this pathway in the 
repair of different insults to the DNA is now clear, accounting for the involvement of the 
FA/BRCA pathway in hereditary and also acquired cancer. Significant advances in the 
management of the hematopoietic syndromes that FA patients suffer have been produced 
within the last years, particularly in the field of hematopoietic transplantation. Thanks to these 
advantages, FA is nowadays not considered a restricted pediatric disease. New challenges 
have therefore emerged, particularly due to the necessity of developing improved therapies 
for syndromes that appear in adult FA patients, such as squamous cell carcinomas.  
As happened in other diseases, gene therapy was soon considered a good option for the 
treatment of the BMF in FA patients. Although intrinsic difficulties in the manipulation of 
FA HSCs have limited the success of FA gene therapy, new vectors and improved FA HSC 
manipulations have emerged from studies conducted with FA mouse models and with 
samples from FA patients. All these technical advances have opened new hopes for the 
application of gene therapy in FA.  
Finally, as it was the case with the clinical application of cord blood cells [160] or cells 
derived from siblings selected by pre-implantation genetic diagnosis[161, 162], FA is the first 
genetic disease where disease-free blood cells from non hematopoietic tissues, have been 
generated [158]. It is our hope that all these advances may have a translational clinical 
impact in our patients in the near future.  
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1. Introduction 
DNA repair defect is one of the hallmarks of tumorigenesis, and is intimately linked to 
various human cancers, both inherited and sporadic (1). The two best examples are perhaps 
the DNA mismatch repair pathway in colorectal cancer, and the Fanconi Anemia/Brca 
(Fanc/Brca) pathway in head and neck squamous cell carcinomas (HNSCCs) (1). In this 
book chapter, I will review the updated knowledge of Fanc/Brca pathway in human cancers 
particularly in HNSCCs.  
Fanconi anemia is a rare autosomal recessive or X-linked chromosomal instability disorder, 
with incidence of 1 to 5 cases per millions. The affected children have multiple congenital 
defects, and typically develop bone marrow failure during the first decade of life. They are 
at the risk for developing hematological cancers with the acute myelogenous leukemia 
(AML) the most frequent (2). Recently studies also showed a predisposition of Fanconi 
anemia patients to multiple solid tumors (3, 4), particularly to HNSCCs (5). Other tumors 
include gynecologic SCCs, and tumors of esophagus, liver, and skin (3, 4). Since Fanconi 
anemia is characterized by spontaneous chromosome breakage and cellular hypersensitivity 
to DNA cross-linking agents, such as mitomycin C, or diepoxybutane (DEB), the DEB-
induced chromosome-breakage assay is widely used as a diagnostic test for Fanconi anemia 
patients, and the complementation test is used to define the Fanconi anemia subtypes. 
Androgens, hematopoietic growth factors, or stem-cell transplantation is currently used for 
treating bone marrow failure in Fanconi anemia patients(2).  
The Fanconi anemia pathway is complex and interacts with other DNA repair pathways (6, 
7). The pathway itself is regulated by so far thirteen Fanconi anemia proteins (FANCA, B, C, 
D1, D2, E, F, G, I, J, L, M and N). Among those proteins, eight are assembled in a nuclear 
ubiquitin E3 ligase complex (FANCA/B/C/E/F/G/L/M), known as the Fanconi anemia 
core complex, which mono-ubiquitinates FANCD2 and FANCI. The mono-ubiquitinated 
FANCD2/FANCI complex is targeted to chromatin, where it interacts, either directly  
or indirectly, with additional downstream Fanconi anemia proteins (FANCD1, FANCN, and 
FANCJ) (6, 7). The first evidence of the convergence of Fanconi anemia pathway with  
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the Breast cancer (Brca) pathway came from the finding that the breast cancer susceptibility 
gene, Brca2 is actually identical to a Fanconi anemia gene, FANCD1 (8). Later studies 
showed that Fanconi anemia proteins form foci with Brca1, another major breast cancer 
susceptibility gene, and Rad51 for DNA repair (9). In addition, Brca1 and Brca2 also interact 
with another Fanconi anemia protein, FANCN (10, 11). Thus the Fanconi anemia and  
Brca pathways are intimately connected, and are summarized as Fanc/Brca pathway 
[Figure 1]. 
 

 
Fig. 1. Schematic of Fanc/Brca pathway in DNA repair. A-D1, D2, E-G, I-J, N stands for 
Fanconi anemia proteins FancA-D1, FancD2, FancE-G, FancI-J, and FancN.  

2. Fanc/Brca pathway and human cancers 
As briefly mentioned in the introduction section, the correlations of Fanc/Brca pathway and 
human cancers are well demonstrated by at least three lines of evidence: I). Susceptibility to 
various human cancers, including both hematologic and solid tumors in homozygous 
Fanconi anemia patients (3, 4). About one-third of Fanconi anemia patients will develop 
either hematologic or solid tumors by the age of 40 years. While AML is the predominant 
among hematologic cancers, squamous cell carcinomas (SCC) are the majority group of solid 
tumors developed in Fanconi anemia patients (3, 4). SCC of head and neck region is the 
most common (5), followed by SCC of gynecological system (vulva and cervix), esophagus, 
and skin (3, 4). II). Increased risk of cancers in heterozygous carriers of gene mutations in the 
Fanc/Brca pathway. The most common cancers in the heterozygous carriers of the 
Fanc/Brca gene mutations are breast and ovarian cancers (2, 12). In addition, development 
of pancreatic cancer was also reported in the heterozygous carriers of Fanc/Brca gene 
mutations, including FANCC, FANCG, and FANCN/PALB2 (13-15). Other cancers 
associated with heterozygous Fanc/Brca gene mutations are mainly prostate, lung, gastric 
cancer, and melanoma (16, 17). III). Molecular alterations of Fanc/Brca pathway genes in 
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sporadic human cancers. The most common molecular alteration of the Fanc/Brca pathway 
genes in sporadic human cancers is epigenic silencing of FANCF gene, which is most 
frequently seen in ovarian (18), cervical cancers (19), non-small-cell lung cancers (20), and 
HNSCC (20). In addition, methylation of Brca1 has also been reported in breast, ovarian, 
and non-small-cell lung cancers (20, 21). 

3. Fanc/Brca pathway and HNSCCs: Clinical and molecular studies 
HNSCC refers to SCCs arising from oral cavity, tongue, pharyngeal and laryngeal regions, 
and is the 6th most common human cancer worldwide. There are about 600,000 new cases 
and 350,000 cancer deaths worldwide each year (22, 23). HNSCCs usually occur in relatively 
late age of life, and higher in male with well known etiological factors of tobacco and/or 
alcohol (22, 23). However, the incidence of HNSCC is increasing recently in women with 
relatively young age, and correlates with human papilloma virus (HPV) infection (22, 23). 
The inherited form of HNSCC is very rare, in comparison with those in colorectal or breast 
cancers. Thus, the higher incidence of HNSCC developed in Fanconi anemia patients is both 
interesting and surprising. Thus, the Fanconi anemia patients may represent the first and 
perhaps the only one example of hereditary cancer syndromes predisposing to HNSCC.  
The first evidence of high incidence of HNSCC in the Fanconi anemia patients came from 
studies of a 20-year perspective on 754 Fanconi anemia patients from the International 
Fanconi Anemia Registry (3, 5). These studies combined with another study showed that 
incidence of HNSCC is about 500 to 700 times increased in Fanconi anemia patients than 
those in general population (3-5).  The Fanconi anemia patients ranged from 15 to 49 years 
of age, and comprised subtypes of FANCA, C, D2, F, G and nontype ones, and patients with 
HNSCC were found in these subtypes except FANCD2 and FANCF (3, 5). The incidence of 
HNSCC is even higher in the Fanconi anemia patients after hematopoietic stem cell 
transplantation (24). Compared to about 3% of HNSCC incidence in the Fanconi anemia 
patients before bone marrow transplantation, the incidence of HNSCCs increases more than 
3 fold to about 10% in the Fanconi anemia patients after bone marrow transplantation (24). 
While most of the Fanconi anemia patients develop bone marrow failure before their cancer 
development, there are about 20% of patients, often with milder physical and hematologic 
phenotypes, having developed solid tumors before the diagnosis of Fanconi anemia. These 
so-called adult head and neck cancer and hematopoietic mosaicism have been described in 
patients as mosaicism of 2 populations of cells in blood, one carrying FA defect, and the 
other seemingly normal (25). These findings have great impact on understanding the causal 
pathway of head and neck cancers in general population. Although there are no reports of 
genetic mutations in Fanc/Brca pathway in HNSCCs, FANCB and FANCF methylation 
have been described in about 31% and 15% of sporadic HNSCCs, respectively (20, 26). In 
addition, loss or reduced expression of FANC/Brca pathway genes, such as FANCB, 
FANCF, FANCJ, FANCM, Brca1, Brca2, FANCD2 and FANCG have been reported in 
sporadic HNSCCs (27, 28). Interestingly, reduced expression of FANCA and FANCG is 
more common in young HNSCC patients than older ones, suggesting different molecular 
mechanisms of HNSCC tumorigenesis between younger and older patients (29). 
Given the clinical characteristics of HNSCC in Fanconi anemia patients, it is speculated that 
the molecular characteristics of HNSCC from Fanconi anemia patients might be different 
from sporadic HNSCC patients. It was suggested that Fanconi anemia patients have higher 
susceptibility to HPV-induced HNSCC (30). However, separate studies failed to show the 
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the Breast cancer (Brca) pathway came from the finding that the breast cancer susceptibility 
gene, Brca2 is actually identical to a Fanconi anemia gene, FANCD1 (8). Later studies 
showed that Fanconi anemia proteins form foci with Brca1, another major breast cancer 
susceptibility gene, and Rad51 for DNA repair (9). In addition, Brca1 and Brca2 also interact 
with another Fanconi anemia protein, FANCN (10, 11). Thus the Fanconi anemia and  
Brca pathways are intimately connected, and are summarized as Fanc/Brca pathway 
[Figure 1]. 
 

 
Fig. 1. Schematic of Fanc/Brca pathway in DNA repair. A-D1, D2, E-G, I-J, N stands for 
Fanconi anemia proteins FancA-D1, FancD2, FancE-G, FancI-J, and FancN.  

2. Fanc/Brca pathway and human cancers 
As briefly mentioned in the introduction section, the correlations of Fanc/Brca pathway and 
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tumors developed in Fanconi anemia patients (3, 4). SCC of head and neck region is the 
most common (5), followed by SCC of gynecological system (vulva and cervix), esophagus, 
and skin (3, 4). II). Increased risk of cancers in heterozygous carriers of gene mutations in the 
Fanc/Brca pathway. The most common cancers in the heterozygous carriers of the 
Fanc/Brca gene mutations are breast and ovarian cancers (2, 12). In addition, development 
of pancreatic cancer was also reported in the heterozygous carriers of Fanc/Brca gene 
mutations, including FANCC, FANCG, and FANCN/PALB2 (13-15). Other cancers 
associated with heterozygous Fanc/Brca gene mutations are mainly prostate, lung, gastric 
cancer, and melanoma (16, 17). III). Molecular alterations of Fanc/Brca pathway genes in 
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sporadic human cancers. The most common molecular alteration of the Fanc/Brca pathway 
genes in sporadic human cancers is epigenic silencing of FANCF gene, which is most 
frequently seen in ovarian (18), cervical cancers (19), non-small-cell lung cancers (20), and 
HNSCC (20). In addition, methylation of Brca1 has also been reported in breast, ovarian, 
and non-small-cell lung cancers (20, 21). 

3. Fanc/Brca pathway and HNSCCs: Clinical and molecular studies 
HNSCC refers to SCCs arising from oral cavity, tongue, pharyngeal and laryngeal regions, 
and is the 6th most common human cancer worldwide. There are about 600,000 new cases 
and 350,000 cancer deaths worldwide each year (22, 23). HNSCCs usually occur in relatively 
late age of life, and higher in male with well known etiological factors of tobacco and/or 
alcohol (22, 23). However, the incidence of HNSCC is increasing recently in women with 
relatively young age, and correlates with human papilloma virus (HPV) infection (22, 23). 
The inherited form of HNSCC is very rare, in comparison with those in colorectal or breast 
cancers. Thus, the higher incidence of HNSCC developed in Fanconi anemia patients is both 
interesting and surprising. Thus, the Fanconi anemia patients may represent the first and 
perhaps the only one example of hereditary cancer syndromes predisposing to HNSCC.  
The first evidence of high incidence of HNSCC in the Fanconi anemia patients came from 
studies of a 20-year perspective on 754 Fanconi anemia patients from the International 
Fanconi Anemia Registry (3, 5). These studies combined with another study showed that 
incidence of HNSCC is about 500 to 700 times increased in Fanconi anemia patients than 
those in general population (3-5).  The Fanconi anemia patients ranged from 15 to 49 years 
of age, and comprised subtypes of FANCA, C, D2, F, G and nontype ones, and patients with 
HNSCC were found in these subtypes except FANCD2 and FANCF (3, 5). The incidence of 
HNSCC is even higher in the Fanconi anemia patients after hematopoietic stem cell 
transplantation (24). Compared to about 3% of HNSCC incidence in the Fanconi anemia 
patients before bone marrow transplantation, the incidence of HNSCCs increases more than 
3 fold to about 10% in the Fanconi anemia patients after bone marrow transplantation (24). 
While most of the Fanconi anemia patients develop bone marrow failure before their cancer 
development, there are about 20% of patients, often with milder physical and hematologic 
phenotypes, having developed solid tumors before the diagnosis of Fanconi anemia. These 
so-called adult head and neck cancer and hematopoietic mosaicism have been described in 
patients as mosaicism of 2 populations of cells in blood, one carrying FA defect, and the 
other seemingly normal (25). These findings have great impact on understanding the causal 
pathway of head and neck cancers in general population. Although there are no reports of 
genetic mutations in Fanc/Brca pathway in HNSCCs, FANCB and FANCF methylation 
have been described in about 31% and 15% of sporadic HNSCCs, respectively (20, 26). In 
addition, loss or reduced expression of FANC/Brca pathway genes, such as FANCB, 
FANCF, FANCJ, FANCM, Brca1, Brca2, FANCD2 and FANCG have been reported in 
sporadic HNSCCs (27, 28). Interestingly, reduced expression of FANCA and FANCG is 
more common in young HNSCC patients than older ones, suggesting different molecular 
mechanisms of HNSCC tumorigenesis between younger and older patients (29). 
Given the clinical characteristics of HNSCC in Fanconi anemia patients, it is speculated that 
the molecular characteristics of HNSCC from Fanconi anemia patients might be different 
from sporadic HNSCC patients. It was suggested that Fanconi anemia patients have higher 
susceptibility to HPV-induced HNSCC (30). However, separate studies failed to show the 
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link between Fanconi Anemia and HPV-associated HNSCC (31), and molecular 
characteristics of HNSCC from Fanconi Anemia patients are not significantly different from 
sporadic HNSCC, except for the sensitivity to the chemotherapy drug, cisplatin (32). 
Interestingly, a study showed that cigarette smoke, one of the major etiological factors in 
sporadic HNSCC, induces genetic instability by suppressing FANCD2 expression (33), 
suggesting the molecular similarities shared between HNSCC from Fanconi Anemia 
patients and sporadic HNSCC. 

4. Fanc/Brca pathway and HNSCCs: Lessons from animal models 
Utilizing genetically engineered mouse models of Fanc/Brca pathway provides a powerful 
platform to study the causal role of Fanc/Brca pathway in human cancer development, 
including HNSCC (34). The first mouse model demonstrating the role of Fanc/Brca 
pathway in epithelial cancer development is the FANCD2 knockout mouse (35). FANCD2 is 
the common downstream effector of the Fanconi anemia nuclear complex, and acts as 
readout for the Fanc/Brca pathway. In addition, it forms nuclear foci with Rad51 and Brca1 
for functional DNA repair (6, 7) [Figure 1]. Similar to human Fanconi anemia patients, 
FANCD2 knockout mice exhibited sensitivity to DNA interstrand cross-linking agents. 
Further more, these mice developed epithelial cancers in various organs, including 
mammary, bronchoalveolar, lung, and ovarian cancers (35). Knockout FANCD1/Brca2 
developed breast and ovarian cancers; in addition, high incidence of squamous cell 
carcinoma of forestomach was seen in these mice (36). Cancer development, progression, 
and latency of both models were further enhanced by combination with p53 knockout (37, 
38). Mice with germline knockout of FANCA and FANCC also developed sarcoma, 
lymphoma, and adenocarcinomas (34). 
Using tissue specific promoters, such as Keratin 5, or 14, which target gene specifically in 
stratified epithelial cells (39), several studies showed that disruption of Fanc/Brca pathway 
lead to development of squamous cell carcinoma in multiple organs. For example, tissue 
specific deletion of Brca1 driven by Keratin 5 in mice developed squamous cell carcinomas 
in skin, ear canal, oral cavity, esophagus, and forestomach (40). Furthermore, another study, 
using tissue specific promoter Keratin 14-driven HPV mice crossed with FANCD2 knockout 
mice, showed an increased susceptibility to HNSCC when treated with a chemical 
carcinogen, supporting the hypothesis that Fanconi anemia patients have increased 
susceptibility to HPV-associated HNSCC observed in human samples (41). 
Although the germline or tissue specific knockout mouse models of Fanc/Brca pathway 
suggested a causal role of this pathway in HNSCC tumorgenesis, the various types of cancers 
developed in multiple organs still hampered the study of this pathway specifically in HNSCC 
pathogenesis. To overcome this problem, we recently developed an inducible head-and-neck 
region specific knockout system (42, 43). This system uses the Keratin 5 or Keratin 14 promoter 
to direct head-and-neck specific expression of CrePR1, a fusion protein comprised of Cre 
recombinase fused to a truncated progesterone receptor ligand binding domain (ΔPR). In this 
system, RU486 treatment causes the CrePR1 fusion protein to translocate into the nucleus 
where it excises DNA sequences that have been flanked by loxP sites (“floxed”). Since the 
Keratin 5 or 14 promoter targets transgene expression to epithelial stem cells of the basal layer 
of stratified epithelium, such as head and neck epithelia, once RU486-induced excision occurs 
in stem cells, the stratified epithelium will eventually be replaced by cells in which the targeted 
gene is deleted for the lifetime of the mice (42, 43) [Figure 2].  
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Fig. 2. Inducible head and neck specific gene knockout system. 

We have used this system to establish a metastatic HNSCC mouse model in which Smad4, 
the central signal mediator of transforming growth factor β (TGFβ) is specifically deleted in 
the head and neck epithelia (43). TGFβ is a multifunctional cytokine that regulates cell 
proliferation, apoptosis, tissue remodeling, and angiogenesis. In addition, TGFβ is also 
known to regulate genomic stability (44). The TGFβ signaling initiates from ligand binding 
to heteromers of TGFβ type I and type II receptors, and activate intracellular signal 
mediators Smad2 and Smad3 through phosphorylation. Smad3 binds to the smad-binding 
element (SBE) of a target gene, and subsequently recruits Smad4 to the same SBE. The Smad 
complexes then translocate to the nuclus to regulate gene expression of Smad targets 
involved in a wide variety of cancer-related processes (44) [Figure 3]. When the Smad4 gene 
is specifically deleted in mouse head and neck epithelia, the mice developed spontaneous 
HNSCC (43). Interestingly, the Smad4-/- head and neck epithelia and tumors exhibited 
genomic instability as revealed by abnormal centrosomes, increased genomic aberrations, 
and increased sensitivity to mitomycin C. Further molecular analysis found that Fanc/Brca 
pathway gene expression and function correlate with Smad4 expression level. Specific 
knockdown of Smad4 in normal keratinocytes decreases expression of Fanc/Brca pathway 
genes, such as FancA, FancD2, Brca1, and Rad51. Restoration of Smad4 in a Smad4-null 
HNSCC cell line Cal27, increases the expression of Brca1 and Rad51 and the number of 
DNA repair nuclear foci. Interestingly, SBE sites were found in the promoters of FancA, 
FancD2, and Brca1 genes, suggesting that these genes may be transcriptional targets of 
TGFβ/Smad4 signaling pathway (43). Thus, the TGFβ/Smad4 signaling pathway is directly 
connected with the Fanc/Brca pathway in HNSCC tumorigenesis [Figure 3]. 

5. Components of FA/Brca pathway as targets for cancer therapy  
DNA repair genes, including Fanc/Brca pathway, critically regulate the cellular response to 
chemotherapy and radiation therapy (45). The Fanc/Brca pathway regulates genomic 
stability required for cellular resistance to DNA cross-linking agents, thus the defects of this 
pathway contribute to chemo-, or radiation sensitivities (46). 
The milestone discovery for Fanc/Brca pathway conferring chemosensitivity came from 
the discovery of epigenic silencing of FANCF in ovarian cancer (18). Ovarian cancer cells  
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link between Fanconi Anemia and HPV-associated HNSCC (31), and molecular 
characteristics of HNSCC from Fanconi Anemia patients are not significantly different from 
sporadic HNSCC, except for the sensitivity to the chemotherapy drug, cisplatin (32). 
Interestingly, a study showed that cigarette smoke, one of the major etiological factors in 
sporadic HNSCC, induces genetic instability by suppressing FANCD2 expression (33), 
suggesting the molecular similarities shared between HNSCC from Fanconi Anemia 
patients and sporadic HNSCC. 

4. Fanc/Brca pathway and HNSCCs: Lessons from animal models 
Utilizing genetically engineered mouse models of Fanc/Brca pathway provides a powerful 
platform to study the causal role of Fanc/Brca pathway in human cancer development, 
including HNSCC (34). The first mouse model demonstrating the role of Fanc/Brca 
pathway in epithelial cancer development is the FANCD2 knockout mouse (35). FANCD2 is 
the common downstream effector of the Fanconi anemia nuclear complex, and acts as 
readout for the Fanc/Brca pathway. In addition, it forms nuclear foci with Rad51 and Brca1 
for functional DNA repair (6, 7) [Figure 1]. Similar to human Fanconi anemia patients, 
FANCD2 knockout mice exhibited sensitivity to DNA interstrand cross-linking agents. 
Further more, these mice developed epithelial cancers in various organs, including 
mammary, bronchoalveolar, lung, and ovarian cancers (35). Knockout FANCD1/Brca2 
developed breast and ovarian cancers; in addition, high incidence of squamous cell 
carcinoma of forestomach was seen in these mice (36). Cancer development, progression, 
and latency of both models were further enhanced by combination with p53 knockout (37, 
38). Mice with germline knockout of FANCA and FANCC also developed sarcoma, 
lymphoma, and adenocarcinomas (34). 
Using tissue specific promoters, such as Keratin 5, or 14, which target gene specifically in 
stratified epithelial cells (39), several studies showed that disruption of Fanc/Brca pathway 
lead to development of squamous cell carcinoma in multiple organs. For example, tissue 
specific deletion of Brca1 driven by Keratin 5 in mice developed squamous cell carcinomas 
in skin, ear canal, oral cavity, esophagus, and forestomach (40). Furthermore, another study, 
using tissue specific promoter Keratin 14-driven HPV mice crossed with FANCD2 knockout 
mice, showed an increased susceptibility to HNSCC when treated with a chemical 
carcinogen, supporting the hypothesis that Fanconi anemia patients have increased 
susceptibility to HPV-associated HNSCC observed in human samples (41). 
Although the germline or tissue specific knockout mouse models of Fanc/Brca pathway 
suggested a causal role of this pathway in HNSCC tumorgenesis, the various types of cancers 
developed in multiple organs still hampered the study of this pathway specifically in HNSCC 
pathogenesis. To overcome this problem, we recently developed an inducible head-and-neck 
region specific knockout system (42, 43). This system uses the Keratin 5 or Keratin 14 promoter 
to direct head-and-neck specific expression of CrePR1, a fusion protein comprised of Cre 
recombinase fused to a truncated progesterone receptor ligand binding domain (ΔPR). In this 
system, RU486 treatment causes the CrePR1 fusion protein to translocate into the nucleus 
where it excises DNA sequences that have been flanked by loxP sites (“floxed”). Since the 
Keratin 5 or 14 promoter targets transgene expression to epithelial stem cells of the basal layer 
of stratified epithelium, such as head and neck epithelia, once RU486-induced excision occurs 
in stem cells, the stratified epithelium will eventually be replaced by cells in which the targeted 
gene is deleted for the lifetime of the mice (42, 43) [Figure 2].  
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Fig. 3. Potential mechanism for chromosome instability in HN-Smad4-/- Lesions. HN: head 
and neck 

are usually hypersensitive to chemotherapeutic drug, such as cisplatin initially, but become 
resistant to the drug over time. The underlying molecular mechanism was revealed to be 
due to DNA methylation of the CpG island of FANCF, and the resistance is correlated with 
demethylation of FANCF (18). This study questioned the application of demethylation 
agents in treatment of ovarian cancer, and suggested that targeted disruption of Fanc/Brca 
pathway may be a better therapeutic option for ovarian cancer (18). While similar results of 
targeting Fanc/Brca pathway in sensitizing chemotherapy were reported in other types of 
cancers, such as colorectal cancer, peritoneal carcinomas, and multiple myeloma (47-50), the 
results from HNSCC are still controversial. It was reported that targeting Fanc/Brca 
pathway by the histone deacetylase inhibitor phenybutyrate sensitizes human HNSCC cells 
to cisplatin (51). However, a separate study failed to correlate Fanc/Brca pathway 
inactivation with cisplatin sensitivity based on lack of evidence of FANCF methylation, and 
down-regulation of other Fanconi anemia genes (52). Another interesting finding for the 
mechanisms of cisplatin resistance in ovarian cancer is to identify secondary mutations of 
Brca2/FANCD1 (53) and Brca1 gene (54). Similar mutations of Brca2/FANCD1 have also 
been detected in pancreatic cancers (55). All these results highlight the functional 
importance of Fanc/Brca pathway in modulating sensitivity of cancer chemotherapy (50). 
Recent studies showed that cancer cells deficient in DNA repair pathways become highly 
dependent on alternative pathways for survival (45). For example, cancers deficient in Brca1 
or Brca2 usually exhibit impaired ability to repair double-stranded DNA breaks via 
homologous recombination (56, 57). Moreover, in the setting of defective homologous 
recombination, inhibition of a second DNA repair pathway, such as base excision repair, 
is often a lethal event (56, 57). This so called “synthetic lethality” has been utilized in 
designing the ultimate cancer therapy (45). One of the best examples is to apply 
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poly(ADP-ribose) polymerase 1 (PARP1) inhibitors in breast or ovarian cancer patients 
with Brca1 or Brca 2 mutation (56-59). PARP1 is a nuclear protein that rapidly binds to 
DNA single-strand breaks and facilitates DNA repair (60). Use of the PARP1 inhibitor also 
induced significant sensitization to radiation therapy in HNSCC cells (61). Although 
alterations of Brca1 and Brca2 are rare in human HNSCC, HNSCC with loss of Smad4 are 
common and exhibit Fanc/Brca pathway defects in DNA repair as we showed previously 
(43), thus, providing a promising rationale and biomarker in utilizing PARP1 inhibitor for 
cancer therapy in HNSCC with Smad4 loss. In addition to the sensitivity to PARP1 
inhibition, Fanc/Brca pathway-deficient tumor cells are also hypersensitive to inhibition 
of ataxia telangiectasia mutated kinase ATM (62), and checkpoint kinase CHK1 (63). With 
discoveries of more pathways, defects in which confer synthetic lethality with defects in 
Fanc/Brca pathway, more sophisticated and efficient therapeutic approaches will be 
designed and tested. 

6. Future perspectives 
Defect of Fanc/Brca pathway represents by far the only genetic predisposition to HNSCC 
through clinical genetic studies. Given the complexity of this pathway and its interaction 
with other DNA repair pathways, there are still lots of unanswered questions about the 
molecular mechanisms of this pathway in HNSCC tumorigenesis. However, with more 
biomarkers being identified and utilized to stratify HNSCC patients with particular defects 
of Fanc/Brca pathway, a personalized therapy with more efficacy and less side effect will 
ultimately be available, which will have significant impact on HNSCC management.  
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pathway may be a better therapeutic option for ovarian cancer (18). While similar results of 
targeting Fanc/Brca pathway in sensitizing chemotherapy were reported in other types of 
cancers, such as colorectal cancer, peritoneal carcinomas, and multiple myeloma (47-50), the 
results from HNSCC are still controversial. It was reported that targeting Fanc/Brca 
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inactivation with cisplatin sensitivity based on lack of evidence of FANCF methylation, and 
down-regulation of other Fanconi anemia genes (52). Another interesting finding for the 
mechanisms of cisplatin resistance in ovarian cancer is to identify secondary mutations of 
Brca2/FANCD1 (53) and Brca1 gene (54). Similar mutations of Brca2/FANCD1 have also 
been detected in pancreatic cancers (55). All these results highlight the functional 
importance of Fanc/Brca pathway in modulating sensitivity of cancer chemotherapy (50). 
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dependent on alternative pathways for survival (45). For example, cancers deficient in Brca1 
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poly(ADP-ribose) polymerase 1 (PARP1) inhibitors in breast or ovarian cancer patients 
with Brca1 or Brca 2 mutation (56-59). PARP1 is a nuclear protein that rapidly binds to 
DNA single-strand breaks and facilitates DNA repair (60). Use of the PARP1 inhibitor also 
induced significant sensitization to radiation therapy in HNSCC cells (61). Although 
alterations of Brca1 and Brca2 are rare in human HNSCC, HNSCC with loss of Smad4 are 
common and exhibit Fanc/Brca pathway defects in DNA repair as we showed previously 
(43), thus, providing a promising rationale and biomarker in utilizing PARP1 inhibitor for 
cancer therapy in HNSCC with Smad4 loss. In addition to the sensitivity to PARP1 
inhibition, Fanc/Brca pathway-deficient tumor cells are also hypersensitive to inhibition 
of ataxia telangiectasia mutated kinase ATM (62), and checkpoint kinase CHK1 (63). With 
discoveries of more pathways, defects in which confer synthetic lethality with defects in 
Fanc/Brca pathway, more sophisticated and efficient therapeutic approaches will be 
designed and tested. 

6. Future perspectives 
Defect of Fanc/Brca pathway represents by far the only genetic predisposition to HNSCC 
through clinical genetic studies. Given the complexity of this pathway and its interaction 
with other DNA repair pathways, there are still lots of unanswered questions about the 
molecular mechanisms of this pathway in HNSCC tumorigenesis. However, with more 
biomarkers being identified and utilized to stratify HNSCC patients with particular defects 
of Fanc/Brca pathway, a personalized therapy with more efficacy and less side effect will 
ultimately be available, which will have significant impact on HNSCC management.  
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1. Introduction 
The genome of living organisms is constantly subjected to conditions that induce damage to 
DNA. A wide variety of DNA lesions are produced either as the result of normal metabolic 
processes or exogenous sources (ionizing radiation, UV light) (Seviour and Lin 2010). This 
damage to genomic material represents a persistent threat to genomic stability. 
Mammalian cells have developed a range of molecular mechanisms capable of responding 
to DNA damage. These mechanisms include activation of DNA damage repair pathways 
or tolerance systems, initiation of complex regulatory networks that coordinate cell cycle 
progression and repair and induction of apoptosis if errors are detected (Madhusudan 
and Middleton 2005). At a cellular level, if a DNA lesion is misrepaired, it can lead to 
genomic instability. It is therefore essential for a cell to efficiently respond to DNA 
damage. Different DNA Repair Mechanisms exist and play a major role in restoring 
genomic integrity. These include: The Direct Repair Pathway (DR), Base Excision Repair 
Mechanism (BER), Nucleotide Excision Repair Pathway (NER), Non-Homologous End 
Joining (NHEJ), Homologous Recombination (HR) and DNA Mismatch Repair Pathway 
(MMR). It is quite obvious that any defect in these mechanisms can lead to improperly 
repaired DNA lesions and genomic abnormalities, which constitute the hallmark of 
tumorigenesis (Cline and Hanawalt 2003, Hwang et al. 1999). Indeed, mutations and 
polymorphisms of DNA repair genes have been correlated with different hereditary and 
sporadic cancer types (Altieri et al. 2008). 
Hematological malignancies account for about 8% of all cancers in men and 6% of all 
cancers in women. There is a considerable body of evidence that suggests a strong 
association between DNA repair deficiency and hematological malignancies. This article is 
meant to serve as an overview of the relevant literature focusing on mutations and 
polymorphisms of DNA repair genes that predispose to certain hematological malignancies. 
We also discuss how defects in DNA repair affect sensitivity to chemotherapy. 

2. DNA repair mechanisms  
Below, we briefly summarize our current knowledge regarding DNA Repair Mechanisms. 
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2.1 Direct Repair (DR) 
Direct Repair of DNA damage (DR) is the simplest repair process that copes with the repair 
of O6-alkylguanine adducts in humans. O6-alkylguanine transferase (AGT, also known as 
MGMT) is the key enzyme that reverses O6-alkyl-guanine to guanine by transferring the 
inappropriate methyl group to one of its own cysteine residues, leading to inactivation of 
itself (Scharer 2003).  

2.2 Nucleotide Excision Repair (NER) 
The Nucleotide Excision Pathway (NER) processes bulky DNA lesions with potential to 
block DNA replication or transcription (de Laat et al. 1999, Gillet and Scharer 2006, Lockett 
et al. 2005, Park and Choi 2006, Sancar 1996, Wood 1997). It mainly corrects products of UV 
light and chemotherapy (reviewed in (Scharer 2003)). When NER mechanism repairs 
damaged lesions in non-transcribing genomic DNA, it is called Global Genome NER (GG-
NER). In contrast, Transcription-Coupled NER (TC-NER) removes damaged DNA 
specifically on the RNA polII transcribed strand of transcriptionally active DNA. 

2.3 Base Excision Repair (BER) 
The Base Excision Repair (BER) is a pathway that removes damaged bases from DNA, but 
also repairs single-strand breaks. Several variations exist, including short-patch BER (SP-
BER) that typically replaces a single nucleotide and long-patch BER (LP-BER) where repair 
synthesis can extend beyond one nucleotide. The two pathways progress through different 
processes that initially involve removal of the damaged base by glycolases (Fortini and 
Dogliotti 2007, Fortini et al. 1999). 

2.4 Mismatch Repair (MMR) 
The Mismatch Repair Pathway (MMR) recognizes and repairs base-base mismatches and 
insertion/deletion loops that could arise during DNA replication (Jiricny 2006). Therefore, it 
contributes to the accuracy of DNA replication process (Jiricny 1998). 
Defects in MMR result in Microsatellite Instability (MSI), a form of genetic instability 
characterized by frequent errors occurring during the replication of short nucleotide repeats 
(Velangi et al. 2004).  

2.5 Double Strand Break (DSB) Repair 
DNA double strand breaks (DSBs) occur as the result of two simultaneous nicks in opposite 
strands of the DNA helix. Although they are formed much less frequently than other forms of 
DNA damage, the consequences of DSBs can be severe. They are induced by exogenous 
sources (ionizing radiation, UV light, topoisomerase inhibitors) or arise spontaneously during 
natural processes (DNA synthesis, V-(D)-(J) recombination) (Karagiannis and El-Osta 2004).  
A cell has evolved the DNA damage response (DDR) to initially respond to a DSB. DDR 
involves the sensing of the damage, followed by transduction of the damage signal to either 
cell cycle checkpoints and DSB repair or apoptosis. DDR is dependent on transient 
recruitment of MRN (MRE11/RAD50/NBS1) complex followed by activation of two 
phosphatidylinositol-3-related kinases, ATM and ATR that phosphorylate a variety of 
molecules to execute DDR (Figure 1) (Bakkenist and Kastan 2004). The activation of cell 
cycle checkpoints aims at the growth arrest of damaged cells and allows DSB repair to mend 
the damage. A DSB can be repaired by two separate mechanisms, either Homologous 
Recombination (HR) or Non Homologous End Joining (NHEJ) (Kim et al. 2006). 
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2.6 Homologous Recombination (HR) 
Homologous Recombination (HR) is a highly complex pathway that uses an intact 
homologous template to repair a double strand break (DSB) accurately. It is the 
predominant pathway in lower eukaryotes, whereas it accounts only for the repair of 10% of 
DSBs in mammalian cells (reviewed in (Hakem 2008)). HR operates at S and G2 phase of the 
cell cycle, where a sister chromatid exists, and acts on rapidly dividing cells (Helleday et al. 
2007). Furthermore, it fulfills specialized roles; it participates in meiosis and the repair of 
DNA interstrand crosslinks, which are highly cytotoxic DNA lesions (reviewed in (Scharer 
2003)). The whole HR process is summarized in Figure 1. 

2.7 Non Homologous End Joining (NHEJ) 
Non Homologous End Joining (NHEJ) is the predominant pathway for repair of DSBs in 
higher eukaryotes (Kanaar et al. 2008). It is a conceptually simple pathway that involves the 
religation of broken ends and as the DNA ends may be damaged, this mode of repair is not 
necessarily accurate (Lieberman 2008). NHEJ is more important in quiescent or terminally 
differentiated cells and in G1 phase of the cell cycle. It also plays a crucial role in the 
generation of diversity in the immune system in V (D) (J) recombination and in telomere 
maintenance (reviewed in (Hakem 2008)). The NHEJ mechanism is illustrated in Figure 1. 
 

 
Fig. 1. Model for DSB initial response and repair. Initial recognition of DSB is performed by 
various sensor proteins (ATM, MRN complex, BRCA1, RAD51, DNA-PKcs). A DSB is 
repaired either by NHEJ or HR. In NHEJ, the heterodimer Ku70/80 binds to DSB and 
recruits DNA-PKcs, which promotes ends juxtaposition. Gaps are filled by polymerases μ or 
λ and nicks are sealed by ligase complex (Ligase IV, XRCC4). In HR, after resection of DSB, 
Rad51 forms a nucleoprotein filament. Then, a strand-exchange reaction generates a joint 
molecule between the damaged and the undamaged DNA. Then, repair synthesis is 
performed by DNA polymerases δ/ε. 
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Design and nomenclature of Single Nucleotide Polymorphisms (SNPs)  
Single Nucleotide Polymorphism (SNP) is a DNA sequence variation occurring when a 
single nucleotide — A, T, C, or G — in the genome differs between members of a biological 
species or paired chromosomes in an individual (Stenson et al. 2009). It indicates a non 
disease-causing change or a change found at a frequency of 1% or higher in the population. 
SNPs may fall within coding sequences of genes, non-coding regions of genes, or in the 
intergenic regions between genes. SNPs within a coding sequence do not necessarily change 
the amino acid sequence of the protein that is produced, due to degeneracy (redundancy) of 
the genetic code (den Dunnen and Antonarakis 2003). 
The nomenclature for SNPs can be confusing: several variations can exist for an individual 
SNP and consensus has not yet been achieved. One approach is to write SNPs with a prefix 
showing the wild-type and altered nucleotide or amino acid. Variants can be described 
either at the DNA, RNA or protein level (Ogino et al. 2007).  
Descriptions at DNA level refer to a single nucleotide substitution designated by a ">"-
character that indicates the change from the wild type to the altered nucleotide. Description 
is made in relation to a coding or genomic reference sequence. Regarding nucleotide 
numbering, when a coding reference is used, nucleotide 1 is the A of the ATG-translation 
initiation codon and the nucleotide 5' of the ATG-translation initiation codon is -1; the 
previous -2 etc. When a genomic reference is used, nucleotide numbering is purely arbitrary 
and starts with 1 at the first nucleotide of the database reference file (den Dunnen and 
Antonarakis 2000, 2003). For example, SNP RAD51 135 G>C, denotes that at nucleotide 135 
a G is changed to a C. On the other hand, SNP RAD50 -38C>T denotes a C to T substitution 
38 nucleotides 5' of the ATG translation initiation codon. 
Descriptions at RNA and protein level are often deduced and not based on experimental 
evidence. Sequence changes at RNA level are basically described like those at the DNA level, 
with a few modifications. Description starts with the nucleotide number, followed by the 
nucleotide (in lower case), for example 78 u>a. In this chapter, none of the SNPs is described at 
RNA level. Descriptions at protein level start with the amino acid, followed by its number and 
the altered amino acid (den Dunnen and Antonarakis 2000, Ogino et al. 2007). For example, 
SNP XRCC1 Arg194Trp indicates a change of amino acid Arginine 194 to Tryptophan.  
Finally, frequently SNPs are reported in relation to their reference SNP ID number, which is 
assigned to them from the Single Nucleotide Polymorphism Database (dbSNP). dbSNP is a 
free public archive for genetic variation within and across different species developed and 
hosted by the National Center for Biotechnology Information (NCBI) in collaboration with 
the National Human Genome Research Institute (NHGRI) (Wheeler et al. 2007). When 
submitted, SNPs receive a reference SNP ID number (“rs#”; "refSNP cluster"). For example, 
XRCC4 rs13178127 refers to the SNP of the gene XRCC4 that has received the reference ID 
number rs13178127. 

3. DNA repair deficiency related to hematological malignancies  
Below, we summarize the existing data concerning abnormalities of DNA repair pathways 
in the most common hematological malignancies. 

3.1 Acute Myeloid Leukemia (AML) 
Acute Myeloid Leukemia (AML) is a group of marrow-based neoplasms that have clinical 
similarities but distinct morphologic, immunophenotypic and cytogenetic features (Monzo 
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et al. 2006). Clinical features are similar at any age and are the result of suppression of 
normal marrow elements by malignant blasts. 
Although many environmental and genetic factors have been suggested to play a role in 
AML pathogenesis, the mechanism still remains uncertain. Through the last years many 
studies have focused on indentifying genetic differences that could contribute to a patient’s 
predisposition to develop AML. These differences could be in part attributed to 
polymorphisms that lead to increased or decreased activity of the encoded genes; and DNA 
repair genes are attractive candidates for studies, since their ineffectiveness causes 
chromosomal instability. This is further supported by the higher incidence of AML in 
patients with syndromes characterized by defective DNA repair (Schwartz and Cohen 1988). 
So far, several polymorphisms have been associated with an increased risk of developing 
AML, such as polymorphisms of Homologous Recombination genes XRCC3 Thr241Met and 
RAD51 135G>C (Voso et al. 2007). In another study, these two polymorphisms have been 
reported to have a synergistic effect on AML development (Seedhouse et al. 2004). In 
addition, XRCC3 Thr241Met has been found to specifically increase the risk of 
inv(16)/t(16;16) AML and to be an independent poor prognostic factor for this AML 
subtype, since it reduces disease free survival in patients that achieved complete remission 
(CR) (Liu L. et al. 2011). This is an interesting finding, since it could help us substratify 
patients with inv (16)/t (16; 16) AML, which has favorable prognosis. On the other hand, 
RAD51 135 G>C has also been associated with a decreased risk of AML (Rollinson et al. 
2007). In this study, the authors claim that this polymorphism results in overexpression of 
RAD51 that might modulate HR in favor of the cells, protecting them from aberrant DNA 
repair events. Among other polymorphisms, XPD 2251A>C has been associated with 
increased risk of developing AML, mainly attributed to the C allele (Shi et al. 2011). 
It is also known that patients with AML have different response rates to the same treatment 
agents. Although administration of Ara-C, in conjunction with an anthracycline, is the 
cornerstone of therapy, the question of the best therapy for AML in first remission remains 
unanswered, and perhaps it could be stratified according to certain features. In this regard, 
several studies have focused on finding polymorphisms that have impact on the effects of 
chemotherapy and as a result, clinical outcome. It is known that good response to 
chemotherapy is usually associated with low DNA repair capacity, whereas 
chemoresistance is usually associated with a high DNA repair activity. Although there has 
been much effort on identifying DNA repair polymorphisms that could predict 
chemotherapy effectiveness in order to allow appropriate selection of drugs in specific 
patients, the existing results are of no clinical use and are sometimes contradictory. For 
example, polymorphism XPD Lys751Gln has been correlated with reduced risk of resistant 
disease (RD) due to an increased chemotherapy response rate (Kuptsova et al. 2007). 
However, in another study, the same polymorphism has also been associated with poor 
response to chemotherapy and decreased survival in patients with intermediate risk AML 
and normal cytogenetics (Strom et al. 2010). Of course, this controversy might be explained 
by different patient groups involved in these studies and it could be claimed that XPD 
Lys751Gln is a predictor of poor response to front line chemotherapy only in patients with 
normal karyotype.  Among other polymorphisms, XPD Asp312Asn is reported to have a 
positive impact on drug effectiveness (Kuptsova et al. 2007) and XPC Ala499Val has been 
associated with decreased overall survival in AML patients with normal karyotype (Strom 
et al. 2010). Furthermore, in a study that included 110 AML patients, patients with XPA 
genotype -4A>G have been shown to have a higher frequency of chemoresistant disease 
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Design and nomenclature of Single Nucleotide Polymorphisms (SNPs)  
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species or paired chromosomes in an individual (Stenson et al. 2009). It indicates a non 
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the amino acid sequence of the protein that is produced, due to degeneracy (redundancy) of 
the genetic code (den Dunnen and Antonarakis 2003). 
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numbering, when a coding reference is used, nucleotide 1 is the A of the ATG-translation 
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hosted by the National Center for Biotechnology Information (NCBI) in collaboration with 
the National Human Genome Research Institute (NHGRI) (Wheeler et al. 2007). When 
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3. DNA repair deficiency related to hematological malignancies  
Below, we summarize the existing data concerning abnormalities of DNA repair pathways 
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3.1 Acute Myeloid Leukemia (AML) 
Acute Myeloid Leukemia (AML) is a group of marrow-based neoplasms that have clinical 
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(CR) (Liu L. et al. 2011). This is an interesting finding, since it could help us substratify 
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RAD51 that might modulate HR in favor of the cells, protecting them from aberrant DNA 
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unanswered, and perhaps it could be stratified according to certain features. In this regard, 
several studies have focused on finding polymorphisms that have impact on the effects of 
chemotherapy and as a result, clinical outcome. It is known that good response to 
chemotherapy is usually associated with low DNA repair capacity, whereas 
chemoresistance is usually associated with a high DNA repair activity. Although there has 
been much effort on identifying DNA repair polymorphisms that could predict 
chemotherapy effectiveness in order to allow appropriate selection of drugs in specific 
patients, the existing results are of no clinical use and are sometimes contradictory. For 
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However, in another study, the same polymorphism has also been associated with poor 
response to chemotherapy and decreased survival in patients with intermediate risk AML 
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when compared to wild type carriers (30% vs. 6, 5 % genotype AA) (Monzo et al. 2006). 
Finally ATM variant 4138C>T has been associated with poor response to chemotherapy in 
Chinese population (Shi et al. 2011); however this finding is difficult to be confirmed in 
European studies, due to its low penetrance (Choudhury et al. 2008, Johnson et al. 2007).  
Apart from the above polymorphisms, several studies implicate BRCA1 (involved in initial 
recognition of a double strand break) and BRCA2 gene (involved in Homologous 
Recombination) deficiencies in AML pathogenesis. Scardocci et al. observed that 32% of 
primary AML samples present with hypermethylated BRCA1 (Scardocci et al. 2006). 
Although this finding has not been confirmed in other studies (Bianco et al. 2000, Esteller et 
al. 2001), a meta-analysis performed in 2007 which reviewed risks for hematological 
malignancies associated with mutations in BRCA1/2 pathway, showed that defects in this 
pathway increase the risk for a subset of AML that are related to gene rearrangements 
(Friedenson 2007). Consequently, it could be hypothesized that BRCA1/2 pathway’s proper 
function is essential to prevent a group of leukemias. Consistent with these data is the 
observation that Fanconi anemia patients with biallelic mutations in BRCA2 present with a 
high risk of AML (Wagner et al. 2004).  
Recent evidence suggests a role of error-prone Non Homologous End Joining (NHEJ) in 
AML development. In preclinical studies, sequencing of breakpoint junctions in AML cells 
has revealed microhomologous sequences and small deletions, indicative of NHEJ repair 
(Gillert et al. 1999, Olive 1998, Wiemels et al. 2000, Wiemels et al. 2002, Yoshida et al. 1995). 
This increased NHEJ activity must, however, be confirmed in other studies.  
Regarding Mismatch Repair (MMR) Mechanism, published data in AML are somewhat 
conflicting. Although there are studies demonstrating increased rates of microsatellite 
instability in certain types of leukemia (mostly therapy-related AML and myelodysplastic 
syndromes (Ben-Yehuda et al. 1996, Kaneko et al. 1995)), most reports have described little 
or no evidence of deficient MMR in AML (Boyer et al. 1998, Sill et al. 1996, Tasak et al. 1996). 
However, while none of these studies focused on MMR deficiency in different stages of 
AML, in 2008 Mao et al. showed that more than 30% of AML patients presented with 
mutations in MMR genes and that MMR deficiency was higher in patients with relapsed/ 
refractory AML (Mao et al. 2008). Authors suggest the possibility of leukemia relapse 
generating from leukemic cells defective in MMR that have survived chemotherapy and 
present the minimal residual disease (Mao et al. 2008). 
In conclusion, many polymorphisms of DNA repair genes have been associated with 
individual susceptibility to AML, as well as pathogenesis and sensitivity to chemotherapy. 
The precise functional mechanism of their effect remains to be determined; however results 
strongly support the importance of considering them as prognostic factors or indicators of 
treatment strategy. Hopefully, further studies will elucidate their role with the view to use 
them in clinical setting. 

3.2 Acute Lymphoblastic Leukemia (ALL) 
Acute Lymphoblastic Leukemia (ALL) is a malignant disease characterized by accumulation 
of immature lymphoblasts. It is the most common leukemia in children, accounting for 70-
80% of all childhood leukemias. In the contrast, ALL accounts for 15-20% of leukemias in 
adults (Faderl et al. 1998). 
There is strong evidence that acquired genetic changes are central to the development of 
ALL. Polymorphisms of DNA repair genes have been investigated as potential pathogenetic 
and prognostic factors. The majority of studies are focused on childhood ALL, due to its 
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high frequency in children. Several polymorphisms have been implicated, but results are 
somewhat conflicting, probably because of the different ethnic groups involved in each 
study. Thus, polymorphism XRCC1 Arg399Gln has been associated with increased risk of 
childhood ALL, in Indians (Joseph et al. 2005), Chinese (Zhu et al. 2005) and Thais 
(Pakakasama et al. 2007), but no correlation was found in Mexican (Meza-Espinoza et al. 
2009), Brazilian (da Silva Silveira et al. 2009) and Turkish children (Batar et al. 2009). Perhaps 
this polymorphism has a stronger effect or a higher penetrance in Asian populations. In 
other studies, it has been proposed that it has a synergistic effect with CYP2E1*5B 
polymorphism of detoxification enzyme CYP2E1 (Tumer et al. 2010), as well as 
polymorphism OGG1 Ser326Cys (Stanczyk et al. 2011) in ALL development. Similarly, 
polymorphism XRCC1 Arg194Trp, has been found to have a protective effect in Thais 
(Pakakasama et al. 2007), while opposite results have been found in another study (Joseph et 
al. 2005). Moreover, several XRRC1 haplotypes have been related to ALL; haplotype B, as 
well as C, have been associated with an increased ALL risk (Meza-Espinoza et al. 2009, 
Pakakasama et al. 2007).   
On the other hand, polymorphisms of Nucleotide Excision Repair genes have also been 
investigated in ALL in a few studies. XPD Asp312Asn and Lys751Gln polymorphisms, 
which have been previously associated with AML, have not been found to be correlated 
with ALL risk (Batar et al. 2009, da Silva Silveira et al. 2009). On the contrary, CC genotype 
of ERCC18092C>A polymorphism has been suggested to increase susceptibility to ALL in 
Chinese children (Wang et al. 2006). In the same study, ERCC1 19007G>A was not found to 
be associated with ALL (Wang et al. 2006).  
Regarding Mismatch Repair (MMR) mechanism, most of the existing studies have failed to 
show an association between MMR deficiency and ALL development (Molenaar et al. 1998, 
Takeuchi et al. 1997), although preclinical studies have demonstrated MSI in ALL cell lines 
(Gu et al. 2002, Hangaishi et al. 1997). In addition, no relationship was found between 
polymorphisms in MMR genes MLH1 and MSH3 and childhood ALL (Mathonnet et al. 
2003), although a combined effect was demonstrated with CYP2A1*2A and CYP2E1*5 
polymorphisms of detoxification enzymes, suggesting a possible interaction between DNA 
repair enzymes and detoxification enzymes in childhood ALL. In addition, in another study 
that evaluated the risk of childhood ALL and the presence of variants in DNA repair 
enzymes in children exposed to diagnostic X-rays, hMLH1 was found to protect against X-
ray exposure (Infante-Rivard et al. 2000).  
Finally, it is worth mentioning that a positive correlation has been found between 
polymorphism 8360G>C in NBS1 gene (component of MRN complex) and ALL. It is 
interesting that this study included ALL patients from different ages, but results are 
potentially questionable, since the study was limited to a small size group of Chinese 
population (Jiang et al. 2011). 
In summary, although many polymorphisms have been associated with ALL, investigation 
remains still at an early stage. Further studies are needed in order to be able to draw definite 
conclusions for the potential use of polymorphisms for the stratification of patients in 
different prognostic and treatment groups. 

3.3 Myelodysplastic Syndromes (MDS) 
Myelodysplastic syndromes (MDS) represent a spectrum of stem cell malignancies that 
manifest dysplastic and ineffective hematopoiesis, which is associated with a variable risk of 
transformation to AML. They usually arise de novo with the risk of developing MDS 
increasing proportionally to age (Doll and List 1989, Noel and Solberg 1992). 



 
DNA Repair and Human Health 

 

390 

when compared to wild type carriers (30% vs. 6, 5 % genotype AA) (Monzo et al. 2006). 
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observation that Fanconi anemia patients with biallelic mutations in BRCA2 present with a 
high risk of AML (Wagner et al. 2004).  
Recent evidence suggests a role of error-prone Non Homologous End Joining (NHEJ) in 
AML development. In preclinical studies, sequencing of breakpoint junctions in AML cells 
has revealed microhomologous sequences and small deletions, indicative of NHEJ repair 
(Gillert et al. 1999, Olive 1998, Wiemels et al. 2000, Wiemels et al. 2002, Yoshida et al. 1995). 
This increased NHEJ activity must, however, be confirmed in other studies.  
Regarding Mismatch Repair (MMR) Mechanism, published data in AML are somewhat 
conflicting. Although there are studies demonstrating increased rates of microsatellite 
instability in certain types of leukemia (mostly therapy-related AML and myelodysplastic 
syndromes (Ben-Yehuda et al. 1996, Kaneko et al. 1995)), most reports have described little 
or no evidence of deficient MMR in AML (Boyer et al. 1998, Sill et al. 1996, Tasak et al. 1996). 
However, while none of these studies focused on MMR deficiency in different stages of 
AML, in 2008 Mao et al. showed that more than 30% of AML patients presented with 
mutations in MMR genes and that MMR deficiency was higher in patients with relapsed/ 
refractory AML (Mao et al. 2008). Authors suggest the possibility of leukemia relapse 
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high frequency in children. Several polymorphisms have been implicated, but results are 
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(Pakakasama et al. 2007), while opposite results have been found in another study (Joseph et 
al. 2005). Moreover, several XRRC1 haplotypes have been related to ALL; haplotype B, as 
well as C, have been associated with an increased ALL risk (Meza-Espinoza et al. 2009, 
Pakakasama et al. 2007).   
On the other hand, polymorphisms of Nucleotide Excision Repair genes have also been 
investigated in ALL in a few studies. XPD Asp312Asn and Lys751Gln polymorphisms, 
which have been previously associated with AML, have not been found to be correlated 
with ALL risk (Batar et al. 2009, da Silva Silveira et al. 2009). On the contrary, CC genotype 
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manifest dysplastic and ineffective hematopoiesis, which is associated with a variable risk of 
transformation to AML. They usually arise de novo with the risk of developing MDS 
increasing proportionally to age (Doll and List 1989, Noel and Solberg 1992). 
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It is known that genetic lesions in hematopoietic progenitor cells play a major role to their 
malignant transformation and there is accumulating evidence that genetic factors modify a 
person’s cumulative risk to MDS (Janssen et al. 1989). It has also been suggested that disease 
progression of MDS to AML is attributed to accumulation of mutations that cause defects in 
DNA repair (Rowley 1999); as a consequence, most of the existing studies are interested in 
identifying whether DNA repair polymorphisms implicated in AML are also involved in 
MDS. However, only one study found a positive correlation between polymorphism RAD51 
135G>C and MDS risk; and it is difficult to interpret this result, since the study is limited to 
a Chinese population (Li et al. 2010). All other studies did not show any association between 
DNA repair polymorphisms and MDS (Baumann Kreuziger and Steensma 2008, Fabiani et 
al. 2009). This contradiction might be interpreted by the fact that these polymorphisms have 
been associated with de novo AML, whose pathogenesis is a different molecular procedure 
compared to MDS. 
Finally, in an effort to examine a possible role of Non Homologous End Joining (NHEJ) 
repair mechanism in MDS, we have previously tested the expression of NHEJ protein 
components in 48 cases of adult de novo MDS (Economopoulou et al. 2009). We reported a 
significantly lower Ligase IV expression level in MDS patients compared to controls and an 
association of Ku70 expression with more aggressive disease, suggesting a potential role of 
these two molecules in MDS pathogenesis and clinical presentation. However, a larger 
number of cases need to be examined in order to confirm these findings. 

3.4 Chronic Myeloid Leukemia (CML) 
Chronic Myeloid Leukemia (CML) is a clonal stem cell disorder characterized by increased 
proliferation of myeloid elements at all stages of differentiation (Champlin and Golde 1985). 
It is caused by the Bcr-Abl oncoprotein, the product of the t (9;22) chromosomal 
translocation that generates the Philadelphia chromosome. CML is a multistep disease, 
which involves a chronic phase (CP) that finally progresses to a blast crisis (BC). 
Although imatinib, a selective inhibitor of the ABL kinase, has revolutionized the treatment 
of CML (Druker et al. 1996), it has not completely eradicated it, and has a poorer response 
rate in patients with CML and blast crisis (BC) (Oehler et al. 2007). Progression to BC has 
been associated with the appearance and accumulation of new cytogenetic abnormalities; 
therefore, there are many studies focusing on transformation to BC pathogenesis. It has been 
recently found that BCR-ABL transformed cells have an increased level of Reactive Oxygen 
Species (ROS) that induces numerous double strand breaks (DSBs) (Nowicki et al. 2004). It 
was also shown that BCR-ABL upregulates error-prone DSB repair pathways (Non 
Homologous End Joining-NHEJ) rather than the high-fidelity mechanism of Homologous 
Recombination, promoting mutagenic DSB repair (Nowicki et al. 2004, Salles et al. 2011) . 
Therefore, it could be suggested that mutagenic DSB repair might provoke chromosomal 
abnormalities found in the progression to BC (Nowicki et al. 2004). Furthermore, it was 
recently demonstrated that BCR-ABL increases expression and activation of WRN (involved 
in NHEJ), which promotes unfaithful repair and protects leukemia cells from apoptosis, 
resulting in genomic instability (Slupianek et al. 2011). 
Moreover, several DNA Repair proteins have been found to be associated with CML and 
have been suggested to play a potential role in CML-BC pathogenesis. DNA-PKcs has been 
found to be decreased in BCR-ABL transfected cells, as well as CD34+ cells from CML 
patients (Deutsch et al. 2001). This reduced expression of DNA-PKcs was correlated with 
DNA repair deficiency, that might contribute to genetic instability found in BC (Deutsch et 
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al. 2001). It could be therefore suggested that low expression of DNA-PKcs is involved in 
progression to CML-BC. Among other proteins, XPB has been isolated from BCR domain 
and it has been shown that continuous interaction with BCR-ABL provokes XPB deficiency 
and chromosomal instability (Takeda et al. 1999). Finally, hMSH3 Mismatch Repair protein 
has been found to be reduced in CML patients (Inokuchi et al. 1995). However, we can’t 
ignore that the percentage of CML patients with reduced hMSH3 expression in that study 
was very high (90%), but the number of CML samples examined was small (10). Given the 
fact that the finding has not been confirmed in other studies, its reliability is questionable. 
Abnormalities of DNA repair components and their impact on myeloid malignancies are 
summarized in Table 1. 

3.5 Non Hodgkin’s Lymphoma (NHL) 
Non Hodgkin’s Lymphoma (NHL) includes multiple neoplastic disorders of the lymphoid 
system with overlapping features. They most commonly derive from mature B-cells of 
germinal center origin. Clinical presentation is highly variable and depends on a number of 
factors; however NHL share a number of common clinical and pathologic features. 
DNA repair has a pivotal role in NHL development. Defects in DNA repair can lead to the 
development of chromosomal aberrations, a hallmark of lymphoma (Palitti 2004). This is 
further supported by the fact that several hereditary syndromes, including Ataxia 
telangiectasia and Nijmegen breakage syndrome are characterized by defective DNA 
repair and high occurrence of lymphoma. Among studies focused on DNA repair 
polymorphisms and their impact on NHL, three parallel studies conducted in the US and 
Australia have reported different or contradictory results. In the first one, DNA ligase IV 
(Lig4) 9 I variant allele has been found with lower frequency in NHL patients, including 
follicular lymphoma (FL) and Diffuse Large B-Cell Lymphoma (DLBCL) patients, 
compared to controls (Hill et al. 2006). This finding is in accordance with another case 
control study, where LIG4 9 I/I homozygotes had a 3 fold reduced NHL risk (Roddam et 
al. 2002). Among other polymorphisms examined, RAG1 K820R variant allele (involved in 
V (D) J recombination), BRCA2 Arg372His genotype and XRCC1 Arg194Trp were 
associated with an increased risk of NHL (Hill et al. 2006). However, the latter has not 
been confirmed in other studies that evaluated the impact of XRRC1 polymorphisms in 
NHL (Liu J. et al. 2009, Smedby et al. 2006). Finally, WRN V114I variant was found to be 
associated with a decreased risk of NHL (Hill et al. 2006). In contrast, in the second study 
conducted in Connecticut, these results were not confirmed. However, a negative 
association was demonstrated between NHL and another WRN polymorphism, 
Cys1367Arg, suggesting a protective role of WRN in NHL (Shen et al. 2006). On the other 
hand, polymorphism XPG Asp1104His has been for the first time correlated with elevated 
NHL risk, including DLBCL and T-cell lymphomas (Shen et al. 2006). Finally, the third 
study which included patients from Australia, found no association between the above 
polymorphisms and NHL (Shen et al. 2007). However, it has been found that MGMT 
SNPs Ala143Val and Lys178Arg are associated with elevated NHL risk, including FL, 
DLBCL and MALT lymphoma (Shen et al. 2007).  
Interestingly, a pooled investigation of genetic variation in 27 DNA repair genes based on 
the three above studies, revealed different results (Shen et al. 2010). Among the examined 
SNPS, BLM rs441399 was significantly associated with follicular lymphoma and XRCC4 
rs13178127 was correlated with NHL overall (Shen et al. 2010). Of note, products of BLM 
and XRCC4 genes are both involved in DSB repair and they both interact with Ligase IV. 
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It is known that genetic lesions in hematopoietic progenitor cells play a major role to their 
malignant transformation and there is accumulating evidence that genetic factors modify a 
person’s cumulative risk to MDS (Janssen et al. 1989). It has also been suggested that disease 
progression of MDS to AML is attributed to accumulation of mutations that cause defects in 
DNA repair (Rowley 1999); as a consequence, most of the existing studies are interested in 
identifying whether DNA repair polymorphisms implicated in AML are also involved in 
MDS. However, only one study found a positive correlation between polymorphism RAD51 
135G>C and MDS risk; and it is difficult to interpret this result, since the study is limited to 
a Chinese population (Li et al. 2010). All other studies did not show any association between 
DNA repair polymorphisms and MDS (Baumann Kreuziger and Steensma 2008, Fabiani et 
al. 2009). This contradiction might be interpreted by the fact that these polymorphisms have 
been associated with de novo AML, whose pathogenesis is a different molecular procedure 
compared to MDS. 
Finally, in an effort to examine a possible role of Non Homologous End Joining (NHEJ) 
repair mechanism in MDS, we have previously tested the expression of NHEJ protein 
components in 48 cases of adult de novo MDS (Economopoulou et al. 2009). We reported a 
significantly lower Ligase IV expression level in MDS patients compared to controls and an 
association of Ku70 expression with more aggressive disease, suggesting a potential role of 
these two molecules in MDS pathogenesis and clinical presentation. However, a larger 
number of cases need to be examined in order to confirm these findings. 

3.4 Chronic Myeloid Leukemia (CML) 
Chronic Myeloid Leukemia (CML) is a clonal stem cell disorder characterized by increased 
proliferation of myeloid elements at all stages of differentiation (Champlin and Golde 1985). 
It is caused by the Bcr-Abl oncoprotein, the product of the t (9;22) chromosomal 
translocation that generates the Philadelphia chromosome. CML is a multistep disease, 
which involves a chronic phase (CP) that finally progresses to a blast crisis (BC). 
Although imatinib, a selective inhibitor of the ABL kinase, has revolutionized the treatment 
of CML (Druker et al. 1996), it has not completely eradicated it, and has a poorer response 
rate in patients with CML and blast crisis (BC) (Oehler et al. 2007). Progression to BC has 
been associated with the appearance and accumulation of new cytogenetic abnormalities; 
therefore, there are many studies focusing on transformation to BC pathogenesis. It has been 
recently found that BCR-ABL transformed cells have an increased level of Reactive Oxygen 
Species (ROS) that induces numerous double strand breaks (DSBs) (Nowicki et al. 2004). It 
was also shown that BCR-ABL upregulates error-prone DSB repair pathways (Non 
Homologous End Joining-NHEJ) rather than the high-fidelity mechanism of Homologous 
Recombination, promoting mutagenic DSB repair (Nowicki et al. 2004, Salles et al. 2011) . 
Therefore, it could be suggested that mutagenic DSB repair might provoke chromosomal 
abnormalities found in the progression to BC (Nowicki et al. 2004). Furthermore, it was 
recently demonstrated that BCR-ABL increases expression and activation of WRN (involved 
in NHEJ), which promotes unfaithful repair and protects leukemia cells from apoptosis, 
resulting in genomic instability (Slupianek et al. 2011). 
Moreover, several DNA Repair proteins have been found to be associated with CML and 
have been suggested to play a potential role in CML-BC pathogenesis. DNA-PKcs has been 
found to be decreased in BCR-ABL transfected cells, as well as CD34+ cells from CML 
patients (Deutsch et al. 2001). This reduced expression of DNA-PKcs was correlated with 
DNA repair deficiency, that might contribute to genetic instability found in BC (Deutsch et 
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al. 2001). It could be therefore suggested that low expression of DNA-PKcs is involved in 
progression to CML-BC. Among other proteins, XPB has been isolated from BCR domain 
and it has been shown that continuous interaction with BCR-ABL provokes XPB deficiency 
and chromosomal instability (Takeda et al. 1999). Finally, hMSH3 Mismatch Repair protein 
has been found to be reduced in CML patients (Inokuchi et al. 1995). However, we can’t 
ignore that the percentage of CML patients with reduced hMSH3 expression in that study 
was very high (90%), but the number of CML samples examined was small (10). Given the 
fact that the finding has not been confirmed in other studies, its reliability is questionable. 
Abnormalities of DNA repair components and their impact on myeloid malignancies are 
summarized in Table 1. 

3.5 Non Hodgkin’s Lymphoma (NHL) 
Non Hodgkin’s Lymphoma (NHL) includes multiple neoplastic disorders of the lymphoid 
system with overlapping features. They most commonly derive from mature B-cells of 
germinal center origin. Clinical presentation is highly variable and depends on a number of 
factors; however NHL share a number of common clinical and pathologic features. 
DNA repair has a pivotal role in NHL development. Defects in DNA repair can lead to the 
development of chromosomal aberrations, a hallmark of lymphoma (Palitti 2004). This is 
further supported by the fact that several hereditary syndromes, including Ataxia 
telangiectasia and Nijmegen breakage syndrome are characterized by defective DNA 
repair and high occurrence of lymphoma. Among studies focused on DNA repair 
polymorphisms and their impact on NHL, three parallel studies conducted in the US and 
Australia have reported different or contradictory results. In the first one, DNA ligase IV 
(Lig4) 9 I variant allele has been found with lower frequency in NHL patients, including 
follicular lymphoma (FL) and Diffuse Large B-Cell Lymphoma (DLBCL) patients, 
compared to controls (Hill et al. 2006). This finding is in accordance with another case 
control study, where LIG4 9 I/I homozygotes had a 3 fold reduced NHL risk (Roddam et 
al. 2002). Among other polymorphisms examined, RAG1 K820R variant allele (involved in 
V (D) J recombination), BRCA2 Arg372His genotype and XRCC1 Arg194Trp were 
associated with an increased risk of NHL (Hill et al. 2006). However, the latter has not 
been confirmed in other studies that evaluated the impact of XRRC1 polymorphisms in 
NHL (Liu J. et al. 2009, Smedby et al. 2006). Finally, WRN V114I variant was found to be 
associated with a decreased risk of NHL (Hill et al. 2006). In contrast, in the second study 
conducted in Connecticut, these results were not confirmed. However, a negative 
association was demonstrated between NHL and another WRN polymorphism, 
Cys1367Arg, suggesting a protective role of WRN in NHL (Shen et al. 2006). On the other 
hand, polymorphism XPG Asp1104His has been for the first time correlated with elevated 
NHL risk, including DLBCL and T-cell lymphomas (Shen et al. 2006). Finally, the third 
study which included patients from Australia, found no association between the above 
polymorphisms and NHL (Shen et al. 2007). However, it has been found that MGMT 
SNPs Ala143Val and Lys178Arg are associated with elevated NHL risk, including FL, 
DLBCL and MALT lymphoma (Shen et al. 2007).  
Interestingly, a pooled investigation of genetic variation in 27 DNA repair genes based on 
the three above studies, revealed different results (Shen et al. 2010). Among the examined 
SNPS, BLM rs441399 was significantly associated with follicular lymphoma and XRCC4 
rs13178127 was correlated with NHL overall (Shen et al. 2010). Of note, products of BLM 
and XRCC4 genes are both involved in DSB repair and they both interact with Ligase IV. 
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Moreover, in the same study, ERCC3 rs4150506 was associated with reduced risk for 
marginal zone lymphoma (MZL) (Shen et al. 2010). 
Similarly, Worrillow et al. (Worrillow et al. 2009) analyzed polymorphisms in XPD gene, in 
a UK population study that involved 747 NHL cases. This is the largest study assessing the 
impact of XPD polymorphisms on NHL. There were no statistically significant case control 
differences in the distribution of XPD polymorphisms. However, a decreased risk of diffuse 
large B-cell lymphoma was observed in variants for XPD Lys751Gln. This finding has been 
previously reported (Shen et al. 2006). Furthermore, XPD 156 A>C was found to be 
associated with an increased risk of follicular lymphoma (Worrillow et al. 2009). 
Similarly, Rollinson et al. (Rollinson et al. 2006) studied the haplotypic variation of tri-
complex MRE11-RAD50-NBS1 and its relationship with NHL risk. The main findings of  
the study were a protective effect for MRE11 rs601341 variant in follicular lymphoma and 
for the MRE11 GCTCA haplotype in diffuse large B-cell lymphoma (DLBCL), suggesting  
a possible role of protein MRE11 in DLBCL pathogenesis. No altered NHL risk associated 
with haplotypes of NBS1 and RAD50 was observed in this study. Another similar study  
was performed by Schuetz et al (Schuetz et al. 2009). The authors suggest an association of  
a RAD50 SNP -38C>T with Mantle Cell Lymphoma (MCL), but the low incidence of both 
the SNP and MCL make these data questionable. No association was observed between 
NBS1 haplotypes and NHL (Schuetz et al. 2009). In contrast to the previous study, this one 
failed to show any correlation of MRE11 rs601341 variant with NHL, but the authors 
propose that this disparity is due to the fact that the part of intron where rs601341 was 
located was not sequenced.  
Additionally, ATM protein, also involved in double strand break response, has been 
associated with NHL. Schaffner et al. (Schaffner et al. 2000) reported inactivation of both 
alleles of ATM gene in a high proportion of patients with Mantle Cell Lymphoma (MCL), 
suggesting that ATM functions as a tumor suppressor gene in MCL. This finding has been 
confirmed in subsequent studies that provide evidence for somatic mutations in ATM  
in MCL (Fang et al. 2003, Taylor et al. 1996). On the other hand, ATM has been associated 
with NHL of B-origin (B-NHL) clinical outcome, since deletion of one ATM allele has  
been found to strongly influence B-NHL survival (Vorechovsky et al. 1997). However, 
another study reported contradictory results claiming that common variants in ATM do  
not influence NHL susceptibility (Sipahimalani et al. 2007). The authors suggest that 
individuals with common ATM variants are phenotypically normal and that only rare 
variants could possibly influence NHL susceptibility. The role of rare ATM variants in NHL 
remains to be elucidated. 
Among other DNA repair proteins, it is worth mentioning the role of Nucleotide Excision 
Repair component hHR23B as an apoptosis- associated protein in Burkitt Lymphoma  
(Vogel et al. 2005). 
Finally, the role of Mismatch Repair (MMR) pathway in NHL has also been investigated, 
although limited published data exist. Kotoula et al. (Kotoula et al. 2002) described a low 
expression of proteins hMLH1 and hPMS1 in B-cell lymphomas and in Mantle Cell 
Lymphoma (MCL) of blastoid type compared to normal controls, although in B-Chronic 
Lymphocytic Leukemia and Mantle cell Lymphoma of centrocyte-like type the expression of 
MMR genes remained intact. The small sample size and the heterogeneity of the specimens, 
along with the lack of additional published data that could support the findings, make these 
data questionable. Furthermore, Morimoto et al. (Morimoto et al. 2005) observed a reduced 
expression of MMR genes in patients with adult T-cell Leukemia (ATL), supporting a role of 
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MMR gene inactivation in disease progression and development of ATL. Although the 
number of patients included in the study is small, the results are promising and give insight 
for further investigation.  

3.6 Hodgkin’s Lymphoma (HL) 
Hodgkin’s lymphoma (HL) is a hematolymphoid neoplasm, primarily of B-cell lineage, with 
unique molecular, histologic, immunophenotypic and clinical features. The diagnosis of 
classical HL requires the recognition of Reed-Steinberg cells in an appropriate cellular 
milieu (Liu A. et al. 2008). 
To date, the effect of DNA repair polymorphisms on HL has not been yet thoroughly 
investigated. However, few studies have tried to assess their role on HL development. In a 
large study that involved 200 newly diagnosed adult HL patients, a positive association was 
demonstrated between XRCC1 Arg399Gln and risk of HL (El-Zein et al. 2009). Interestingly, 
the authors observed that combined analysis of XRCC1/XRCC3 and XRCC1/XPC 
polymorphisms revealed significant association with increase in HL risk. For example, 
XRCC3 Thr241Met was associated with an OR of 2.38 when combined with homozygous 
XRCC1 Arg/Arg genotype. XRCC1 Gln/Gln along with XRCC3 variant led to a 3 fold 
increased HL risk. Similarly, XRCC1 Arg399Gln together with XPC Lys/Lys was found to 
significantly increase HL risk. Similar findings were reported in a recent study that 
evaluated potential gene-gene interaction between DNA repair genes and their contribution 
to individual susceptibility to HL (Monroy et al. 2011). Polymorphism XRCC1 Arg399Gln 
was again associated with increased HL risk, as well as polymorphisms XPC Ala499Val, 
XRCC3 Thr241Met and XRCC1 Arg194Trp. Most importantly, it was observed that HL risk 
increases as the number of adverse alleles in Base Excision Repair (BER) and repair of 
double strand breaks (DSBR) increases. Taken together these two studies suggest a potential 
cooperation between BER and DSBR mechanisms in HL development; however the exact 
procedure remains to be elucidated. 
Furthermore, there is strong evidence that ATM gene is involved in the pathogenesis of HL. 
The existing data refers to identification of four SNPs of ATM gene with a defective protein 
activity (Takagi et al. 2004). Consequently, it could be proposed that in the presence of 
genotoxic stress, these defects might be amplified and lead to accumulation of mutations 
that may contribute to a malignant phenotype. Similarly, Liberzon at al. showed that 
variants of ATM were associated with aggressive disease in children (Liberzon et al. 2004). 
The main limitation of both these studies is the small sample size that consisted only of 
children. Further investigation is necessary in order to draw safe conclusions.  
Finally, it is worth mentioning that a relationship was recently found between telomere 
shortening and development of second cancers in HL patients (M'Kacher et al. 2007). 
Telomere dysfunction is linked to DNA repair and probably to decreased Ku70 expression, 
although further studies are required to elucidate the mechanism of telomere shortening in 
HL patients.  

3.7 Chronic Lymphocytic Leukemia (CLL) 
Chronic Lymphocytic Leukemia (CLL) is the most common form of adult leukemia in the 
Western hemisphere (Ganster et al. 2009). It is a neoplastic disorder of mature B 
lymphocytes that is determined by genetic, molecular and environmental factors. The 
clinical course of CLL is highly variable. There are two groups of patients with diverse 
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Moreover, in the same study, ERCC3 rs4150506 was associated with reduced risk for 
marginal zone lymphoma (MZL) (Shen et al. 2010). 
Similarly, Worrillow et al. (Worrillow et al. 2009) analyzed polymorphisms in XPD gene, in 
a UK population study that involved 747 NHL cases. This is the largest study assessing the 
impact of XPD polymorphisms on NHL. There were no statistically significant case control 
differences in the distribution of XPD polymorphisms. However, a decreased risk of diffuse 
large B-cell lymphoma was observed in variants for XPD Lys751Gln. This finding has been 
previously reported (Shen et al. 2006). Furthermore, XPD 156 A>C was found to be 
associated with an increased risk of follicular lymphoma (Worrillow et al. 2009). 
Similarly, Rollinson et al. (Rollinson et al. 2006) studied the haplotypic variation of tri-
complex MRE11-RAD50-NBS1 and its relationship with NHL risk. The main findings of  
the study were a protective effect for MRE11 rs601341 variant in follicular lymphoma and 
for the MRE11 GCTCA haplotype in diffuse large B-cell lymphoma (DLBCL), suggesting  
a possible role of protein MRE11 in DLBCL pathogenesis. No altered NHL risk associated 
with haplotypes of NBS1 and RAD50 was observed in this study. Another similar study  
was performed by Schuetz et al (Schuetz et al. 2009). The authors suggest an association of  
a RAD50 SNP -38C>T with Mantle Cell Lymphoma (MCL), but the low incidence of both 
the SNP and MCL make these data questionable. No association was observed between 
NBS1 haplotypes and NHL (Schuetz et al. 2009). In contrast to the previous study, this one 
failed to show any correlation of MRE11 rs601341 variant with NHL, but the authors 
propose that this disparity is due to the fact that the part of intron where rs601341 was 
located was not sequenced.  
Additionally, ATM protein, also involved in double strand break response, has been 
associated with NHL. Schaffner et al. (Schaffner et al. 2000) reported inactivation of both 
alleles of ATM gene in a high proportion of patients with Mantle Cell Lymphoma (MCL), 
suggesting that ATM functions as a tumor suppressor gene in MCL. This finding has been 
confirmed in subsequent studies that provide evidence for somatic mutations in ATM  
in MCL (Fang et al. 2003, Taylor et al. 1996). On the other hand, ATM has been associated 
with NHL of B-origin (B-NHL) clinical outcome, since deletion of one ATM allele has  
been found to strongly influence B-NHL survival (Vorechovsky et al. 1997). However, 
another study reported contradictory results claiming that common variants in ATM do  
not influence NHL susceptibility (Sipahimalani et al. 2007). The authors suggest that 
individuals with common ATM variants are phenotypically normal and that only rare 
variants could possibly influence NHL susceptibility. The role of rare ATM variants in NHL 
remains to be elucidated. 
Among other DNA repair proteins, it is worth mentioning the role of Nucleotide Excision 
Repair component hHR23B as an apoptosis- associated protein in Burkitt Lymphoma  
(Vogel et al. 2005). 
Finally, the role of Mismatch Repair (MMR) pathway in NHL has also been investigated, 
although limited published data exist. Kotoula et al. (Kotoula et al. 2002) described a low 
expression of proteins hMLH1 and hPMS1 in B-cell lymphomas and in Mantle Cell 
Lymphoma (MCL) of blastoid type compared to normal controls, although in B-Chronic 
Lymphocytic Leukemia and Mantle cell Lymphoma of centrocyte-like type the expression of 
MMR genes remained intact. The small sample size and the heterogeneity of the specimens, 
along with the lack of additional published data that could support the findings, make these 
data questionable. Furthermore, Morimoto et al. (Morimoto et al. 2005) observed a reduced 
expression of MMR genes in patients with adult T-cell Leukemia (ATL), supporting a role of 
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MMR gene inactivation in disease progression and development of ATL. Although the 
number of patients included in the study is small, the results are promising and give insight 
for further investigation.  

3.6 Hodgkin’s Lymphoma (HL) 
Hodgkin’s lymphoma (HL) is a hematolymphoid neoplasm, primarily of B-cell lineage, with 
unique molecular, histologic, immunophenotypic and clinical features. The diagnosis of 
classical HL requires the recognition of Reed-Steinberg cells in an appropriate cellular 
milieu (Liu A. et al. 2008). 
To date, the effect of DNA repair polymorphisms on HL has not been yet thoroughly 
investigated. However, few studies have tried to assess their role on HL development. In a 
large study that involved 200 newly diagnosed adult HL patients, a positive association was 
demonstrated between XRCC1 Arg399Gln and risk of HL (El-Zein et al. 2009). Interestingly, 
the authors observed that combined analysis of XRCC1/XRCC3 and XRCC1/XPC 
polymorphisms revealed significant association with increase in HL risk. For example, 
XRCC3 Thr241Met was associated with an OR of 2.38 when combined with homozygous 
XRCC1 Arg/Arg genotype. XRCC1 Gln/Gln along with XRCC3 variant led to a 3 fold 
increased HL risk. Similarly, XRCC1 Arg399Gln together with XPC Lys/Lys was found to 
significantly increase HL risk. Similar findings were reported in a recent study that 
evaluated potential gene-gene interaction between DNA repair genes and their contribution 
to individual susceptibility to HL (Monroy et al. 2011). Polymorphism XRCC1 Arg399Gln 
was again associated with increased HL risk, as well as polymorphisms XPC Ala499Val, 
XRCC3 Thr241Met and XRCC1 Arg194Trp. Most importantly, it was observed that HL risk 
increases as the number of adverse alleles in Base Excision Repair (BER) and repair of 
double strand breaks (DSBR) increases. Taken together these two studies suggest a potential 
cooperation between BER and DSBR mechanisms in HL development; however the exact 
procedure remains to be elucidated. 
Furthermore, there is strong evidence that ATM gene is involved in the pathogenesis of HL. 
The existing data refers to identification of four SNPs of ATM gene with a defective protein 
activity (Takagi et al. 2004). Consequently, it could be proposed that in the presence of 
genotoxic stress, these defects might be amplified and lead to accumulation of mutations 
that may contribute to a malignant phenotype. Similarly, Liberzon at al. showed that 
variants of ATM were associated with aggressive disease in children (Liberzon et al. 2004). 
The main limitation of both these studies is the small sample size that consisted only of 
children. Further investigation is necessary in order to draw safe conclusions.  
Finally, it is worth mentioning that a relationship was recently found between telomere 
shortening and development of second cancers in HL patients (M'Kacher et al. 2007). 
Telomere dysfunction is linked to DNA repair and probably to decreased Ku70 expression, 
although further studies are required to elucidate the mechanism of telomere shortening in 
HL patients.  

3.7 Chronic Lymphocytic Leukemia (CLL) 
Chronic Lymphocytic Leukemia (CLL) is the most common form of adult leukemia in the 
Western hemisphere (Ganster et al. 2009). It is a neoplastic disorder of mature B 
lymphocytes that is determined by genetic, molecular and environmental factors. The 
clinical course of CLL is highly variable. There are two groups of patients with diverse 
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clinical outcomes that are separated by the mutational status of immunoglobulin variable 
region (IgV) gene (Hamblin et al. 1999). 
Although mutation status of IgV gene, as well as acquired chromosomal abnormalities 
[del(13q), del(11q), del(17p), trisomy 12] have been identified as prognostic factors in CLL, 
discovery of further prognostic factors would help to predict disease progression among 
different patient groups. Recently, polymorphism XPD Lys751Gln not only has been found 
to be associated with CLL development but it also occurred significantly more frequently in 
high risk patients. In the same study, polymorphisms XRCC1 Arg399Gln and XPF 
Arg415Gln were similarly positively correlated with cytogenetically high risk CLL patients. 
In contrast, polymorphism RAD51 135 G>C was associated with low risk CLL. The most 
important aspect of this study is that it examines the effect of SNPs on cytogenetic 
aberrations in CLL and suggests that polymorphisms XPD Lys751Gln and XRCC1 
Arg399Gln might predict the unfavorable clinical outcome of CLL. Notably, polymorphism 
XPD Lys751Gln has been previously been described as a negative prognostic factor in acute 
myeloid leukemia. However, contradictory results were produced in another study, where 
XPD Lys751Gln was associated with a decreased risk of developing CLL; there was no 
distribution among different cytogenetic risk subgroups though (Enjuanes et al. 2008). 
Similarly, XRCC1 Arg399Gln has not been correlated with CLL in previous studies, 
although there was again no distinction between different subgroups (Enjuanes et al. 2008, 
Sellick et al. 2008) . These data suggest that individual genetic polymorphisms may predict 
the clinical outcome of CLL; however, future studies should focus on confirming the results 
in a larger group of patients, with the view for clinical application. 
It is known that one of the therapies used in CLL is treatment with alkylating agents, which 
is associated with low rates of complete remission. The ability of CLL cells to efficiently 
repair alkylator-induced DNA damage might explain lack of response to treatment. 
Therefore, DNA repair may be linked to chemoresistance in CLL (Sampath and Plunkett 
2007). There is strong evidence that both HR and NHEJ play an important role in CLL 
resistance to chemotherapy. For instance, there is evidence that CLL cells exposed to 
chlorambucil demonstrate an increase in RAD51 foci (Christodoulopoulos et al. 1999). In 
addition, resistance to alkylating agents has been associated with enhanced HR repair in 
CLL cells (Aloyz et al. 2004, Bello et al. 2002, Xu et al. 2005). Similarly, a high level of XRCC3 
was associated with lack of response of CLL cells to nitrogen mustards (Bello et al. 2002). 
Furthermore, it has been reported that low levels of Non Homologous End Joining protein 
component DNA-PKcs is strongly associated with drug sensitivity in CLL cells, whereas 
increases in DNA-PK activity resulted in increased resistance to neocarzinostatin and 
chlorambucil (Amrein et al. 2007, Austen et al. 2005). Inhibition of DNA-PKcs (Amrein et al. 
2007), as well as dual inhibition of both RAD51 and DNA-PK (Amrein et al. 2011) has been 
found to induce drug sensitivity in CLL cells. Recently, the effect of DNA-PK inhibitors in 
CLL cells was investigated in combination with mitoxantrone. Interestingly, DNA-PK 
inhibitors provoked mitoxantrone cytotoxicity in CLL cells, especially cells with unfavorable 
cytogenetic anomalies [del(17p) and del(13q)] (Elliott et al. 2011). These findings could be of 
vital importance regarding CLL treatment, since DNA repair inhibitors could be used as 
potential therapeutic targets in combination with alkylating agents for a better clinical 
outcome, especially in high risk CLL. 
Finally, association of DNA repair enzymes’ abnormalities with CLL prognosis has been the 
subject of investigation of several studies. ATM has been implicated in CLL, since it has 
been shown that approximately 14% of patients with untreated CLL harbor deletions of the 
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long arm of chromosome 11 at the 11q22-23 (ATM) locus, which is associated with poor 
survival. An explanation could be that since ATM is an upstream regulator of p53, defects in 
ATM lead to attenuation of p53-dependent apoptosis, which results in a chemo-refractory 
phenotype. Furthermore, a correlation was described between protein DNA-PKcs 
component of Non Homologous End Joining and poor prognosis in CLL in terms of enzyme 
over-expression in del (17p) and del (11q) unfavorable CLL cases (Willmore et al. 2008). In 
the same study, high DNA-PKcs levels predicted for reduced treatment-free survival. These 
findings suggest that DNA-PKcs might contribute to disease progression in CLL, possibly 
by enhancing error-prone Non Homologous End Joining activity.  

3.8 Multiple Myeloma (MM) 
The diagnosis of multiple myeloma (MM) requires 10% or more plasma cells on bone 
marrow examination, M protein in the serum and/or urine (except in patients with true 
non-secretory myeloma) and evidence of end-organ damage (hypercalcaemia, renal 
insufficiency and anemia or bone lesions) secondary to the underlying plasma cell disorder. 
Almost all patients are thought to evolve from an asymptomatic premalignant stage termed 
monoclonal gammopathy of undetermined significance (MGUS) (Kyle and Rajkumar 2004). 
Genetic instability is a prominent feature of MM, since malignant plasma cells display 
aneuploidy and complex cytogenetics associated with poor prognosis (Calasanz et al. 1997, 
Rajkumar et al. 1999, Smadja et al. 2001). Two pathways are considered important for 
disease progression; hyperploid MM involves trisomies of several chromosomes, whereas 
non-hyperploid MM is characterized by translocations in immunoglobulin heavy chain 
locus at 14q32 (Bergsagel and Kuehl 2005, Fonseca et al. 2004, Ho et al. 2001). The latter 
events represent aberrant class switch recombination (CSR), a process that normally alters 
immunoglobulin isotype with the maturation of immune response (Fenton et al. 2002, 
Liebisch and Dohner 2006). 
Given the fact that CSR requires formation of double stand breaks, the role of Homologous 
Recombination (HR) and Non Homologous End Joining (NHEJ) in MM pathogenesis has 
been investigated in many studies. Among DNA repair polymorphisms, XRCC4 rs963248 
and rs1051685 Ku80 have been found in a higher frequency in MM patients compared to 
controls (Hayden et al. 2007). At a protein level, XRCC4 was also recently found to be 
overexpressed in MM (Roddam et al. 2010) Furthermore, recently, protein Ku80 has been 
associated again with MM, since it was demonstrated that Ku80/Ku70 are translocated to 
human MM cells surface and that this localization has functional implications which could 
contribute to MM pathogenesis (Tai et al. 2002).  
Homologous Recombination (HR) has also been investigated in MM. Rad50 has been 
recently found to be overexpressed in MM patients (Roddam et al. 2010). In another study 
by Shammas et al. model MM cell lines were used in order to evaluate the molecular 
mechanisms of genetic instability and progression in malignancies (Shammas et al. 2009). 
An elevated HR activity is reported in MM cells, which leads to mutations. The authors 
show that inhibition of HR activity by siRNAs leads to reduction of genetic changes. 
Therefore, we could presume that HR can be targeted not only for prevention of disease 
progression, but also for therapy improvement. In another study focused on assessing the 
role of NHEJ in MM phenotype, authors observed that DSBs, when induced in MM cell 
lines, exhibited corrupt NHEJ (Yang et al. 2009). Interestingly, with the use of DNA-PK 
inhibitor was used, NHEJ process was suppressed and DNA ends were processed by intact 
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clinical outcomes that are separated by the mutational status of immunoglobulin variable 
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long arm of chromosome 11 at the 11q22-23 (ATM) locus, which is associated with poor 
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HR. This finding suggests that deregulated DSB repair in MM might contribute to complex 
chromosomal aberrations that, as mentioned above, is typical feature of the disease. 
Apart from DSB repair, Mismatch Repair deficiency in MM has been investigated in several 
studies. Microsatellite instability has been reported in MM patients (Timuragaoglu et al. 
2009, Velangi et al. 2004) and has been associated with more aggressive forms of the disease 
(e.g. plasma cell leukemia-PCL) (Velangi et al. 2004). On the other hand, Martin et al. 
(Martin et al. 2006) examined the methylation status and expression of enzymes MGMT and 
hMLH1 in 44 cases of plasma cells disorders [(Multiple Myeloma, Monoclonal Gammopathy 
of Undetermined Significance (MGUS), Plasma Cell Leukemia (PCL)]. Protein hMLH1 was 
found to be underexpressed in 50% of cases of MM, but not in patients with MGUS, whereas 
hMLH1 gene promoter was hypermethylated in 10% patients with MM but not in cases with 
MGUS. This finding suggests that inactivation of hMLH1 could be implicated in the 
evolution of MGUS to MM. On the contrary, 33% of MGUS and 44% MM patients had lost 
the MGMT expression, suggesting that MGMT deficiency is an initial alteration in plasma 
cell disorders. 
Additionally, Nucleotide Excision Repair (NER) enzymes and have been associated with 
MM. Peng et al. reported epigenetic silencing of NER protein XPD in MM cells that was 
found to promote clonal expansion of MM cells (Peng et al. 2005). As a consequence, it 
might contribute to MM pathogenesis. NER has also been studied in the context of 
autologous bone marrow transplantation (ASCT) in MM. It has been observed that the 
combination of variant alleles of NER proteins XPD K75Q and XRCC3 T241M correlates 
with prolonged time to treatment failure in MM patients treated with ASCT (Vangsted et al. 
2007). This finding is very important, since polymorphisms in XPD and XRCC3 could 
potentially predict the outcome in MM patients undergoing ASCT. 
Finally, there is recent evidence that DNA repair polymorphisms are related to treatment 
response rate (RR) in MM. In a study conducted in Spain, it was found that polymorphisms 
ERCC1 rs735482 and Ku80 rs1051685 were associated with higher RR and longer overall 
survival in patients with relapsed/refractory myeloma treated with thalidomide (Cibeira et 
al. 2011). Similarly, RR was better in MM patients with SNPs in ERCC5 rs17655 (Cibeira et 
al. 2011). Although sample size is relatively small and belongs to a specific group of patients, 
this study provides very useful information, which, if confirmed in other studies, could be 
used in clinical practice to predict favorable outcome in relapsed myeloma. 
Abnormalities of enzymes involved in DNA repair mechanisms and their influence on 
hematological malignancies are summarized in Table 1. 

4. Conclusions 
Genomic instability is the hallmark of all hematological malignancies. Since DNA repair 
mechanisms are responsible for correcting DNA damage and preserving genomic integrity, 
it is obvious that abnormalities of these mechanisms are strongly related to hematological 
cancers. Mutations and polymorphisms of DNA repair genes are associated with alteration 
of an individual’s susceptibility to malignancy. In addition, they are related to prognosis, 
drug resistance and clinical outcome and represent potential targets for therapy. 
We have presented the existing published data that show association of DNA repair 
mechanisms with the most common myeloid and lymphoid malignancies. Many studies 
have focused on investigation of the role of Base Excision Repair, Nucleotide Excision 
Repair, Non Homologous End Joining and Homologous Recombination in hematological  
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MALIGNANCY DEFECTS 

AML NER: - XPDGlu751C/Asp312G →↓ risk of RD 
      - XPDAsp312Asn→↓ risk of RD/↓survival in AML with normal 
karyotype  
      - XPD Lys751Gln A>C→ ↑ AML risk  
      -XPC Ala499Val→↓OS in normal karyotype 
      - XPA 4A>GGG→ chemoresistant disease, ↓OS 
BER:  - XRCC3 Thr241Met→ ↑ AML risk, especially inv(16)/t(16;16) 
AML 
HR:  -Rad51G135C→2x ↑ or ↓ AML risk? 
      - Rad51-135-172-C haplotype →↓ AML risk 
NHEJ: - ↑ NHEJ activity and repair infidelity 
DSBR: - ATM variant 4138CT→ poor response to chemotherapy in 
Chinese 
      -hypermethylation of BRCA1 
MMR: -MMR deficiency in relapsed/refractory AML. 
 

ALL BER: - XRCC1 194Trp allele → ↓ risk ALL in Thais, ↑ risk in Indians 
      - XRCC1 399Gln →↑ risk of ALL in Indians, Chinese, Thais 
      - XRCC1 haplotypes B&C→↑ risk of ALL 
NER: - ERCC1 8092C>A CC genotype→↑ risk of ALL in Chinese 
DSBR:- E185Q in NBS1→ ↑ risk of ALL 
MMR: - MLH1 Ile-219/Ile-219+ CYP2A1*2A/ +GSTM1/ +CYP2E1*5→↑ 
risk of ALL 
 

MDS HR:  -RAD51-G135C→↑ risk of MDS? 
NHEJ:- ↓ Ligase IV expression in MDS vs. controls, ↑ Ku70 expression→ 
aggressive disease 
 

CML NER: -XPB binds to BCR domain →dysfunction of XPB → role in BC? 
DSBR: -BCR/ABL(+) cells→ ↑ DSBs, high mutation rate in 
HR/NHEJ→genomic instability 
HR:- DNA-PKcs expression in hematopoietic cells transfected with 
BCR/ABL/ CD34+ cells from CML patients 
MMR:- hMSH3 ↓ in MMR 
 

NHL DR:- MGMT Ile143Val and MGMT Lys178Arg→↑ risk of NHL 
(FL,DLBCL,MCL,T-Cell Lymphomas) 
BER: - XRCC1 Arg194Trp→ ↑ risk of NHL,↓ risk of DLBCL 
NER: - XPD K751QCC→↓ risk of DLBCL  
      -XPD R156R→↑ risk of FL 
      -XPG Asp1104His→↑ risk of NHL 
      - hHR23B→Burkitt lymphoma? 
DSBR: -Loss of ATM in MCL  
      -MRE11 GCTCA→↓ risk of DLBCL  
      -MRE11 rs601341→↓ risk of FL 
      - BLM rs441399→↑ risk of FL 
      - BRCA2 372 H/H→ ↓ risk of NHL (FL & DLBCL) 
      - RAG1 820R→↑ risk of NHL 
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MGUS. This finding suggests that inactivation of hMLH1 could be implicated in the 
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the MGMT expression, suggesting that MGMT deficiency is an initial alteration in plasma 
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might contribute to MM pathogenesis. NER has also been studied in the context of 
autologous bone marrow transplantation (ASCT) in MM. It has been observed that the 
combination of variant alleles of NER proteins XPD K75Q and XRCC3 T241M correlates 
with prolonged time to treatment failure in MM patients treated with ASCT (Vangsted et al. 
2007). This finding is very important, since polymorphisms in XPD and XRCC3 could 
potentially predict the outcome in MM patients undergoing ASCT. 
Finally, there is recent evidence that DNA repair polymorphisms are related to treatment 
response rate (RR) in MM. In a study conducted in Spain, it was found that polymorphisms 
ERCC1 rs735482 and Ku80 rs1051685 were associated with higher RR and longer overall 
survival in patients with relapsed/refractory myeloma treated with thalidomide (Cibeira et 
al. 2011). Similarly, RR was better in MM patients with SNPs in ERCC5 rs17655 (Cibeira et 
al. 2011). Although sample size is relatively small and belongs to a specific group of patients, 
this study provides very useful information, which, if confirmed in other studies, could be 
used in clinical practice to predict favorable outcome in relapsed myeloma. 
Abnormalities of enzymes involved in DNA repair mechanisms and their influence on 
hematological malignancies are summarized in Table 1. 
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Genomic instability is the hallmark of all hematological malignancies. Since DNA repair 
mechanisms are responsible for correcting DNA damage and preserving genomic integrity, 
it is obvious that abnormalities of these mechanisms are strongly related to hematological 
cancers. Mutations and polymorphisms of DNA repair genes are associated with alteration 
of an individual’s susceptibility to malignancy. In addition, they are related to prognosis, 
drug resistance and clinical outcome and represent potential targets for therapy. 
We have presented the existing published data that show association of DNA repair 
mechanisms with the most common myeloid and lymphoid malignancies. Many studies 
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NHEJ: -.Ligase 9I var allele→↓ risk of NHL (FL & DLBCL) 
       -WRN V114l variant→↓ risk of NHL 
       -WRN Cys1367Arg→↓ risk of NHL 
MMR: - hMLH1, hPMS1→↓ risk for B-NHL and MCL blastoid type  
      -MMR genes inactivation→ role in ATL disease progression 
 

HL BER:- XRCC1 Arg399Gln→↑ risk for HL 
      -XRCC3 Thr241Met, XRCC1 Arg194Trp→↑ risk for HL 
     - polymorphisms XRCC1/XRCC3& XRCC1/XPC→↑ risk for HL 
DSBR:- SNPS of ATM with defective function       

CLL BER: -XRCC1 399Gln→ ↑in CLL with unfavorable prognosis 
NER: -XPD Lys751Gln→↑ in CLL with unfavorable prognosis 
     -XPF Arg415Gln→ ↑ in CLL with unfavorable prognosis 
DSBR: Inactivation of ATM 
HR:- Rad51 G135C→↑ in CLL with favorable prognosis 
   -.↑ Rad51 foci in CLL exposed to chlorambucil→ resistance to 
chlorambucil ? 
   -↑ HR activity in CLL cells exposed to alkylating agents→ resistance to 
alkylating agents 
NHEJ:- ↓ DNA-PKcs expression→ chemosensitivity 
      -↑ DNA-PK activity→ resistance to chlorambucil 
      -↑ DNA-PKcs expression in CLL patients with poor prognosis→ 
disease progression?     

MM DR:  -MGMT ↓/hypermethylated in MM 
NER: -XPD K75Q→↑ prolonged TTR in MM patients with ASCT 
      -ERCC1 rs735482→↑ RR and OS in relapsed/refractory MM 
HR:  - Rad50 overexpresion in MM patients 
     - ↑ HR activity in MM cell lines 
     -XRCC3 T24↑ 1M→↑ prolonged TTR in MM patients with ASCT 
NHEJ: -XRCC4 rs96248 Allele A→↑ risk of MM 
      -Overexpession of XRCC4 
      -Ku80 rs1051685 GG→↑ risk for MM 
      - Corrupt NHEJ in MM cell lines 
     - Ku80 rs1051685→↑ RR and OS in relapsed/refractory MM 

DR= Direct Repair, BER= Base Excision Repair, NER= Nucleotide Excision Repair, MMR= MisMatch 
Repair, DSBR= Double Strand Break Repair, HR= Homologous Recombination,  
NHEJ= Non Homologous End Joining, AML= Acute Myeloid Leukemia, ALL= Acute Lymphoblastic 
Leukemia, MDS= Myelodysplastic Syndromes, CML= Chronic Myeloid Leukemia,  
NHL= Non Hodgkin Lymphoma, FL= Follicular Lymphoma, DLBCL= Diffuse Large B- Cell 
Lymphoma, MCL= Mantle Cell Lymphoma, ATL= Adult T- cell Leukemia,  
HL= Hodgkin’s Lymphoma, , CLL= Chronic Lymphocytic Leukemia,  
MM= Multiple Myeloma, MGUS= Monoclonal Gammmopathy of Undetermined Significance,  
TTR= Time to Treatment Failure, ASCT= Autologous Stem Cell Transplantation,  
RD= Resistant Disease, BC= Blast Crisis, OS=Overall Survival 

Table 1. Defects of DNA repair mechanisms in hematological malignancies 

diseases, whereas few data is reported regarding the impact of Direct Repair and Mismatch 
Repair on these malignancies. The most commonly studied diseases are acute myeloid 
leukemia and Non Hodgkin’s Lymphoma. Among all the data reviewed, none has clinical 
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application yet, therapeutic or prognostic. Further analysis of DNA repair pathways 
alterations is essential in order to elucidate their pathogenetic role in hematological 
malignancies and establish alternative therapeutic options that could be used in a clinical level, 
in order to help improve prognosis and survival of patients with hematological cancers. 

5. Abbreviations 

  
AGT/MGMT O6-alkylguanine transferase 
ALL Acute Lymphoblastic Leukemia 
AML Acute Myeloid Leukemia 
ATL Adult T-cell Leukemia 
ASCT Autologous Stem Cell Transplantation  
BC Blast crisis in chronic myeloid leukemia 
BER Base Excision Repair  
B-NHL Non Hodgkin’s Lymphoma of B-origin 
CLL Chronic Lymphocytic Leukemia 
CML Chronic Myeloid Leukemia 
CP Chronic Phase in chronic myeloid leukemia 
CR Complete Remission 
CSR Class Switch Recombination 
dbSNP Single Nucleotide Polymorphism Database  
DDR DNA Damage Response 
DLBCL Diffuse Large B-Cell Lymphoma 
DR Direct Repair 
DSB Double Strand Break 
FL Follicular Lymphoma 
GG-NER Global Genome Nucleotide Excision Repair  
HL Hodgkin’s Lymphoma 
HR Homologous Recombination 
IgV Immunoglobulin Variable region 
LP-BER Long Patch Base Excision Repair 
MCL Mantle Cell Lymphoma 
MDS Myelodysplastic Syndromes 
MGUS Monoclonal Gammopathy of Undetermined Significance  
MM Multiple Myeloma 
MMR Mismatch Repair 
MSI Microsatellite Instability 
MZL Marginal Zone Lymphoma 
NCBI National Center for Biotechnology Information 
NER Nucleotide Excision Repair 
NHEJ Non Homologous End Joining 
NHGRI National Human Genome Research Institute 
NHL Non Hodgkin’s Lymphoma  
OR Odd Ratio  
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CLL Chronic Lymphocytic Leukemia 
CML Chronic Myeloid Leukemia 
CP Chronic Phase in chronic myeloid leukemia 
CR Complete Remission 
CSR Class Switch Recombination 
dbSNP Single Nucleotide Polymorphism Database  
DDR DNA Damage Response 
DLBCL Diffuse Large B-Cell Lymphoma 
DR Direct Repair 
DSB Double Strand Break 
FL Follicular Lymphoma 
GG-NER Global Genome Nucleotide Excision Repair  
HL Hodgkin’s Lymphoma 
HR Homologous Recombination 
IgV Immunoglobulin Variable region 
LP-BER Long Patch Base Excision Repair 
MCL Mantle Cell Lymphoma 
MDS Myelodysplastic Syndromes 
MGUS Monoclonal Gammopathy of Undetermined Significance  
MM Multiple Myeloma 
MMR Mismatch Repair 
MSI Microsatellite Instability 
MZL Marginal Zone Lymphoma 
NCBI National Center for Biotechnology Information 
NER Nucleotide Excision Repair 
NHEJ Non Homologous End Joining 
NHGRI National Human Genome Research Institute 
NHL Non Hodgkin’s Lymphoma  
OR Odd Ratio  
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OS Overall Survival 
PCL Plasma-Cell Leukemia 
RD Resistant Disease 
ROS Reactive Oxygen Species 
RR Response Rate 
SNP Single Nucleotide Polymorphism 
SP-BER Short-Patch Base Excision Repair  
TC-NER Transcription Coupled Nucleotide Excision Repair  
TTR Time to Treatment Failure 
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1. Introduction 
Acute myeloid leukemia (AML) comprises approximately 25% of all leukemias in adults in 
the western world. It is a clonal disorder caused by uncontrolled proliferation and 
accumulation of myeloid progenitor cells in the bone marrow with impaired differentiation, 
leading ultimately to hematopoietic failure.  
Myelodysplastic syndrome (MDS) is characterized by persistent pancytopenia, dysplastic 
hematopoesis in bone marrow, increase in blast cell number and high risk of progression to 
AML. MDS is a disease of elderly, which makes treatment difficult (Estey 2008). The median 
age of AML patients is also high and is estimated to be 66 to 70 years. Standard therapeutic 
strategies in MDS and AML depend on various factors, of which age, comorbidities and 
performance status are most important. Treatment modalities vary from the best supportive 
care through low dose chemotherapy to intensive dose chemotherapy and allogeneic bone 
marrow transplantation (Robak T, Wierzbowska A 2009). Untreated MDS and AML carry 
extremely poor prognosis with high mortality. The search for new drugs in AML and MDS is 
stimulated by the significant progress in the understanding of the biology of both diseases.  
Abnormal myeloid cells usually carry chromosomal anomalies, including translocations, 
deletions, and allelic loss. Typical cytogenetic changes seen in AML are balanced 
translocations such as t(8,21), t(15,17) which result in formation of a fusion gene. MDS is 
characterized by deletions of fragments or whole chromosomes hence loss of genetic 
information. DNA methylation dysregulation is one of the postulated mechanisms of 
leukemia development and progression. Hypermethylation of DNA generally results in a 
decreased expression of tumor suppressor genes and defective cell cycle control and is a 
hallmark of MDS and AML. Epigenetic changes augment genetic alterations occurring in 
cancer cells and promote tumor progression. Several sequential events in the genom are 
required to create a leukemic clone. Defects of DNA repair are the key mechanism of 
development and progression of myeloid leukemias. Most of the AML cases originate de 
novo, but around 10 to 20% of patients have previous exposure to myelotoxic substances. 
Preceding anticancer treatment or exposure to chemical toxins may result in severe damage 
to DNA and in case of defective DNA repair mechanisms lead to secondary AML. DNA 
repair mechanisms may influence not only the risk of leukemia development, but also its 
refractoriness to treatment.  
Several major pathways of DNA repair exist: Homologous Recombination (HR), Non 
Homologous End Joining (NHEJ), Base Excision Repair (BER), Nucleotide Excision Repair 



 
DNA Repair and Human Health 

 

410 

Wagner JE, et al. 2004. Germline mutations in BRCA2: shared genetic susceptibility to breast 
cancer, early onset leukemia, and Fanconi anemia. Blood 103: 3226-3229. 

Wang SL, Zhao H, Zhou B, Chen YL, Zou Y, Zhu XF, Li QS, Han MZ, Yang RC, Han ZC. 
2006. Polymorphisms in ERCC1 and susceptibility to childhood acute 
lymphoblastic leukemia in a Chinese population. Leuk Res 30: 1341-1345. 

Wheeler DL, et al. 2007. Database resources of the National Center for Biotechnology 
Information. Nucleic Acids Res 35: D5-12. 

Wiemels JL, Alexander FE, Cazzaniga G, Biondi A, Mayer SP, Greaves M. 2000. 
Microclustering of TEL-AML1 translocation breakpoints in childhood acute 
lymphoblastic leukemia. Genes Chromosomes Cancer 29: 219-228. 

Wiemels JL, et al. 2002. In utero origin of t(8;21) AML1-ETO translocations in childhood 
acute myeloid leukemia. Blood 99: 3801-3805. 

Willmore E, et al. 2008. DNA-dependent protein kinase is a therapeutic target and an 
indicator of poor prognosis in B-cell chronic lymphocytic leukemia. Clin Cancer 
Res 14: 3984-3992. 

Wood RD. 1997. Nucleotide excision repair in mammalian cells. J Biol Chem 272: 23465-
23468. 

Worrillow L, Roman E, Adamson PJ, Kane E, Allan JM, Lightfoot TJ. 2009. Polymorphisms 
in the nucleotide excision repair gene ERCC2/XPD and risk of non-Hodgkin 
lymphoma. Cancer Epidemiol 33: 257-260. 

Xu ZY, Loignon M, Han FY, Panasci L, Aloyz R. 2005. Xrcc3 induces cisplatin resistance by 
stimulation of Rad51-related recombinational repair, S-phase checkpoint activation, 
and reduced apoptosis. J Pharmacol Exp Ther 314: 495-505. 

Yang C, Betti C, Singh S, Toor A, Vaughan A. 2009. Impaired NHEJ function in multiple 
myeloma. Mutat Res 660: 66-73. 

Yoshida H, Naoe T, Fukutani H, Kiyoi H, Kubo K, Ohno R. 1995. Analysis of the joining 
sequences of the t(15;17) translocation in human acute promyelocytic leukemia: 
sequence non-specific recombination between the PML and RARA genes within 
identical short stretches. Genes Chromosomes Cancer 12: 37-44. 

Zhu R, Lu FJ, Zhang ZB, Zhai XW, Liu J, Lu G, Wu Y, Chen C, Xia Z. 2005. [Association of 
genetic polymorphism of XRCC1 with susceptibility to acute childhood leukemia]. 
Wei Sheng Yan Jiu 34: 300-302. 

15 

DNA Repair in Acute Myeloid Leukemia  
and Myelodysplastic Syndromes 

Anna Szmigielska-Kaplon and Tadeusz Robak 
Medical University of Lodz  

Poland 

1. Introduction 
Acute myeloid leukemia (AML) comprises approximately 25% of all leukemias in adults in 
the western world. It is a clonal disorder caused by uncontrolled proliferation and 
accumulation of myeloid progenitor cells in the bone marrow with impaired differentiation, 
leading ultimately to hematopoietic failure.  
Myelodysplastic syndrome (MDS) is characterized by persistent pancytopenia, dysplastic 
hematopoesis in bone marrow, increase in blast cell number and high risk of progression to 
AML. MDS is a disease of elderly, which makes treatment difficult (Estey 2008). The median 
age of AML patients is also high and is estimated to be 66 to 70 years. Standard therapeutic 
strategies in MDS and AML depend on various factors, of which age, comorbidities and 
performance status are most important. Treatment modalities vary from the best supportive 
care through low dose chemotherapy to intensive dose chemotherapy and allogeneic bone 
marrow transplantation (Robak T, Wierzbowska A 2009). Untreated MDS and AML carry 
extremely poor prognosis with high mortality. The search for new drugs in AML and MDS is 
stimulated by the significant progress in the understanding of the biology of both diseases.  
Abnormal myeloid cells usually carry chromosomal anomalies, including translocations, 
deletions, and allelic loss. Typical cytogenetic changes seen in AML are balanced 
translocations such as t(8,21), t(15,17) which result in formation of a fusion gene. MDS is 
characterized by deletions of fragments or whole chromosomes hence loss of genetic 
information. DNA methylation dysregulation is one of the postulated mechanisms of 
leukemia development and progression. Hypermethylation of DNA generally results in a 
decreased expression of tumor suppressor genes and defective cell cycle control and is a 
hallmark of MDS and AML. Epigenetic changes augment genetic alterations occurring in 
cancer cells and promote tumor progression. Several sequential events in the genom are 
required to create a leukemic clone. Defects of DNA repair are the key mechanism of 
development and progression of myeloid leukemias. Most of the AML cases originate de 
novo, but around 10 to 20% of patients have previous exposure to myelotoxic substances. 
Preceding anticancer treatment or exposure to chemical toxins may result in severe damage 
to DNA and in case of defective DNA repair mechanisms lead to secondary AML. DNA 
repair mechanisms may influence not only the risk of leukemia development, but also its 
refractoriness to treatment.  
Several major pathways of DNA repair exist: Homologous Recombination (HR), Non 
Homologous End Joining (NHEJ), Base Excision Repair (BER), Nucleotide Excision Repair 



 
DNA Repair and Human Health 

 

412 

(NER), Mismatch Repair (MMR), Translesion DNA synthesis (TLS) (D’Andrea 2010, 
Shrivastav, de Haro et al 2008). HR and NHEJ are responsible for repair of DNA double 
strand breaks (DSB), caused mainly by ionizing radiation, free radicals, and chemical toxins 
including cytostatics. DSBs comprise DNA lesions most detrimental for cell survival. The 
other DNA repair mechanisms deal with single strand breaks and the presence of improper 
base or alkyl adducts in the DNA. A complementary strand is used as the repair template. 
Different DNA repair processes overlap in their function and usually one problem can be 
repaired in 2 different ways. In normal cells all of DNA repair pathways are active and 
balanced. In the case of irreversible DNA damage, cells are directed to apoptosis. When the 
damage is moderate and repair processes inadequate the cells accumulate dangerous 
mutations and genomic instability occurs. This is the first step of neoplastic transformation. 
The defective function of one of the DNA repair pathways often results in overexpression of 
the other one. Increased processes of DNA repair may lead to resistance to cytostatics and 
radiotherapy (Pallis, Karamouzis 2010). The role of DNA damage and repair processes in 
pathogenesis and treatment of cancer was first noted in patients with inherited syndromes 
with defective DNA repair mechanisms such as Fanconi anemia. Much information comes 
also from neoplastic disorders induced by factors known to damage DNA, such as ionizing 
radiation or cytostatic therapy.  

2. Secondary AML and MDS  
Secondary AML and MDS are most common therapy related neoplasms. Two main types of 
treatment-related AML exist depending on type of cytostatics administered. Secondary 
leukemia due to topoisomerase II inhibitors such as podophilotoxins and antracycline 
antibiotics, used in variety of solid tumors, occurs usually after short period of time (1 year) 
following chemotherapy. Characteristic features include chromosome 11q23 anomalies, total 
or partial deletion of chromosome 7 and certain balanced translocations such as t (8,21) or 
t(15,17). The mechanism of development of that type of treatment related AML is not clearly 
understood, but defects in DSB repair are thought to be a key mechanism. Antracycline 
antibiotics intercalate into DNA and stabilize DNA-topoisomerase II complex and promote 
DSB formation. The cytostatics induce DSB at sites concerning hematopoetic transcription 
factors such as MLL, AML1/CBFB, RARA and additionally decrease rejoining of generated 
DSB. HR and NHEJ proper function is therefore crucial for restoring genome integrity. 
Otherwise, accumulating mutations lead to malignant transformation, thus patients with 
impaired DNA repair may be predisposed to chemotherapy induced leukemia (Guillem, 
Tormo 2008).  
The other type of secondary leukemia is concerned with the previous use of alkylating 
agents. AML is diagnosed usually 5-7 years after chemotherapy and often follows MDS 
phase. Cytogenetic events common in this type of secondary leukemia are total or partial 
deletion of chromosome 5 and 7. Alkylating agents produce damage to the DNA forming 
monoadducts and diadducts. The process may result in interstrand and intrastrand cross 
links, producing single and double stand breaks. The damage caused by alkylating agents 
activates various DNA repair pathways. Monoadducts are usually repaired by NER and 
BER. Diadducts are managed by NER and HR. MMR by its influence on HR also takes part 
in repair processes induced in response to alkylator treatment. Cells with defective MMR 
function show an increased expression of RAD51, one of components of HR, and an 
increased microsatellite instability (Worillow, Allan et al. 2006). 
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3. HR defects in AML and MDS 
HR, together with NHEJ, is responsible for repair of DSB, the most important DNA lesion. 
DSB are produced naturally, especially during a normal programmed genom rearrangement 
and after the exposure to DNA toxic agents. HR requires homologous sequence to that of 
the broken end to start the repair process and in human cells deals mainly with DBS located 
within the replication forks. HR is more accurate than NHEJ.  
Impaired HR is a hallmark of Fanconi anemia (FA), a rare inherited disorder. Different 13 
FA proteins work together in HR DNA repair pathway and a defect of 1 of those proteins 
results in similar clinical phenotype: short stature, skeletal defects, bone marrow failure and 
hypersensitivity to DNA damaging agents such as mitomycin C. The patients are at high 
risk of developing AML and solid tumors, mainly gynecological. Diagnostic test for FA is 
based on detection of defective DNA repair: examination of chromosome breakage after 
exposure to mitomycin C or diepoxybutane. Chromosomal aberrations typical for FA 
patients with AML are also found in de novo AML, thus the knowledge based on this 
genetic disorder help us to understand the biology of AML. DNA repair defects typical for 
Fanconi anemia put those patients at high risk of AML and solid tumor development, 
especially breast, ovarian and pancreatic cancer. Defects in HR activity similar to those 
detected in AML patients with Fanconi anemia, were seen in AML secondary to previous 
anticancer treatment. Their occurrence in patients with de novo AML is rare.  
Single nucleotide G/C polymorphism in position 135 in gene encoding main protein active 
in HR pathway, RAD51, is correlated with AML predisposition (Seedhouse , Foulkner 2004). 
A polymorphism at codon 241 of another HR gene, XRCC3, results in Thr to Met 
substitution. Both polymorphisms were known previously to increase solid cancer 
susceptibility. The presence of both RAD51-135 C and XRCC3-241 Met protein variants 
increased the risk of secondary and primary AML development, 8 and 4 fold respectively.  
Observations made in patients with solid tumors with defective HR suggest increased 
sensitivity of cancer cells to cis-platin and to DNA repair inhibitors such as PARP or ATM 
inhibitors. So far such strategies are still at preclinical phase.  

4. NHEJ defects in AML and MDS 
NHEJ, together with HR, constitutes main pathways to repair DNA double strand breaks. 
NHEJ rejoins broken fragments with little requirement for homology and is extremely 
important in avoiding radiation toxicity. Translocation and mutations at the junction of the 
broken ends happen, that is why NHEJ is responsible for tumorigenic processes. Proper and 
balanced functions of NHEJ and HR are necessary to maintain genom integrity.  
Chromosomal instability in myeloid neoplasms results from deregulated NHEJ and 
inadequate DSB repair. The rate of NHEJ in leukemic blasts was 2-7 fold higher than in 
normal hematopoietic cells in vitro and resulted in increased misrepair , especially large 
deletions (Gaymes, Mufti et al. 2002). 
The number of double strand breaks is increased by the excessive reactive oxygen species 
(ROS) production. Certain genetic changes such as FMS - like tyrosine kinase 3 (FLT3) 
mutation in AML and RAS mutations in MDS are responsible for induction of ROS 
generation and lead to genomic instability. FLT3 mutations occur in half of the patients with 
AML. Activating mutation is seen in 30-35% of cases while internal tandem duplication ( 
FLT3 /ITD) in 20-25% of AML cases. The presence of FLT3/ITD carries extremely bad 



 
DNA Repair and Human Health 

 

412 

(NER), Mismatch Repair (MMR), Translesion DNA synthesis (TLS) (D’Andrea 2010, 
Shrivastav, de Haro et al 2008). HR and NHEJ are responsible for repair of DNA double 
strand breaks (DSB), caused mainly by ionizing radiation, free radicals, and chemical toxins 
including cytostatics. DSBs comprise DNA lesions most detrimental for cell survival. The 
other DNA repair mechanisms deal with single strand breaks and the presence of improper 
base or alkyl adducts in the DNA. A complementary strand is used as the repair template. 
Different DNA repair processes overlap in their function and usually one problem can be 
repaired in 2 different ways. In normal cells all of DNA repair pathways are active and 
balanced. In the case of irreversible DNA damage, cells are directed to apoptosis. When the 
damage is moderate and repair processes inadequate the cells accumulate dangerous 
mutations and genomic instability occurs. This is the first step of neoplastic transformation. 
The defective function of one of the DNA repair pathways often results in overexpression of 
the other one. Increased processes of DNA repair may lead to resistance to cytostatics and 
radiotherapy (Pallis, Karamouzis 2010). The role of DNA damage and repair processes in 
pathogenesis and treatment of cancer was first noted in patients with inherited syndromes 
with defective DNA repair mechanisms such as Fanconi anemia. Much information comes 
also from neoplastic disorders induced by factors known to damage DNA, such as ionizing 
radiation or cytostatic therapy.  

2. Secondary AML and MDS  
Secondary AML and MDS are most common therapy related neoplasms. Two main types of 
treatment-related AML exist depending on type of cytostatics administered. Secondary 
leukemia due to topoisomerase II inhibitors such as podophilotoxins and antracycline 
antibiotics, used in variety of solid tumors, occurs usually after short period of time (1 year) 
following chemotherapy. Characteristic features include chromosome 11q23 anomalies, total 
or partial deletion of chromosome 7 and certain balanced translocations such as t (8,21) or 
t(15,17). The mechanism of development of that type of treatment related AML is not clearly 
understood, but defects in DSB repair are thought to be a key mechanism. Antracycline 
antibiotics intercalate into DNA and stabilize DNA-topoisomerase II complex and promote 
DSB formation. The cytostatics induce DSB at sites concerning hematopoetic transcription 
factors such as MLL, AML1/CBFB, RARA and additionally decrease rejoining of generated 
DSB. HR and NHEJ proper function is therefore crucial for restoring genome integrity. 
Otherwise, accumulating mutations lead to malignant transformation, thus patients with 
impaired DNA repair may be predisposed to chemotherapy induced leukemia (Guillem, 
Tormo 2008).  
The other type of secondary leukemia is concerned with the previous use of alkylating 
agents. AML is diagnosed usually 5-7 years after chemotherapy and often follows MDS 
phase. Cytogenetic events common in this type of secondary leukemia are total or partial 
deletion of chromosome 5 and 7. Alkylating agents produce damage to the DNA forming 
monoadducts and diadducts. The process may result in interstrand and intrastrand cross 
links, producing single and double stand breaks. The damage caused by alkylating agents 
activates various DNA repair pathways. Monoadducts are usually repaired by NER and 
BER. Diadducts are managed by NER and HR. MMR by its influence on HR also takes part 
in repair processes induced in response to alkylator treatment. Cells with defective MMR 
function show an increased expression of RAD51, one of components of HR, and an 
increased microsatellite instability (Worillow, Allan et al. 2006). 

 
DNA Repair in Acute Myeloid Leukemia and Myelodysplastic Syndromes 

 

413 

3. HR defects in AML and MDS 
HR, together with NHEJ, is responsible for repair of DSB, the most important DNA lesion. 
DSB are produced naturally, especially during a normal programmed genom rearrangement 
and after the exposure to DNA toxic agents. HR requires homologous sequence to that of 
the broken end to start the repair process and in human cells deals mainly with DBS located 
within the replication forks. HR is more accurate than NHEJ.  
Impaired HR is a hallmark of Fanconi anemia (FA), a rare inherited disorder. Different 13 
FA proteins work together in HR DNA repair pathway and a defect of 1 of those proteins 
results in similar clinical phenotype: short stature, skeletal defects, bone marrow failure and 
hypersensitivity to DNA damaging agents such as mitomycin C. The patients are at high 
risk of developing AML and solid tumors, mainly gynecological. Diagnostic test for FA is 
based on detection of defective DNA repair: examination of chromosome breakage after 
exposure to mitomycin C or diepoxybutane. Chromosomal aberrations typical for FA 
patients with AML are also found in de novo AML, thus the knowledge based on this 
genetic disorder help us to understand the biology of AML. DNA repair defects typical for 
Fanconi anemia put those patients at high risk of AML and solid tumor development, 
especially breast, ovarian and pancreatic cancer. Defects in HR activity similar to those 
detected in AML patients with Fanconi anemia, were seen in AML secondary to previous 
anticancer treatment. Their occurrence in patients with de novo AML is rare.  
Single nucleotide G/C polymorphism in position 135 in gene encoding main protein active 
in HR pathway, RAD51, is correlated with AML predisposition (Seedhouse , Foulkner 2004). 
A polymorphism at codon 241 of another HR gene, XRCC3, results in Thr to Met 
substitution. Both polymorphisms were known previously to increase solid cancer 
susceptibility. The presence of both RAD51-135 C and XRCC3-241 Met protein variants 
increased the risk of secondary and primary AML development, 8 and 4 fold respectively.  
Observations made in patients with solid tumors with defective HR suggest increased 
sensitivity of cancer cells to cis-platin and to DNA repair inhibitors such as PARP or ATM 
inhibitors. So far such strategies are still at preclinical phase.  

4. NHEJ defects in AML and MDS 
NHEJ, together with HR, constitutes main pathways to repair DNA double strand breaks. 
NHEJ rejoins broken fragments with little requirement for homology and is extremely 
important in avoiding radiation toxicity. Translocation and mutations at the junction of the 
broken ends happen, that is why NHEJ is responsible for tumorigenic processes. Proper and 
balanced functions of NHEJ and HR are necessary to maintain genom integrity.  
Chromosomal instability in myeloid neoplasms results from deregulated NHEJ and 
inadequate DSB repair. The rate of NHEJ in leukemic blasts was 2-7 fold higher than in 
normal hematopoietic cells in vitro and resulted in increased misrepair , especially large 
deletions (Gaymes, Mufti et al. 2002). 
The number of double strand breaks is increased by the excessive reactive oxygen species 
(ROS) production. Certain genetic changes such as FMS - like tyrosine kinase 3 (FLT3) 
mutation in AML and RAS mutations in MDS are responsible for induction of ROS 
generation and lead to genomic instability. FLT3 mutations occur in half of the patients with 
AML. Activating mutation is seen in 30-35% of cases while internal tandem duplication ( 
FLT3 /ITD) in 20-25% of AML cases. The presence of FLT3/ITD carries extremely bad 



 
DNA Repair and Human Health 

 

414 

prognosis in AML and is correlated with increased ROS generation and increased double 
strand brakes in DNA (Sallmyr, Fan et al. 2008). In FLT3/ITD-containing cells NHEJ is 
defective, which results in accumulating aberrant DNA structures (Seedhouse, Hunter et al. 
2006). Thus the cells depend on another DNA repair pathway. Upregulation of RAD51, the 
main component of HR pathway, was noted in patients with FLT3/ITD, defective in NHEJ, 
and could be partially responsible for resistance to chemotherapy (Seedhouse, Hunter et al 
2006). 
Increased ROS generation and accumulation of double strand brakes are seen also in 
patients with N- RAS mutation in MDS and AML. In addition to enhanced survival and 
proliferation of the cells, N-RAS mutation results in ineffective NHEJ leading to DNA 
instability (Rassool, Gaymes et al. 2007).  

5. BER in AML and MDS 
BER pathway is concerned with the removal of the base changed by alkylation, oxidation or 
ionizing radiation. BER also takes part in the single strand breaks repair. A defective base is 
detected and removed and the gap is filled by DNA polymerase, then the fragments are 
joined by XRCC1 /ligase III complex.  
Malfunction of BER pathway may contribute to cancer development. Data concerning 
polymorphism of XRCC1, one of the genes belonging to the BER pathway, in solid tumors 
are not conclusive, some studies show predisposition to the cancer in a wild type allele,  
the other do not. In AML studies, polymorphism of this gene (XRCC1 Arg399Gln) protects 
from development of the disease, especially of a secondary type. Patients with treatment 
related AML are more likely to have the wild –type of XRCC1 399Arg allele (Seedhouse, 
Bainton 2002).  
Important components of BER pathway are the poly(ADP-ribose) polymerases (PARP) 
family containing 18 members. Those proteins allow for access to DNA repair enzymes in 
the case of single strand DNA breaks. After recruitment of PARP proteins the strands are 
cut, repaired and rejoined. PARP1 is the best studied protein in the PARPs family. Inhibition 
of PARP1 results in conversion of single to double strand breaks increasing the need for HR 
repair. Cancer cells with defective HR processes switch to PARP mediated BER mechanisms. 
Hence, PARP1 inhibitors are extremely active in tumors deficient in HR pathway and thus 
converting DNA repair to BER. Such treatment could be alternative for selected AML 
patients with impaired HR (Gaymes, Shall 2009).  

6. NER in AML and MDS 
NER is able to eliminate a wide variety of DNA damage, for example, long adducts such as 
pyrimidine dimers or crosslinks caused by chemotherapy. It is responsible also for the 
elimination of DNA damage resulting from UV radiation and chemical substances. NER is 
necessary both in maintaining global genom integrity and in repair of actively transcribed 
genes. Long sequences of improper oligonucleotides can be excised in a multi-step process 
requiring helicases and nucleases followed by ligation of the repaired DNA fragments. 
Genes belonging to XP (xeroderma pigmentosum) group B and D encode helicases, enzymes 
responsible for unwinding DNA prior to transcription or NER. XPB protein is bound and 
modified by p210, the product of fusion gene bcr-abl responsible for chronic myeloid 
leukemia. Defective DNA helicases enhance genetic instability observed in this disorder.   
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The role of NER in AML pathogenesis and prognosis has also been investigated. Common 
polymorphisms in XPD gene belonging to NER pathway are associated with the risk of 
AML development and the outcome of the disease. XPD Lys 751 Gln variant is an 
independent prognostic marker for disease free survival and overall survival in elderly 
patients with AML (Allan, Smith 2004). Glutamine variant has altered enzymatic function 
with an impaired cellular response to genotoxins and is associated with the worse outcome 
as compared to lysine one. Heterozygotes had an intermediate AML outcome while 
homozygotes in the glutamine variant had the shortest overall and disease free survival. 
Homozygocity for the glutamine variant was also correlated with an increased risk of 
developing secondary AML after chemotherapy, but not after radiotherapy. Homozygocity 
did not affect de novo AML incidence. Moreover, the presence of the glutamine variant of 
XPD gene was associated with unfavorable cytogenetic profile in AML including patients 
with 5q and 7 q deletions (Smith, Worrillow et al. 2007). The same single nucleotide 
polymorphisms of XPD gene (XPD in Lys 751 Gln) together with the polymorphism of 
another gene in the same family (XPC Ala499 Val) were tested recently in AML patients 
with normal cytogenetics (Strom, Estey et al. 2010). Each polymorphism was an 
independent adverse prognostic factor for overall survival. Patients with the combination of 
variants in both genes had a significantly shorter overall survival (median 12 months) than 
carriers of wild type genes (median 44 months p=0.001).  

7. MMR in AML and MDS 
Processes of MMR play an important role in maintaining genome stability by detecting and 
repairing small insertions, deletions or misplaced bases which may occur during replication. 
Defects of MMR result in an increased rate of spontaneous mutations. Multiple replication 
errors occur in repetitive DNA sequences leading to microsatellite instability. Inadequate 
MMR may increase the risk of solid tumors and myeloid neoplasms (Ben-Yehuda, 
Krichevsky et al. 1996; Seedhouse, Das-Gupta et al. 2003). Microsatellite instability was 
observed in secondary leukemia and in elderly patients with AML (Das-Gupta, Seedhouse 
et al 2001), but not in de-novo young AML patients. The majority of patients showed 
multifocal changes. However, not all studies have found the increased microsatellite 
instability in AML patients (Rimsza et al 2000). MMR defects correlated with the presence of 
abnormalities of chromosome 5 and 7 (Ben-Yehuda, Krichevsky et al. 1996, Das-Gupta, 
Seedhouse et al. 2001). A high incidence of p53 mutations was also observed in this group of 
patients (Ben-Yehuda, Krichevsky at al. 1996). Improper p53 function may additionally 
enhance genom instability. 

8. Conclusions  
DNA repair defects are key events in multistep evolution of the neoplastic clone. The 
inherited improper function of DNA repair mechanisms may lead to accelerated genom 
instability, including tumor suppressor genes, resulting in neoplastic transformation. 
Increasing understanding of mechanisms leading to development and progression of 
myeloid malignancies may have future implications in the modern treatment. Leukemia is 
frequently specified by loss of a certain pathway, which may be the target of personalized 
treatment. So far the modification of DNA repair in AML and MDS is still at preclinical 
phase. Several potential problems with strategies influencing DNA repair arise. Most 
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important is the tendency for secondary malignancies because of genome instability and a 
high risk of rapidly increasing refractoriness. 
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Table 1. DNA repair defects in AML 
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1. Introduction 
Hematopoietic stem cells (HSCs) are a rare population of pluripotent cells that 
predominantly reside in the bone marrow. Under the appropriate microenvironmental cues, 
HSCs can undergo self-renewal, expansion, and differentiation into all types of progenitor 
and terminally differentiated blood cells required for survival of the host (Figure 1).  Due to 
the importance of this cell population for survival, protection of its genome from 
endogenous and exogenous genotoxic insults is a necessity. However, the intracellular 
molecular signaling network in hematopoietic cells that control surveillance of the genome 
as well as maintain genome stability is still largely unexplored. As more is learned 
regarding how these cells detect a genotoxic event and seek to repair the damaged 
nucleotides (i.e. DNA adducts), it will become even more feasible to design strategies to 
protect these life-sustaining cells when the host is exposed to a genotoxic event.   
Maintenance of genome stability in both the hematopoietic stem and progenitor cell (HSPC) 
populations is essential for the sustainment of normal hematopoiesis. For example, transient 
depletion of bone-marrow derived HSC induced by irradiation or chemotherapy can induce 
these primitive cells to expand so that the bone marrow can be fully reconstituted; blood-cell 
development can then continue with minimal disruption. However, once therapy-mediated 
DNA damage is too high, a DNA-damage threshold is reached resulting in subsequent cell 
death, myelosuppression, and if not treated, life-threatening bone-marrow failure (Figure 1). 
With the basal level of DNA repair relatively low in these cells, this does present a challenge 
to maintain normal hematopoiesis in individuals exposed to prolonged or high levels of 
genotoxic stress. The reduced ability to repair DNA damage in HSPCs that give rise to 
multiple mature blood-cell lineages can cause detrimental and long-lasting effects to the 
host resulting in abnormal cell function, cell death, cellular transformation, and eventually 
leukemogenesis (Figure 1). Numerous studies have shown that HSPCs are intrinsically more 
sensitive than other cell types and tissues mostly due to intrinsic limitations in DNA-repair 
capacity. Buschfort-Papewalis et al previously demonstrated that when human HSPCs  
(phenotypically defined as CD34+ cells) or differentiated cells (phenotypically defined as 
CD34- cells) from the same donor were exposed to alkylating agents, an overall decrease in 
repair capacity of the more primitive CD34+ cells compared the more differentiated cells 
CD34- cells was observed. When human CD34+ cells were exposed to a variety of 
chemotherapeutic drugs, single-strand DNA breaks as well as DNA adducts were found at 
higher levels and persisted for longer time periods than in CD34- cells (Buschfort-Papewalis 
et al., 2002), providing evidence that the kinetics of DNA repair are slower overall in the 
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CD34+ cells which is the most likely reason for their enhanced sensitivity to irradiation and 
chemotherapy. 
 

 
Fig. 1. Hematopoiesis and impact of genotoxic stress. Hematopoietic stem cells (HSCs) 
undergo self-renewal or differentiate into progenitor cells and ultimately into mature 
terminally differentiated blood cells. When HSC are exposed to exogenous genotoxic stress 
such as ionizing radiation or chemotherapy and intrinsic stress such as high levels of 
reactive oxygen species, the bone marrow can become myelosuppressed. If the stress if 
transient and not of high intensity, the HSC can repopulate the bone marrow. However, if 
the stress is of sufficient and prolonged intensity, a large number of cells will 
undergo apoptosis which will lead to bone marrow failure and potentially emergence of 
pre-leukemic cells (white cells).and ultimately transformation and full blown leukemia. 

In this chapter, an overview and analysis of investigations that employ in vitro and in vivo 
model systems to study how hematopoietic cells in mouse and man respond to genotoxic 
stress is presented. In addition, we summarize new therapeutic strategies designed to 
protect and limit therapy-induced stress to the hematopoietic system and the animal models 
used to develop and test these therapies. 

2. DNA repair pathways in hematopoietic stem and progenitor cells 

Mammalian cells are equipped to varying degrees with multiple DNA repair pathways in 
which to defend against the accumulation of DNA damage caused by environmental insults 
such as reactive oxygen species, ionizing irradiation, and chemotherapy. The DNA repair 
pathways- O6-methylguanine DNA methyltransferase (MGMT) direct repair, nucleotide-
excision repair, base-excision repair, mismatch repair, non-homologous DNA end-joining, 
and homologous recombination- all play prominent roles in maintaining genome stability. A 
brief overview of the major DNA repairs pathways that are operative in the vast majority of 
mammalian cells including hematopoietic stem and progenitor is presented below and 
detailed reviews of these pathways have been previously published (Bekker-Jensen & 
Mailand, 2010; Niedernhofer, 2008; Seita et al., 2010)  
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2.1 The direct repair protein O6-methylguanine DNA methyltransferase (MGMT) 
MGMT is also referred to as O6-methylguanine DNA methyltransferase and in contrast to 
the other DNA repair pathways which rely on a series of DNA repair proteins, acts singly 
to repair DNA damage caused by DNA adducts (Gerson, 2004). MGMT repairs DNA 
damage mediated by endogenous alkylation or by chloroethylating and methylating 
agents used in anti-cancer therapies. In a one-step stoichiometric reaction, MGMT 
removes adducts from the O6 position of guanine (Gerson, 2002). Each MGMT molecule 
repairs one O6 lesion; MGMT is then inactivated and degraded.  For chloroethylating 
agents such as carmustine (BCNU) and lomustine (CCNU), if lesions at the O6 position are 
not repaired by MGMT, an intramolecular rearrangement occurs over the next 18-24 
hours resulting in an interstrand crosslink with the paired cytosine on the opposite DNA 
strand (Sorrentino, 2002). Since this covalent crosslink between guanine and cytosine is 
poorly repaired, DNA replication is blocked and caspase 3-mediated apoptosis ensues. In 
regards to methylating agents such as temozolomide (TMZ), procarbazine, streptozotocin, 
and dacarbazine, formation of O6-methyl adducts disrupts hydrogen bonding between the 
methylated guanine and the corresponding cytosine. As DNA replication proceeds, O6-
methyl guanine pairs with thymidine instead of cytosine and this mismatch ultimately 
results in a guanine to adenine switch resulting in a point mutation.  As a result, the 
mismatch repair pathway is activated. During this repair process, single-strand gaps 
occur in the DNA and once this occurs in the same region on the opposite DNA strand, 
double-strand breaks occur. This leads to erroneous mismatch repair cycles and 
ultimately leads to apoptosis. Chloroethylating agents are far more potent than 
methylating agents in terms of cellular cytotoxicity. For chloroethylating agents, 
formation of only 5-10 O6-chloroethyl adducts per cell results in cell death. In contrast, for 
methylating agents, formation of approximately 6000 O6-methyl adducts per cell is 
required for cellular toxicity. 
MGMT is ubiquitously expressed in all tissues with the bone marrow express 
substantially lower levels(Sorrentino, 2002). The kinetics of MGMT regeneration following 
DNA repair also vary amongst tissues; MGMT expression in tumor cells regenerates 
relatively faster compared to normal tissues(Kreklau et al., 2001). The role of MGMT 
activity in repairing mutations that would otherwise lead to cancer is confirmed in studies 
using transgenic or knock-out mice. Indeed transgenic mice that overexpressed MGMT in 
the thymus were significantly less susceptible to thymic lymphomas caused by 
methylating agents compared to control littermates(Dumenco et al., 1993). MGMT knock-
out mice exhibited an increased incidence of tumors compared to wild-type mice 
(Glassner et al., 1999). These observations set the stage for developing strategies that can 
selectively protect normal tissues while simultaneously disrupting DNA repair in cancer 
cells. MGMT removes two kinds of alkyl adducts-O6-alkylguanine and O4 on thymine-
leaving behind an intact guanine or thymine in the DNA strand (Park & Gerson, 2005). 
The MGMT DNA repair protein is referred to as a “suicide” protein since after a single 
repair event, each molecule is ubiquitinated and ultimately degraded by the proteosome 
(Gerson, 2002, 2004). Inactivation of the MGMT gene via promoter methylation as well as 
over-expression of its gene product have been found in multiple types of cancer including 
glioma, melanoma, lymphoma, colorectal cancer and breast cancer and can lead to cell 
sensitivity or resistance to alkylators such as temozolomide, CCNU, and BCNU. Therefore 
establishing the expression level of MGMT expression in a particular cancer could help 
guide the selection of appropriate treatment modalities(Pegg, 2011).  
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CD34+ cells which is the most likely reason for their enhanced sensitivity to irradiation and 
chemotherapy. 
 

 
Fig. 1. Hematopoiesis and impact of genotoxic stress. Hematopoietic stem cells (HSCs) 
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terminally differentiated blood cells. When HSC are exposed to exogenous genotoxic stress 
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reactive oxygen species, the bone marrow can become myelosuppressed. If the stress if 
transient and not of high intensity, the HSC can repopulate the bone marrow. However, if 
the stress is of sufficient and prolonged intensity, a large number of cells will 
undergo apoptosis which will lead to bone marrow failure and potentially emergence of 
pre-leukemic cells (white cells).and ultimately transformation and full blown leukemia. 
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model systems to study how hematopoietic cells in mouse and man respond to genotoxic 
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detailed reviews of these pathways have been previously published (Bekker-Jensen & 
Mailand, 2010; Niedernhofer, 2008; Seita et al., 2010)  
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2.1 The direct repair protein O6-methylguanine DNA methyltransferase (MGMT) 
MGMT is also referred to as O6-methylguanine DNA methyltransferase and in contrast to 
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not repaired by MGMT, an intramolecular rearrangement occurs over the next 18-24 
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methyl guanine pairs with thymidine instead of cytosine and this mismatch ultimately 
results in a guanine to adenine switch resulting in a point mutation.  As a result, the 
mismatch repair pathway is activated. During this repair process, single-strand gaps 
occur in the DNA and once this occurs in the same region on the opposite DNA strand, 
double-strand breaks occur. This leads to erroneous mismatch repair cycles and 
ultimately leads to apoptosis. Chloroethylating agents are far more potent than 
methylating agents in terms of cellular cytotoxicity. For chloroethylating agents, 
formation of only 5-10 O6-chloroethyl adducts per cell results in cell death. In contrast, for 
methylating agents, formation of approximately 6000 O6-methyl adducts per cell is 
required for cellular toxicity. 
MGMT is ubiquitously expressed in all tissues with the bone marrow express 
substantially lower levels(Sorrentino, 2002). The kinetics of MGMT regeneration following 
DNA repair also vary amongst tissues; MGMT expression in tumor cells regenerates 
relatively faster compared to normal tissues(Kreklau et al., 2001). The role of MGMT 
activity in repairing mutations that would otherwise lead to cancer is confirmed in studies 
using transgenic or knock-out mice. Indeed transgenic mice that overexpressed MGMT in 
the thymus were significantly less susceptible to thymic lymphomas caused by 
methylating agents compared to control littermates(Dumenco et al., 1993). MGMT knock-
out mice exhibited an increased incidence of tumors compared to wild-type mice 
(Glassner et al., 1999). These observations set the stage for developing strategies that can 
selectively protect normal tissues while simultaneously disrupting DNA repair in cancer 
cells. MGMT removes two kinds of alkyl adducts-O6-alkylguanine and O4 on thymine-
leaving behind an intact guanine or thymine in the DNA strand (Park & Gerson, 2005). 
The MGMT DNA repair protein is referred to as a “suicide” protein since after a single 
repair event, each molecule is ubiquitinated and ultimately degraded by the proteosome 
(Gerson, 2002, 2004). Inactivation of the MGMT gene via promoter methylation as well as 
over-expression of its gene product have been found in multiple types of cancer including 
glioma, melanoma, lymphoma, colorectal cancer and breast cancer and can lead to cell 
sensitivity or resistance to alkylators such as temozolomide, CCNU, and BCNU. Therefore 
establishing the expression level of MGMT expression in a particular cancer could help 
guide the selection of appropriate treatment modalities(Pegg, 2011).  
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2.2 Nucleotide excision repair (NER) 
NER is a type of repair in which a small series of nucleotide bases in each direction from the 
damaged DNA adduct are removed. There are two types of pathways associated with NER-
global genome and transcription-coupled repair-the specific pathway used depends on how 
the DNA damage is recognized (Park & Gerson, 2005). With global genome repair, 
xeroderma-pigmentosum complementation group C (XPC) and proteins recognize DNA 
damage. Many proteins are then recruited to remove the damaged bases as well as to repair 
the damage including XPA, RPA, transcription factor IIH, XPG, and polymerases delta or 
epsilon (Park & Gerson, 2005). With transcription-coupled NER, DNA damage leads to a 
halt in gene transcription and “sensor” proteins are rapidly recruited to the site for initiation 
of repair including MSH2, CSA, XBA2, XPB, XPG, BRCA1, and BRCA2 (Park & Gerson, 
2005). Defects in NER genes are the underlying cause of severe genetic disease states such as 
Xeroderma pigmentosum and Cockayne’s Syndrome.  

2.3 Base excision repair (BER) 
BER removes a misplaced or damaged base in the DNA strand. DNA glycosylases first 
remove a damaged base by creating an apurinic or apyrimidinic site within which AP 
endonuclease (APE-1) cuts the 5’ end of DNA so that the damaged base can be removed and 
replaced with the correct base. There are two pathways within BER which can be classified 
into “simple” and “complex.” The DNA glycosylases are different between the two 
pathways. In the simple pathway, N-methylpurine DNA glycosylase (MPG) removes a 
damaged site leaving an apurinic or apyrimidinic site without nicking the DNA 
backbone(Park & Gerson, 2005) . With the complex BER pathway, the DNA glycosylase such 
as 8-oxoguanine DNA glycosylase (OGG1) removes the damaged base and also nicks the 
DNA backbone(Park & Gerson, 2005). β-polymerase fills in the missing base and DNA 
ligase seals the nick in the DNA backbone completing BER(Limp-Foster & Kelley, 2000) . 
Interestingly, BER protein knockout mice are embryonic lethal which in contrast to NER, 
could explain why no known genetic diseases have been implicated with BER protein loss.  

2.4 Mismatch repair (MMR) pathway 
The MMR pathway recognizes single mismatches or misaligned sequence repeats (Belcheva 
et al., 2010; Martin et al., 2010). Msh2 will link with either Msh6 or Msh3 when recognized 
sequences are detected. Following detection, the Mlh1-Pms2 complex will coordinate the 
DNA endonuclease removal of damage, DNA re-synthesis, and ligation to complete the 
repair (Schmutte et al., 2001). Many diseases have been implicated in MMR deficiencies 
including lymphomas and stem-cell derived leukemias(Park & Gerson, 2005). 

2.5 Non-homologous DNA end-joining (NHEJ) 
Double strand breaks are most often repaired by NHEJ which can be caused by free radicals 
or ionizing radiation. Double-strand breaks can also occur following a malfunction during 
V(D)J recombination in T and B lymphocytes(Park & Gerson, 2005). This pathway is quite 
complex and uses does not always accurately repair the DNA which could be detrimental to 
the cell or in some situations such as during V(D)J recombination can add sequence 
diversity to genes encoding the T and B lymphocyte antigen-specific receptors.  The ends of 
the broken DNA strands are held by a protein complex comprised of Ku70, Ku80, and DNA-
PKcs. The repair is completed by XRCC4-DNA ligase IV (Lieber, 2010; Nick McElhinny et 
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al., 2000). Seita et al have demonstrated that in human HSPCs, that cycling status can dictate 
selection of the repair pathway that is operative. For example, in quiescent human HSPCs, 
the NHEJ pathway is preferentially used (Seita et al., 2010).  

2.6 Homologous recombination (HR) 
Homologous recombination (HR) can also repair double-strand breaks; however, it often can 
lead to further DNA damage with misalignments, deletions, and rearrangements. The PI-3 
kinase, ATM binds to the DNA following a double strand break acting to phosphorylate target 
proteins involved in repair including Mre11/Rad50/Nbs, BRCA1, BRCA2, RAD 51, BLM, and 
WRN(Park & Gerson, 2005). Abnormalities in homologous recombination are linked to many 
genetic diseases including Ataxia Telangiectasia, Werner’s syndrome and Bloom’s syndrome. 
In contrast to NHEJ, HR repair is generally considered superior in regards to ensuring that all 
DNA adducts are accurately repaired.   As discussed below, in the study by Seita et al, they 
find that cycling HSPCs in contrast to quiescent HSPCs, utilized the HR pathway to repair 
DNA strand breaks (Seita et al., 2010).  Abnormalities in nucleotide excision repair, telomere 
maintenance, or non-homologous DNA end-joining in mice have shown increased deficiencies 
in hematopoietic stem cells (HSCs) as they age implicating DNA damage as a driving force for 
stem-cell aging(Naka & Hirao, 2011). The continued research in employing gene therapy 
targeting increased DNA repair proteins in HSCs will continue to be an area of research as the 
limiting factor in anti-cancer treatments is normal tissue toxicity typically 
myelosuppression(Niedernhofer, 2008) and will be discussed in detail below. 

3. DNA damage responses in hematopoiesis 
Understanding the DNA-damage response and DNA-repair pathways that control the 
sensitivities of HSPCs to DNA-damaging agents will be key as the field continues to 
develop new pharmacological and cellular-based therapies to protect and maintain genome 
stability in these life-sustaining cells. The maintenance of HSC in a quiescent state in vivo is 
essential for long-term survival. Quiescence is widely considered to be an essential 
protective mechanism for stem cells that minimizes endogenous stress caused by cellular 
respiration and DNA replication. What molecular cues are essential for maintenance of 
“stem-ness” in vivo is a rapidly growing area of investigation and a complex network of 
proteins control the DNA-damage response and repair pathways. The tumor suppressor 
protein, p53, clearly plays a pivotal role in the regulation and promotion of senescence, 
apoptosis, and cell cycle arrest in a variety of cell types(Vousden & Lane, 2007). Several 
laboratories have utilized p53-deficient mice to investigate the role of this protein in 
hematopoiesis. Due to the dual functions of p53 in promoting survival versus cell death, 
results have been somewhat difficult to interpret. In transplantation studies, reconstitution 
of the bone marrow with p53-null murine HSC has resulted in increased, equivalent or 
decreased levels of engraftment in the mouse. Most likely, small nuances in experimental 
design are the most likely reason for these discrepancies and underscore the complexity of 
the p53-signaling network in hematopoiesis (Chen et al., 2008; Liu et al., 2009; Marusyk et 
al., 2010). In competitive repopulation assays, Dumble et al demonstrated that with 
increased p53 expression, HSCs exhibited decreased self-renewal capabilities (Dumble et al., 
2007). In murine studies by Liu et al(Liu & Gerson, 2006; Liu et al., 2009), p53 was highly 
expressed in primitive Lin− Sca-1+ c-Kit+ (LSK) wild-type cells compared to the more 
differentiated hematopoietic myeloid cells. The maintenance of LSK frequency appeared to 
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damage. Many proteins are then recruited to remove the damaged bases as well as to repair 
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al., 2000). Seita et al have demonstrated that in human HSPCs, that cycling status can dictate 
selection of the repair pathway that is operative. For example, in quiescent human HSPCs, 
the NHEJ pathway is preferentially used (Seita et al., 2010).  
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Homologous recombination (HR) can also repair double-strand breaks; however, it often can 
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kinase, ATM binds to the DNA following a double strand break acting to phosphorylate target 
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In contrast to NHEJ, HR repair is generally considered superior in regards to ensuring that all 
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targeting increased DNA repair proteins in HSCs will continue to be an area of research as the 
limiting factor in anti-cancer treatments is normal tissue toxicity typically 
myelosuppression(Niedernhofer, 2008) and will be discussed in detail below. 
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Understanding the DNA-damage response and DNA-repair pathways that control the 
sensitivities of HSPCs to DNA-damaging agents will be key as the field continues to 
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stability in these life-sustaining cells. The maintenance of HSC in a quiescent state in vivo is 
essential for long-term survival. Quiescence is widely considered to be an essential 
protective mechanism for stem cells that minimizes endogenous stress caused by cellular 
respiration and DNA replication. What molecular cues are essential for maintenance of 
“stem-ness” in vivo is a rapidly growing area of investigation and a complex network of 
proteins control the DNA-damage response and repair pathways. The tumor suppressor 
protein, p53, clearly plays a pivotal role in the regulation and promotion of senescence, 
apoptosis, and cell cycle arrest in a variety of cell types(Vousden & Lane, 2007). Several 
laboratories have utilized p53-deficient mice to investigate the role of this protein in 
hematopoiesis. Due to the dual functions of p53 in promoting survival versus cell death, 
results have been somewhat difficult to interpret. In transplantation studies, reconstitution 
of the bone marrow with p53-null murine HSC has resulted in increased, equivalent or 
decreased levels of engraftment in the mouse. Most likely, small nuances in experimental 
design are the most likely reason for these discrepancies and underscore the complexity of 
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increased p53 expression, HSCs exhibited decreased self-renewal capabilities (Dumble et al., 
2007). In murine studies by Liu et al(Liu & Gerson, 2006; Liu et al., 2009), p53 was highly 
expressed in primitive Lin− Sca-1+ c-Kit+ (LSK) wild-type cells compared to the more 
differentiated hematopoietic myeloid cells. The maintenance of LSK frequency appeared to 
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be dependent on p53 expression since LSK frequency of bone marrow cells derived from 
p53 -/- mice was significantly decreased. In vivo bromodeoxyuridine assays suggested that 
while p53 promoted HSC quiescence, p53 absence promoted entry of HSCs into cycle(Liu et 
al., 2009).  
The mechanisms by which HSPCs respond to DNA double-strand breaks (DSBs) induced by 
genotoxic stress, such as ionizing radiation (IR), is an emerging area of investigation. Two 
provocative studies conducted by Mohrin et al and Milyavsky et al studied IR-induced 
DNA damage responses of HSPC compartments derived from mice (Mohrin et al., 2010) and 
humans (Milyavsky et al., 2010) The molecular mechanisms by which murine and human 
HSPCs respond to IR appear to differ substantially(Seita et al., 2010). In the mouse model, 
Mohrin et al. found that murine HSPCs exposed to 2 Gy of IR were significantly more 
resistant than differentiated myeloid progenitors.  Furthermore, significant differences in the 
radiosensitivity of quiescent versus proliferating murine HSPCs were observed. The role of 
the ataxia telangiectasia mutated (ATM) protein in resistance to IR was also studied.  ATM is a 
serine-threonine protein kinase and a key sensor of DNA damage which is rapidly recruited 
to DNA double-strand breaks; upon activation at the strand break, ATM plays a major role 
in activation of the DNA-damage checkpoint.  In HSCs derived from ATM-null mice, 
quiescent and proliferating HSCs exhibited similar radiation sensitivities, indicating the 
importance of this protein in monitoring DNA damage in these populations. Further studies 
indicated that different modes of DNA repair are used to repair IR-induced DNA damage in 
quiescent versus cycling HSPCs. Quiescent HSPCs preferentially utilized the NHEJ 
pathway, which as mentioned previously is a fairly inefficient DNA repair pathway and is 
much more error prone than the HR pathway. High basal levels of NHEJ activity were 
detected in the quiescent HSPCs and this activity increased by ~2-fold following exposure to 
IR. In contrast to the quiescent HSPCs, the cycling HSPCs preferentially switched to the HR 
pathway to repair IR-induced double-strand breaks. The HR pathway is able to repair IR-
induced DNA damage more accurately than the NHEJ pathway. These data are consistent 
with the concept that cell-cycle status may influence the integrity of the DNA-repair 
processes and hence, influence long-term genome stability. For example, irradiated 
quiescent HSPCs gave rise to progeny that have genomic abnormalities at a higher 
frequency than cycling HSPCs. In particular when compared to non-irradiated resting 
HSPCs, greater than 30% of the cells derived from IR-treated resting HSPCs exhibited 
genomic rearrangements such as reciprocal translocations, interstitial deletions, and 
complex rearrangements. When mice were transplanted with non-irradiated or irradiated 
quiescent HSPCs (CD45.1+ cells) into CD45.2 lethally irradiated recipient mice, there was 
decreased engraftment in mice transplanted with the IR-treated versus non-treated HSPCs. 
While no transplanted mice developed leukemia or showed signs of abnormal 
hematopoiesis, further analyses demonstrated the presence of increased genome alterations 
in mice transplanted with IR-treated quiescent HSPC donor cells.  These data suggest a 
DNA-repair threshold exists in which repair of DNA damage in the mouse may not be fully 
accomplished in the quiescent HSPCs. Collectively, these findings also suggest that mouse 
HSC quiescence and reliance on NHEJ to repair IR may be an important mechanism 
contributing to mutagenesis at the stem-cell level.  (Mohrin et al., 2010) This may serve as 
the starting point for the emergence of certain blood-cell cancers. In addition, the 
accumulation of mutations in quiescent HSPCs over time may account for many of the stem-
cell based hematological abnormalities observed during aging. While the upside is that the 
quiescent state of murine HSPCs preserves these cells for use in the future, the downside is 
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that at least in mice, HSPCs in the quiescent state may be intrinsically more vulnerable to 
mutagenesis following DNA damage, particularly if the DNA damage pathways, such as 
NHEJ are operative and are not as reliable in repairing the DNA damage.  
Milyavsky et al. focused on the response of different hematopoietic cell populations  
isolated from human cord blood to IR-mediated DNA damage (Milyavsky et al., 2010). In 
contrast to the murine study, human HSPCs were found to have increased sensitivity to IR 
than the more differentiated progenitor cells. One likely reason for the increased sensitivity 
to IR was that the IR-mediated DNA damage led to slower repair of DNA damage in the 
human HSPC following IR exposure. In this study, Milyavsky et al determined the relative 
sensitivity of 3 human hematopoietic subpopulations isolated from cord blood and 
phenotypically defined as : (1) HSC- Lineage-negative (Lin-), CD34+CD38-  or Lin-

CD34+CD38-CD90+CD45RA- fraction; (2) myeloid progenitor population (MPP)-Lin-

CD34+CD38-CD90-CD45RA- population which contains fewer HSCs and many MPPs; (3) 
progenitor population-more mature progenitor/precursor cells, including CFCs, which are 
Lin-CD34+CD38+.  
To monitor the DNA damage and repair kinetics of the different hematopoietic cell 
populations, neutral comet assays and subnuclear foci of phosphorylated H2AX (γH2AX) 
were used as measures of IR-induced DNA double-strand breaks.  Different cell population 
were treated with 15 Gy IR and damage monitored at 30-60 minutes post-IR exposure. In the 
progenitor cells, 19.4% of the breaks were repaired by 30 minutes and 36.4% of the breaks 
had been repaired by 60 minutes. In contrast, in the more primitive population-HSC/MPP-
no repair of DNA-strand breaks was observed at 30 minutes post-IR; and at 60 minutes, 
29.9% of the breaks had been repaired.  The delay in repair of the double-strand DNA 
breaks indicated that the more quiescent HSC/MPP cells differed in their repair capacity 
from the differentiated progenitor population. Similar differences in DNA repair between 
the primitive and more differentiated cell populations were noted with the levels of γH2AX 
foci. At one hour post-exposure to IR, similar levels of γH2AX foci were evident in both the 
HSC/MPP and the progenitor populations. By 12 hours post-IR exposure, more γH2AX foci 
still remained in the HSC/MPP compared to the progenitor population (7.1 versus 2.7 
foci/nucleus respectively) further confirming the differential DNA repair capabilities of the 
two populations. Additionally these data correlated with decreased survival in the HSC 
versus the more differentiated progenitor cells in clonogenic assays. 
To assess the viability of irradiated HSPCs in the bone-marrow microenvironment, the SCID-
repopulating assay was used(Milyavsky et al., 2010). The nonobese diabetic/severe combined 
immunodeficiency (NOD/SCID) mice were transplanted with cord blood CD34+ cells and 5-10 
weeks post-transplant cohorts of mice received 3 Gy IR. The bone marrow was harvested from 
the mice 1.5 hours after IR delivery and the viability of the more primitive human HSC (Lin-

CD34+CD38-) versus the more differentiated (Lin-CD34+CD38+) was determined by flow 
cytometry.  The in vivo data correlated with the in vitro DNA damage and repair studies, for 
there was a 2-fold increase in IR-induced apoptosis in the more primitive Lin-CD34+CD38- 
versus the Lin-CD34+CD38+ cells. (Milyavsky et al., 2010) The authors went on to show that the 
primitive versus more differentiated hematopoietic cells utilize the p53/Bcl-2 pathway but to 
different degrees. Both in vitro and in vivo studies indicated that decreased p53 expression or 
over-expression of Bcl2 in cord blood progenitors blocked IR-induced apoptosis indicating the 
involvement of the p53-BCL2 pathway in regulating apoptosis and conferring some degree of 
radioprotection. However, in the secondary transplant setting, lack of p53 expression in the 
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be dependent on p53 expression since LSK frequency of bone marrow cells derived from 
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al., 2009).  
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genotoxic stress, such as ionizing radiation (IR), is an emerging area of investigation. Two 
provocative studies conducted by Mohrin et al and Milyavsky et al studied IR-induced 
DNA damage responses of HSPC compartments derived from mice (Mohrin et al., 2010) and 
humans (Milyavsky et al., 2010) The molecular mechanisms by which murine and human 
HSPCs respond to IR appear to differ substantially(Seita et al., 2010). In the mouse model, 
Mohrin et al. found that murine HSPCs exposed to 2 Gy of IR were significantly more 
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that at least in mice, HSPCs in the quiescent state may be intrinsically more vulnerable to 
mutagenesis following DNA damage, particularly if the DNA damage pathways, such as 
NHEJ are operative and are not as reliable in repairing the DNA damage.  
Milyavsky et al. focused on the response of different hematopoietic cell populations  
isolated from human cord blood to IR-mediated DNA damage (Milyavsky et al., 2010). In 
contrast to the murine study, human HSPCs were found to have increased sensitivity to IR 
than the more differentiated progenitor cells. One likely reason for the increased sensitivity 
to IR was that the IR-mediated DNA damage led to slower repair of DNA damage in the 
human HSPC following IR exposure. In this study, Milyavsky et al determined the relative 
sensitivity of 3 human hematopoietic subpopulations isolated from cord blood and 
phenotypically defined as : (1) HSC- Lineage-negative (Lin-), CD34+CD38-  or Lin-

CD34+CD38-CD90+CD45RA- fraction; (2) myeloid progenitor population (MPP)-Lin-

CD34+CD38-CD90-CD45RA- population which contains fewer HSCs and many MPPs; (3) 
progenitor population-more mature progenitor/precursor cells, including CFCs, which are 
Lin-CD34+CD38+.  
To monitor the DNA damage and repair kinetics of the different hematopoietic cell 
populations, neutral comet assays and subnuclear foci of phosphorylated H2AX (γH2AX) 
were used as measures of IR-induced DNA double-strand breaks.  Different cell population 
were treated with 15 Gy IR and damage monitored at 30-60 minutes post-IR exposure. In the 
progenitor cells, 19.4% of the breaks were repaired by 30 minutes and 36.4% of the breaks 
had been repaired by 60 minutes. In contrast, in the more primitive population-HSC/MPP-
no repair of DNA-strand breaks was observed at 30 minutes post-IR; and at 60 minutes, 
29.9% of the breaks had been repaired.  The delay in repair of the double-strand DNA 
breaks indicated that the more quiescent HSC/MPP cells differed in their repair capacity 
from the differentiated progenitor population. Similar differences in DNA repair between 
the primitive and more differentiated cell populations were noted with the levels of γH2AX 
foci. At one hour post-exposure to IR, similar levels of γH2AX foci were evident in both the 
HSC/MPP and the progenitor populations. By 12 hours post-IR exposure, more γH2AX foci 
still remained in the HSC/MPP compared to the progenitor population (7.1 versus 2.7 
foci/nucleus respectively) further confirming the differential DNA repair capabilities of the 
two populations. Additionally these data correlated with decreased survival in the HSC 
versus the more differentiated progenitor cells in clonogenic assays. 
To assess the viability of irradiated HSPCs in the bone-marrow microenvironment, the SCID-
repopulating assay was used(Milyavsky et al., 2010). The nonobese diabetic/severe combined 
immunodeficiency (NOD/SCID) mice were transplanted with cord blood CD34+ cells and 5-10 
weeks post-transplant cohorts of mice received 3 Gy IR. The bone marrow was harvested from 
the mice 1.5 hours after IR delivery and the viability of the more primitive human HSC (Lin-

CD34+CD38-) versus the more differentiated (Lin-CD34+CD38+) was determined by flow 
cytometry.  The in vivo data correlated with the in vitro DNA damage and repair studies, for 
there was a 2-fold increase in IR-induced apoptosis in the more primitive Lin-CD34+CD38- 
versus the Lin-CD34+CD38+ cells. (Milyavsky et al., 2010) The authors went on to show that the 
primitive versus more differentiated hematopoietic cells utilize the p53/Bcl-2 pathway but to 
different degrees. Both in vitro and in vivo studies indicated that decreased p53 expression or 
over-expression of Bcl2 in cord blood progenitors blocked IR-induced apoptosis indicating the 
involvement of the p53-BCL2 pathway in regulating apoptosis and conferring some degree of 
radioprotection. However, in the secondary transplant setting, lack of p53 expression in the 
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HSC resulted in higher levels of γH2AX foci in the engrafted cells and this correlated with 
decreased levels of engraftment. In contrast, in mice transplanted with the Bcl-2-
overexpressing HSCs, engraftment was within a normal range.  To begin to define in more 
detail, the intracellular proteins involved in regulating the DNA damage response to IR, global 
microarray expression profiling indicated that the apoptosis-stimulating protein of p53 
(ASPP1) was preferentially expressed and found to play a major role in mediating stem-cell 
radiosensitivity. ASPP1 is involved in the activation of p53-dependent apoptosis. Expression 
levels of ASPP1 were higher in HSC versus the more differentiated populations. The critical 
role of ASPP1 in response of primitive hematopoietic cells to IR was further confirmed in 
knockdown experiments; knockdown of ASPP1 in a CD34+CD90+ primitive cell population 
versus knockdown in a more differentiated CD34+CD90- cell population revealed that only in 
the primitive CDC34+CD90+ cells with decreased ASPP1 was there an increased resistance to 
IR exposure (Milyavsky et al., 2010). These studies clearly highlight the differences between 
these two species and underscore the importance of evaluating DNA damage responses in 
different models and cell types. It is becomingly increasing clear that DNA damage thresholds 
that dictate survival versus cell death do vary among different cell types and the mechanisms 
that regulate these responses will be different and need to be understood in order to develop 
relevant, effective, and safe strategies to protect bone marrow cells from genotoxic stresses. 

4. Increasing cell cycle arrest by pharmacological intervention to improve 
DNA-repair activity in hematopoietic cells exposed to genotoxic stress 
The use of growth-factor support such as granulocyte-colony stimulating factor, 
granulocyte/macrophage-colony stimulating factor, or erythropoietin can help increase the 
resistance to DNA-damaging agents and help facilitate recovery of the bone marrow 
following genotoxic therapy. However, these treatments are very expensive and can have 
adverse side effects. With the explosion of small-molecule development and drug discovery 
and as more is learned regarding how different cell types repair DNA damage, it may be 
possible to modulate DNA damage and repair pathways to increase protection and stability 
of the hematopoietic genome. These types of strategies could be used to prevent life-
threatening myelosuppression in the case of radiation accidents or disasters as well as an 
adjuvant to aggressive cancer therapies that typically induce severe myelosuppression or 
complete non-irreversible myeloablation.  In terms of IR exposure, the DNA double-strand 
DNA breaks caused by IR are cell-cycle dependent. The early G1 and late S phases are fairly 
resistant to IR effects, but the G1/S transition and the G2/M phases are the most sensitive to 
IR. It has been shown previously that extension of the G1 period following exposure to a 
genotoxic stress can enhance resistance; it is possible that this could allow for a longer 
period of time to repair the DNA before entering the cell cycle (Johnson et al., 2010). The 
cyclin-dependent kinases (CDK2, CDK4, and CDK6) are involved in promoting the G1 to S 
cell-cycle transition. Johnson et al demonstrated significant increases in the radioprotection 
of human cell lines and mice exposed to CDK4/6 small molecule inhibitors such as 
PD0332991(Pfizer, Inc.) that block entry into cell cycle.  If wild-type mice were treated with 
the selective inhibitors, a reversible cell-cycle arrest ensued in the most primitive HSPCs but 
not in cells already cycling the bone marrow or in other tissues (Johnson et al., 2010). The 
inhibitor-mediated inhibition of CDK4/6 function abrogated the total-body irradiation 
whether the inhibitor was given before or even up to several hours after delivery of total 
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body irradiation (TBI).  The authors also determined if inhibition of CDK4/6 could be used 
in the context of an anti-cancer therapy such as IR as to protect the mice from life-
threatening hematotoxicity but also to see if inhibition of CDK4/6 would have any impact 
on tumor–cell kill (Johnson et al., 2010). In a genetically engineered melanoma mouse 
model, male TyrRas Ink4a/Arf -/- develop autochthonous melanomas due to melanocyte-
specific promoter expression of mutant H-Ras. In this model, the growth of the tumors was 
not inhibited by CDK4/6 inhibitor treatment. When tumor-bearing mice were treated with 
7.5 Gy TBI, tumor growth slowed substantially for ~20 days. When the tumor-bearing mice 
were treated with 1 dose of the CDK4/6 inhibitor 4 hours before TBI, the tumors still 
responded to the irradiation and growth slowed as in control mice but also there was a 
substantial decrease in irradiation-induced myelosuppression and mortality. The relative 
contribution of a prolonged G1 arrest versus a block in the G1 to S transition in enhancing 
radioprotection of murine HSPCs is not completely clear.  Likewise, how these intriguing 
results will translate into the radioprotection of human bone-marrow cells and whether 
cancer-initiating mutations could permanently reside in the genome will require further 
investigation. 

5. Human gene-therapy clinical trials that target HSPCs-safety, efficacy, and 
vectors 
HSPCs have been studied for the past three decades as a relevant target for gene therapy 
due to feasibility with which they can be harvested, ex vivo manipulated, and transplanted 
back into the patient.  While the field of hematopoietic-stem cell gene therapy has had set 
backs and successes, many hurdles still remain in moving this from an experimental to a 
well accepted treatment modality. Investigations originally focused on utilization of 
retrovirus vectors for transduction of murine HSC(Williams et al., 1984). As studies 
progressed and investigators moved to humanized mouse models and large animal models, 
the promise shown in the murine transplant models did not always hold up. The first 
attempts of using a gene-therapy approach in human hematopoietic cells were also not very 
promising. Low-gene transfer and engraftment levels of genetically modified cells in 
humans were noted (Brenner et al., 1993b; Dunbar et al., 1995). Recent technical advances, 
however, including identification of  suitable cytokine cocktails that minimize stem-cell 
commitment and differentiation during ex vivo culture, use of Retronectin-enhanced gene 
transfer,  as well as enrichment of  stem and progenitor cells prior to transduction have 
improved the efficiency of gene transfer into human cells and resulted in substantial 
successes in  human gene-therapy trials particularly in X-SCID (Abonour et al., 2000; 
Cavazzana-Calvo et al., 2000) but also some unexpected abnormal events. In terms of the 
success of the trial, the selective advantage of the corrected hematopoietic cells in vivo 
clearly was a determining factor in generating sufficient numbers of corrected progenitors 
and lymphocytes in these patients. In spite of these improvements, however, the efficiency 
of gene transfer into primitive human hematopoietic cells and the engraftment of sufficient 
numbers of these transduced cells into patients still remains a major impediment. The very 
early gene-therapy trials using T-lymphocyte populations or hematopoietic 
stem/progenitor cells into subjects with adenosine deaminase deficiency associated with 
SCID revealed no signs of genotoxicity(Aiuti et al., 2009) . However, in the first trial of X-
SCID gene therapy, in which vector and transduction protocol were optimized,  the reality 
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body irradiation (TBI).  The authors also determined if inhibition of CDK4/6 could be used 
in the context of an anti-cancer therapy such as IR as to protect the mice from life-
threatening hematotoxicity but also to see if inhibition of CDK4/6 would have any impact 
on tumor–cell kill (Johnson et al., 2010). In a genetically engineered melanoma mouse 
model, male TyrRas Ink4a/Arf -/- develop autochthonous melanomas due to melanocyte-
specific promoter expression of mutant H-Ras. In this model, the growth of the tumors was 
not inhibited by CDK4/6 inhibitor treatment. When tumor-bearing mice were treated with 
7.5 Gy TBI, tumor growth slowed substantially for ~20 days. When the tumor-bearing mice 
were treated with 1 dose of the CDK4/6 inhibitor 4 hours before TBI, the tumors still 
responded to the irradiation and growth slowed as in control mice but also there was a 
substantial decrease in irradiation-induced myelosuppression and mortality. The relative 
contribution of a prolonged G1 arrest versus a block in the G1 to S transition in enhancing 
radioprotection of murine HSPCs is not completely clear.  Likewise, how these intriguing 
results will translate into the radioprotection of human bone-marrow cells and whether 
cancer-initiating mutations could permanently reside in the genome will require further 
investigation. 

5. Human gene-therapy clinical trials that target HSPCs-safety, efficacy, and 
vectors 
HSPCs have been studied for the past three decades as a relevant target for gene therapy 
due to feasibility with which they can be harvested, ex vivo manipulated, and transplanted 
back into the patient.  While the field of hematopoietic-stem cell gene therapy has had set 
backs and successes, many hurdles still remain in moving this from an experimental to a 
well accepted treatment modality. Investigations originally focused on utilization of 
retrovirus vectors for transduction of murine HSC(Williams et al., 1984). As studies 
progressed and investigators moved to humanized mouse models and large animal models, 
the promise shown in the murine transplant models did not always hold up. The first 
attempts of using a gene-therapy approach in human hematopoietic cells were also not very 
promising. Low-gene transfer and engraftment levels of genetically modified cells in 
humans were noted (Brenner et al., 1993b; Dunbar et al., 1995). Recent technical advances, 
however, including identification of  suitable cytokine cocktails that minimize stem-cell 
commitment and differentiation during ex vivo culture, use of Retronectin-enhanced gene 
transfer,  as well as enrichment of  stem and progenitor cells prior to transduction have 
improved the efficiency of gene transfer into human cells and resulted in substantial 
successes in  human gene-therapy trials particularly in X-SCID (Abonour et al., 2000; 
Cavazzana-Calvo et al., 2000) but also some unexpected abnormal events. In terms of the 
success of the trial, the selective advantage of the corrected hematopoietic cells in vivo 
clearly was a determining factor in generating sufficient numbers of corrected progenitors 
and lymphocytes in these patients. In spite of these improvements, however, the efficiency 
of gene transfer into primitive human hematopoietic cells and the engraftment of sufficient 
numbers of these transduced cells into patients still remains a major impediment. The very 
early gene-therapy trials using T-lymphocyte populations or hematopoietic 
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SCID revealed no signs of genotoxicity(Aiuti et al., 2009) . However, in the first trial of X-
SCID gene therapy, in which vector and transduction protocol were optimized,  the reality 
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that oncoretroviral-mediated insertional mutagenesis could serve as an initiator of leukemia 
in some patients transplanted with genetically engineered autologous hematopoietic cells is 
concerning. These early success stories coupled with the adverse events reported in the X-
SCID(Hacein-Bey-Abina et al., 2003a; Hacein-Bey-Abina et al., 2003b) and chronic 
granulomatous disease (Metais & Dunbar, 2008; Ott et al., 2006)trials demonstrate that gene-
therapy based approaches have a place in the clinic, but at the same time, more research into 
all aspects of these approaches and the disease state to be treated require more investigation.   
When the first cases of insertional mutagenesis were reported in the X-SCID trials, the 
community responded in a very positive and aggressive way to unravel the underlying 
cause of the T-cell leukemia in several of X-SCID patients. Retroviral insertion into the 
genome near the LMO-2 and other growth-promoting loci in the transplanted hematopoietic 
cells was defined very early after the adverse events were reported. In addition, as 
preclinical studies in nonhuman primates, dogs, and mice have progressed over the past 
decade, development of leukemias most likely linked or initiated by vector-mediated 
insertional mutagenesis have been reported in these animal models(Li et al., 2005; Li et al., 
2002; Modlich et al., 2005; Nienhuis et al., 2006; Seggewiss et al., 2006; Zhang et al., 2008). 
Since these reports, a large effort has focused on designing vectors with better safety 
profiles, well-defined transduction protocols, as well as improved small and large animal 
models for long-term evaluation of efficacy and safety testing. As the field of hematopoietic 
gene therapy continues to progress, it is highly likely that vector design coupled with 
optimal transduction protocols and better understanding of the underlying hematological 
disease will result in cures (Trobridge et al., 2005).  

5.1 Retroviral vectors  
Many improvements in vector design resulting in improved transgene expression and safe 
guards against generation of replication-competent viruses have been summarized in detail 
elsewhere(Trobridge, 2011; Yi et al., 2011). A brief summary of retroviral vector types and 
transduction considerations are discussed below.  

5.1.1 Gamma-retroviral vectors  
Gamma-retroviral vectors were the first to be used for the purpose of marking murine 
hematopoietic stem and progenitor cells (Williams et al., 1984). Due to their long history in 
development, they have been the most commonly used so far as vectors for clinical studies.  
It has been widely appreciated for some time now, that cell division of the retrovirally 
transduced cells is essential for stable integration of gamma-retroviral vectors into the host 
genome (Lewis & Emerman, 1994; Miller et al., 1990). Due to the highly quiescent nature of 
the hematopoietic cells, cytokines that promote cell division in primitive hematopoietic cells 
have been utilized over the years and in combination with Retronectin-coated plates-to 
enhance proximity of retroviral particles and cells-have resulted in fairly high levels of 
transfer into hematopoietic stem and progenitor cells derived from mice, canines and 
primates(Horn et al., 2002b; Kiem et al., 1999; Kurre et al., 2002; Rosenzweig et al., 1999).  
There are generally 3 disadvantages in using a gamma-retroviral vector to transduce 
hematopoietic cells. Silencing of the transgene expressed by the gamma-retroviral vectors 
can occur over time and this has been well documented in murine transplant studies 
(Halene et al., 1999; Klug et al., 2000; Robbins et al., 1998).  Additionally, while gene transfer 
into primitive hematopoietic cells is fairly efficient, the cytokine-mediated entry into cell 
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cycle ex vivo can lead to a loss or primitive hematopoietic cells residing in the graft, which 
could compromise engraftment kinetics (Tisdale et al., 1998). The final downside of gamma-
retroviral vectors is their preferential integration near transcript start sites(Wu et al., 2003), 
which in the proper molecular context can increase the chances of insertional mutagenesis 
and development of leukemia as discussed above.   Alternative vector systems such as 
lentiviral or foamy viral vectors, are being investigated in a variety of contexts and may 
have better integration properties such that only minimal cytokine exposure and ex vivo 
culture time are required to achieve acceptable gene transfer into repopulating 
hematopoietic stem and progenitor cells (Horn et al., 2004a; Josephson et al., 2002; Miyoshi 
et al., 1999; Trobridge et al., 2005).  

5.1.2 Lentiviral vectors 
Lentiviral vectors do not necessarily require mitosis in order to enter the nucleus and 
integrate into the genome. This vector system has been shown to successfully transduce a 
variety of nondividing target cells(Case et al., 1999; Naldini et al., 1996; Reiser et al., 1996). 
However, lentiviral-mediated transduction was relatively higher still, when the target cells 
were induced to undergo cell division during the transduction period (Naldini et al., 1996; 
Russell & Miller, 1996; Trobridge & Russell, 2004). Lentiviral vectors can also efficiently 
transduce SCID-repopulating cells in the NOD/SCID mouse model(Miyoshi et al., 1999), as 
well as long-term repopulating cells in canines (Horn et al., 2004b) and monkeys(An et al., 
2001; An et al., 2000; Horn et al., 2002a).  
As more long-term repopulation studies are completed, it is becoming clear that lentiviral 
vectors in contrast to gamma-retroviral vectors allow for efficient transduction, optimal 
reconstitution, and quicker recovery following transplantation (Goerner et al., 1999; Goerner 
et al., 2001; Horn et al., 2002a). It is possible that lentiviral vectors can transduce larger 
numbers of immature hematopoietic repopulating cell compared to gamma-retroviral 
vectors. One obstacle to extending these observations to large animal models is that human 
immunodeficiency virus type 1 (HIV1)-based lentiviral vectors in nonhuman primates  
have a low transduction rate in Old World monkey cells(Song et al., 2005; Stremlau  
et al., 2004; Stremlau et al., 2005).  Peter-Kiem and colleagues have found, however, that 
human and pigtail macaque (Macaca nemestrina) but not baboon (Papio cynocephalus anubis) 
CD34+ cells could be efficiently transduced with lentiviral vectors (Beard et al., 2007; 
Trobridge et al., 2005).  

5.1.3 Foamy virus vectors 
Foamy (spuma) retroviral vectors are the newest vector system to undergo extensive 
development and testing for use as a gene-transfer vector for HSC gene therapy.  The vector 
backbones clearly possess several characteristics that make this vector attractive for gene 
transfer into primitive hematopoietic cell lineages.  The vector has the ability to allow for 
subcloning of larger therapeutic transgenes than the other vector systems. Importantly for 
use in the clinic, the foamy virus does not cause any known pathogenesis in humans which 
further strengthens the safety of this novel viral vector (Trobridge et al., 2002). Foamy viral 
vectors require mitosis for integration into the host genome. In contrast to gamma-retroviral 
and lentiviral vectors, foamy vectors can form a stable intermediate in quiescent 
cells(Trobridge & Russell, 2004) which can exist for days. Therefore, this allows for increased 
opportunities for the foamy viral intermediate to integrate into the genome of the 
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cycle ex vivo can lead to a loss or primitive hematopoietic cells residing in the graft, which 
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transduced cell once it divides at a later time point, presumably even after it is transplanted. 
This is possibly one reason why foamy viral vectors have shown promise in the 
transduction of SCID-repopulating cells derived from quiescent mobilized peripheral blood 
(Josephson et al., 2004). How well lentiviral versus foamy viral vectors can transduce canine 
hematopoietic stem and progenitor cells has been investigated.  Equivalent levels of gene 
transfer were evident in both myeloid and lymphocyte lineages (Beard & Kiem, 2009). 
Interestingly, when the retroviral insertion sites of lentiviruses and foamy viruses were 
compared, different insertion profiles was found between the two viral vectors. (De Palma 
et al., 2005; Dunbar, 2005; Hematti et al., 2004; Laufs et al., 2004; Nowrouzi et al., 2006; 
Trobridge et al., 2006). Lentiviral vectors integrated more frequently within the coding 
region of genes compared to gamma-retroviruses which exhibited a strong preference for 
the 5′ end of genes most often near the enhancer/promoter regions. Another attractive 
feature of the foamy vectors is that they do not preferentially integrate  near transcript start 
sites, which would predict there is less likely chance of activating near-by gene expression 
(Trobridge et al., 2005). Investigations continue to interrogate if the genome-insertion profile 
of lentiviral vectors will result in any difference in the potential mutagenic properties of 
these vector systems(Modlich et al., 2006; Montini et al., 2006).   

5.2 Viral envelopes for pseudotyping vectors 
Selection of an appropriate viral envelope for pseudotyping a particular vector is critical and 
can influence the transduction efficiency and engraftment capability of the target 
population. For example, if the levels of the host receptor that is specific for the viral 
envelope is high, then optimal levels of gene transfer can be expected (Kurre et al., 1999; 
Kurre et al., 2001b; Orlic et al., 1996; Sabatino et al., 1997). Gamma retroviral vectors were 
originally pseudotyped with the amphotropic envelope in human ((Brenner et al., 1993a; 
Dunbar et al., 1995; Kohn et al., 1995)and nonhuman primate (Bodine et al., 1993; van 
Beusechem et al., 1992). As studies progressed, it was discovered that hematopoietic cells in 
general have low levels of the amphotropic receptor on the most primitive hematopoietic 
cells; thus, providing a reason for the low levels of gene transfer into the primitive 
hematopoietic cells(Orlic et al., 1996).  Other viral envelope glycoproteins have been 
discovered and tested(Akkina et al., 1996; Cone & Mulligan, 1984); these include the gibbon 
ape leukemia virus (GALV) envelope(Wilson et al., 1989), the feline endogenous retrovirus 
(RD114) envelope(Porter et al., 1996), and the vesicular stomatitis virus G glycoprotein 
(VSVG) envelope(Emi et al., 1991). When GALV- versus amphotropic-pseudotyped gamma-
retroviral vectors were compared, GALV-pseudotyped vectors had higher marking than 
vectors with amphotropic envelopes in both human progenitors(von Kalle et al., 1994) and 
baboon repopulating cells(Kiem et al., 1999). The VSVG envelope has undergone extensive 
testing and has been attractive to the community since it can be substantially concentrated 
via ultracentrifugation to increase viral titers (Burns et al., 1993). Establishing stable 
packaging lines that also provide high titer has been problematic since the VSVG can be 
toxic to the packaging cells(Yang et al., 1995; Yee et al., 1994).  The RD114 envelope has some 
advantages in that it is not toxic, and due to its stability, viral titers can be increased by 
ultracentrifugation. The RD114 envelope is also resistant to inactivation by human and 
macaque sera(Kelly et al., 2001; Sandrin et al., 2002). The disadvantage of this envelope, is 
that transduction efficiencies into human hematopoietic cells is variable and is due to 
differing levels of RD114 receptor expression on the human cells(Green et al., 2004).  
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5.3 Optimal conditions for retroviral-mediated transduction of HSPCs 
The development of an optimal cytokine cocktail for retroviral transduction of primitive 
hematopoietic cells has been challenging. To optimize gene transfer into quiescent HSCs, the 
cytokine combination needs to promote entry into cell cycle but at the same time provide a 
cytokine milieu that minimizes differentiation, maintains the ability of the cells to engraft 
efficiently in the host and still undergo self renewal. A number of cytokine cocktails have 
promoted reasonable levels of gene transfer. (Dunbar et al., 1996; Hematti et al., 2004; Horn 
et al., 2002b; Kiem et al., 1998; Kiem et al., 1997a; Kiem et al., 2002; Kurre et al., 2001a; 
Tisdale et al., 1998; Wu et al., 2000). For example, 72 hr to 96 hr transduction periods for 
gamma-retroviral transductions and 18 hr to 24hr for lentiviral and foamy virus 
transductions has yielded reasonable levels of gene marking in vitro and in vivo.  The 
immobilization of the fibronectin fragment, Retronectin (originally referred to as CH-296) on 
plates prior to transduction improves transduction efficiencies of numerous cell types 
(Donahue et al., 2001; Hanenberg et al., 1996; Kiem et al., 1998; Vassilopoulos et al., 2001; Wu 
et al., 2000) by co-localizing VLA-4+ and/or VLA-5+ target cells and viral particles on the 
plates, and in addition, via integrin-mediated signaling, promotes survival and improves 
stem-cell engraftment (Dao et al., 1998; Donahue et al., 2001).  

6. Expression of drug-resistance genes in HSPCs  
A strategy for protecting HSPCs from genotoxic stress caused by alkylator therapy is to 
overexpress DNA-repair proteins in these cells. As long as expression levels of the DNA 
repair protein are adequate during the treatment phase, this is an attractive approach since 
the DNA damage caused by the therapy could be adequately repaired in the hematopoietic 
cells. Depending on the doses of therapy used, one could use alkylators to preferentially 
expand transduced versus non-transduced cells, or if the treatment is an actual cancer 
therapy which would need to be administered at higher levels and more frequently, this 
approach could be used to kill cancer cells and protect the highly susceptible bone-marrow 
cells from the therapy. 
In terms of utilizing a gene-therapy approach to serve as a chemoprotectant of the HSPCs, 
there are three central questions regarding the introduction of genes into hematopoietic cells 
that render them resistant to chemotherapy. First, is it possible for genetically modified cells 
to be amplified in vivo and still maintain self-renewal capacity? Second, is sufficient and 
sustained expression of the chemotherapy-resistant gene obtained so that low dose-induced 
selection of transduced cells or bone-marrow toxicity typically associated with intensive 
cancer chemotherapy can be significantly reduced? Third, will hematopoiesis proceed in a 
normal manner in the post-chemotherapy recovery period? There is a theoretical concern 
that HSC depletion or exhaustion may ensue. In this case, small numbers of transduced 
stem cells would be pushed to preferentially expand and differentiate on a continuous basis. 
Although self-renewal would be presumably be an integral part of this process, overtime 
preferential differentiation beyond normal hematopoietic limits may lead to extinction of the 
transduced stem-cell pool(Pollok, 2003).  The expression of chemoprotective gene products 
such as the multidrug resistance protein (MDR1)(Abonour et al., 2000; Hanania et al., 1995; 
Hesdorffer et al., 1998; Hildinger et al., 1998; Schiedlmeier et al., 2000), dihydrofolate 
reductase (DHFR) (Allay et al., 1998; Brenner et al., 1993b; Corey et al., 1990; Persons et al., 
2004; Warlick et al., 2002; Williams et al., 1987), cytidine deaminase gene(Beausejour et al., 
2001; Eliopoulos et al., 2002; Momparler et al., 1996; Rattmann et al., 2006) and MGMT (Cai 



 
DNA Repair and Human Health 

 

430 

transduced cell once it divides at a later time point, presumably even after it is transplanted. 
This is possibly one reason why foamy viral vectors have shown promise in the 
transduction of SCID-repopulating cells derived from quiescent mobilized peripheral blood 
(Josephson et al., 2004). How well lentiviral versus foamy viral vectors can transduce canine 
hematopoietic stem and progenitor cells has been investigated.  Equivalent levels of gene 
transfer were evident in both myeloid and lymphocyte lineages (Beard & Kiem, 2009). 
Interestingly, when the retroviral insertion sites of lentiviruses and foamy viruses were 
compared, different insertion profiles was found between the two viral vectors. (De Palma 
et al., 2005; Dunbar, 2005; Hematti et al., 2004; Laufs et al., 2004; Nowrouzi et al., 2006; 
Trobridge et al., 2006). Lentiviral vectors integrated more frequently within the coding 
region of genes compared to gamma-retroviruses which exhibited a strong preference for 
the 5′ end of genes most often near the enhancer/promoter regions. Another attractive 
feature of the foamy vectors is that they do not preferentially integrate  near transcript start 
sites, which would predict there is less likely chance of activating near-by gene expression 
(Trobridge et al., 2005). Investigations continue to interrogate if the genome-insertion profile 
of lentiviral vectors will result in any difference in the potential mutagenic properties of 
these vector systems(Modlich et al., 2006; Montini et al., 2006).   

5.2 Viral envelopes for pseudotyping vectors 
Selection of an appropriate viral envelope for pseudotyping a particular vector is critical and 
can influence the transduction efficiency and engraftment capability of the target 
population. For example, if the levels of the host receptor that is specific for the viral 
envelope is high, then optimal levels of gene transfer can be expected (Kurre et al., 1999; 
Kurre et al., 2001b; Orlic et al., 1996; Sabatino et al., 1997). Gamma retroviral vectors were 
originally pseudotyped with the amphotropic envelope in human ((Brenner et al., 1993a; 
Dunbar et al., 1995; Kohn et al., 1995)and nonhuman primate (Bodine et al., 1993; van 
Beusechem et al., 1992). As studies progressed, it was discovered that hematopoietic cells in 
general have low levels of the amphotropic receptor on the most primitive hematopoietic 
cells; thus, providing a reason for the low levels of gene transfer into the primitive 
hematopoietic cells(Orlic et al., 1996).  Other viral envelope glycoproteins have been 
discovered and tested(Akkina et al., 1996; Cone & Mulligan, 1984); these include the gibbon 
ape leukemia virus (GALV) envelope(Wilson et al., 1989), the feline endogenous retrovirus 
(RD114) envelope(Porter et al., 1996), and the vesicular stomatitis virus G glycoprotein 
(VSVG) envelope(Emi et al., 1991). When GALV- versus amphotropic-pseudotyped gamma-
retroviral vectors were compared, GALV-pseudotyped vectors had higher marking than 
vectors with amphotropic envelopes in both human progenitors(von Kalle et al., 1994) and 
baboon repopulating cells(Kiem et al., 1999). The VSVG envelope has undergone extensive 
testing and has been attractive to the community since it can be substantially concentrated 
via ultracentrifugation to increase viral titers (Burns et al., 1993). Establishing stable 
packaging lines that also provide high titer has been problematic since the VSVG can be 
toxic to the packaging cells(Yang et al., 1995; Yee et al., 1994).  The RD114 envelope has some 
advantages in that it is not toxic, and due to its stability, viral titers can be increased by 
ultracentrifugation. The RD114 envelope is also resistant to inactivation by human and 
macaque sera(Kelly et al., 2001; Sandrin et al., 2002). The disadvantage of this envelope, is 
that transduction efficiencies into human hematopoietic cells is variable and is due to 
differing levels of RD114 receptor expression on the human cells(Green et al., 2004).  

 
Therapeutic Modulation of DNA Damage and Repair Mechanisms in Blood Cells 

 

431 

5.3 Optimal conditions for retroviral-mediated transduction of HSPCs 
The development of an optimal cytokine cocktail for retroviral transduction of primitive 
hematopoietic cells has been challenging. To optimize gene transfer into quiescent HSCs, the 
cytokine combination needs to promote entry into cell cycle but at the same time provide a 
cytokine milieu that minimizes differentiation, maintains the ability of the cells to engraft 
efficiently in the host and still undergo self renewal. A number of cytokine cocktails have 
promoted reasonable levels of gene transfer. (Dunbar et al., 1996; Hematti et al., 2004; Horn 
et al., 2002b; Kiem et al., 1998; Kiem et al., 1997a; Kiem et al., 2002; Kurre et al., 2001a; 
Tisdale et al., 1998; Wu et al., 2000). For example, 72 hr to 96 hr transduction periods for 
gamma-retroviral transductions and 18 hr to 24hr for lentiviral and foamy virus 
transductions has yielded reasonable levels of gene marking in vitro and in vivo.  The 
immobilization of the fibronectin fragment, Retronectin (originally referred to as CH-296) on 
plates prior to transduction improves transduction efficiencies of numerous cell types 
(Donahue et al., 2001; Hanenberg et al., 1996; Kiem et al., 1998; Vassilopoulos et al., 2001; Wu 
et al., 2000) by co-localizing VLA-4+ and/or VLA-5+ target cells and viral particles on the 
plates, and in addition, via integrin-mediated signaling, promotes survival and improves 
stem-cell engraftment (Dao et al., 1998; Donahue et al., 2001).  

6. Expression of drug-resistance genes in HSPCs  
A strategy for protecting HSPCs from genotoxic stress caused by alkylator therapy is to 
overexpress DNA-repair proteins in these cells. As long as expression levels of the DNA 
repair protein are adequate during the treatment phase, this is an attractive approach since 
the DNA damage caused by the therapy could be adequately repaired in the hematopoietic 
cells. Depending on the doses of therapy used, one could use alkylators to preferentially 
expand transduced versus non-transduced cells, or if the treatment is an actual cancer 
therapy which would need to be administered at higher levels and more frequently, this 
approach could be used to kill cancer cells and protect the highly susceptible bone-marrow 
cells from the therapy. 
In terms of utilizing a gene-therapy approach to serve as a chemoprotectant of the HSPCs, 
there are three central questions regarding the introduction of genes into hematopoietic cells 
that render them resistant to chemotherapy. First, is it possible for genetically modified cells 
to be amplified in vivo and still maintain self-renewal capacity? Second, is sufficient and 
sustained expression of the chemotherapy-resistant gene obtained so that low dose-induced 
selection of transduced cells or bone-marrow toxicity typically associated with intensive 
cancer chemotherapy can be significantly reduced? Third, will hematopoiesis proceed in a 
normal manner in the post-chemotherapy recovery period? There is a theoretical concern 
that HSC depletion or exhaustion may ensue. In this case, small numbers of transduced 
stem cells would be pushed to preferentially expand and differentiate on a continuous basis. 
Although self-renewal would be presumably be an integral part of this process, overtime 
preferential differentiation beyond normal hematopoietic limits may lead to extinction of the 
transduced stem-cell pool(Pollok, 2003).  The expression of chemoprotective gene products 
such as the multidrug resistance protein (MDR1)(Abonour et al., 2000; Hanania et al., 1995; 
Hesdorffer et al., 1998; Hildinger et al., 1998; Schiedlmeier et al., 2000), dihydrofolate 
reductase (DHFR) (Allay et al., 1998; Brenner et al., 1993b; Corey et al., 1990; Persons et al., 
2004; Warlick et al., 2002; Williams et al., 1987), cytidine deaminase gene(Beausejour et al., 
2001; Eliopoulos et al., 2002; Momparler et al., 1996; Rattmann et al., 2006) and MGMT (Cai 



 
DNA Repair and Human Health 

 

432 

et al., 2008; Cai et al., 2006; Cai et al., 2011; Cai et al., 2005; Chinnasamy et al., 1998b; Davis et 
al., 2000; Davis et al., 1999; Hickson et al., 1998; Jansen et al., 2001; Jansen et al., 2002; Moritz 
et al., 1995; Neff et al., 2003; Ragg et al., 2000; Sawai et al., 2001) have been thoroughly 
investigated as potential candidates to protect hematopoietic cells residing in the bone 
marrow. A number of retroviral vectors derived from gamma-retroviruses, lentiviruses, and 
foamy viruses as described above continue to be tested for delivery of drug-resistance genes 
to primitive hematopoietic cells.  

7. In vivo selection and protection of chemoresistant HSPCs  
Studies using small and large animal models continue to investigate the consequences and 
potential of using genotoxic stress to select in vivo for retrovirally transduced HSPCs. A 
powerful tool for in-vivo selection of HSPCs is overexpression of a mutant form of the 
MGMT DNA repair protein, MGMTP140K, which is resistant to the MGMT inhibitor, O6-
benzylguanine (O6-BG) (Figure 2). Overexpression of MGMTP140K in HSC derived from  
mice, canines, nonhuman primates, and humanized xenograft models, shows promise as a 
an approach for selection and protection of the MGMTP140K-transduced HSPCs following 
administration of O6-BG in combination with alkylators such as BCNU, CCNU, or TMZ 
(Gerson, 2002).  
If MGMTP140K expression is adequate in the HSC, it should also protect the HSPC from high-
dose alkylator therapy required in some cancer treatments and thereby prevent therapy-
induced myelotoxicity (Figure 3).  Generation of HSPC that efficiently repair DNA damage 
due to chemotherapy may protect patients from life-threatening cytopenias commonly 
observed following dose-intensified therapy. A case in point, in recent phase II clinical trials, 
patients with nitrosourea-resistant gliomas were simultaneously treated with O6-BG to 
deplete MGMT in the cancer cells, followed by treatment with the DNA-damaging agents, 
BCNU or temozolomide(Quinn et al., 2009; Quinn et al., 2002). Although lack of tumor 
progression was transiently observed in some patients, effective dose-escalation therapy 
could not be achieved due to severe hematopoietic toxicity. These studies provide clinical 
proof that strategies protecting HSC during dose-intensified therapy are indeed clearly 
needed in relapsed patients requiring high-dose alkylator therapy. There are two ways in 
which expression of a chemoresistant gene such as an MGMT could be used for 
hematopoietic gene therapy (Figure 4). First, cells transduced with an oncoretrovirus vector 
that co-expresses the MGMT mutant gene as well as another therapeutic gene that does not 
otherwise have a selective proliferative advantage could be selected or enriched for in vivo. 
In this situation, selection of transduced cells using a low-dose chemotherapeutic regimen 
would be desirable so as not to cause unnecessary alkylator-mediated DNA damage to other 
tissues.  However, the requirement for alkylators which are highly genotoxic and potentially 
mutagenic, has dampened enthusiasm for using overexpression of MGMT mutant proteins 
as an in vivo-selection tool. Second, as mentioned above, expression of the MGMT mutant 
would be utilized as a means of protecting hematopoietic cells from high-dose alkylator 
therapy designed to kill tumor cells. In the cancer patient setting, the use of MGMT to 
actually protect the hematopoietic cells from alkylator-based regimens used to treat cancers, 
such as glioblastoma and melanoma is a reasonable and clinically appropriate use of this 
chemoprotective mechanism. The use of bicistronic oncoretrovirus vectors that co-express 
MGMT mutant proteins and the enhanced green fluorescent protein (EGFP) have aided in 
the evaluation of in vivo selection of transduced hematopoietic cells (Figure 4).  
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Fig. 2. Creation of chemoresistant HSPCs by expression of a mutant MGMT protein.  
HSPCs are transduced with a retroviral vector that encodes for a mutant MGMT protein 
such as MGMTP140K. If expression levels of the MGMTP140K transgene are sufficient and 
sustained, then the transduced cells will be able to repair the DNA damage caused by 
alkylators such as BCNU and TMZ. Nontransduced HSPCs will only express wild-type 
MGMT and therefore will not survive since wild-type activity will be inhibited by the 
MGMT inhibitor, O6-benzylguanine (O6-BG). While many mutant MGMT molecules have 
been tested, the MGMTP140K has shown the most consistency in terms of in vivo selection in a 
variety of animal models. 

 

 
Fig. 3. Increased tumor-cell killing by sensitizing tumor cells to standard-of-care alkylator 
therapy. When tumor cells are exposed to MGMT inhibitors such as O6-BG, wild-type 
MGMT is irreversibly inhibited. However, de novo synthesis of MGMT is not blocked and 
will continue. Therefore, a series of bolus injections or continuous infusion of the MGMT 
inhibitor may be necessary to sufficiently inhibit MGMT-mediated DNA repair protein. If 
MGMT inhibition is complete, subsequent exposure to alkylators such as BCNU or TMZ 
will lead to sustained levels of DNA damage and cell death. 
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Fig. 4. In vivo selection of MGMTP140K-EGFP-transduced hematopoietic cells. The 
enhanced green fluorescent protein (EGFP) has been used in a number of in vivo studies to 
follow the selection and emergence of MGMTP140K-positive cells. In a successful in vivo-
selection protocol, EGFP-positive cells (green cells) increase over time in multiple 
hematopoietic lineages following exposure to O6-BG/BCNU or O6-BG/TMZ. 

Several groups have evaluated the efficacy of chemoprotection using different mutant forms 
of MGMT that are highly resistant to O6-BG  (Davis et al., 2000; Pollok, 2003; Ragg et al., 
2000; Sawai et al., 2001). Ragg et al compared efficacy of in vivo selection using MGMT-
P140A, P140K, and wild-type MGMT. This study showed that MGMTP140K expression 
resulted in improved protection of the bone-marrow HSCs from an O6-BG/BCNU 
chemotherapy regimen compared to the MGMTP140A mutant or wild-type MGMT(Ragg et 
al., 2000). When compared to wild-type MGMT, the MGMTP140A mutant was 40-fold more 
resistant to O6-BG and the MGMTP140K mutant was 1000-fold more resistant. These data 
support the hypothesis that the combination therapy of O6-BG/BCNU effectively selects for 
higher numbers of murine HSC cells compared to BCNU treatment alone and that partial 
selection with BCNU was presumably due to survival of transduced differentiated 
progenitors, but inefficient selection of MGMTP140K-transduced stem cells. This hypothesis 
was confirmed in secondary transplants studies.   
TMZ continues to be intensely studied as an alternative to BCNU and may have several 
advantages over BCNU in terms of DNA repair and multi-organ toxicity. Myelosuppression 
is the primary toxicity associated with TMZ therapy and pulmonary and renal toxicity is 
less often observed. Therefore, it has been proposed that dose-intensified therapy to 
effectively kill tumors with high levels of MGMT may be more feasible with a combination 
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of O6-BG and TMZ in contrast to O6-BG and BCNU. Reese et al demonstrated in vitro that 
murine and human clonogenic cells were indeed protected from O6-BG and TMZ by 
expression of MGMTG156A and were also protected to a significantly higher degree than a 
SW40 colon cancer line that expresses high levels of MGMT(Reese et al., 1999). Sawai et al 
demonstrated effective protection and sequential selection of murine stem cells in vivo by 
expression of MGMTP140K and repeated cycles of O6-BG and TMZ(Sawai et al., 2001).  
Koc et al treated mice with nonmyeloablative doses of O6-BG and BCNU and transplanted 
cohorts of mice with MGMTG156A-transduced bone marrow cells(Koc et al., 1999). 
Subsequently, mice were inoculated with SW480 colon cancer cells that express high levels 
of wild-type MGMT. In contrast to control mice, there was a 9-fold increase in resistance of 
clonogenic cells to BCNU and tumor growth was significantly delayed in tumor-bearing 
mice following multiple cycles of O6-BG/BCNU. These studies indicated that marrow 
protection from high-dose chemotherapy and simultaneous decline in tumor growth was 
feasible even using a tumor that is resistant to standard alkylator therapy.  

7.1 Disadvantages of murine transplantation models for assessing utility of transgene 
over-expression in HSPCs  
The use of murine stem-cell transplantation modeling clearly set a solid foundation on 
which to initially determine the promise of genetically modifying long-term repopulating 
stem cells and helped move the field of hematopoietic gene therapy forward (Dick et al., 
1985; Keller et al., 1985; Williams et al., 1984). Yet, inter-species differences between mice 
and humans do need to be taken into consideration as the field evaluates feasibility gene-
therapy approaches for the clinic. The life span of mice is shorter compared to humans and 
the high gene-transfer levels obtained in murine HSCs has not been obtainable in human 
clinical trials. This could be due to relative levels of receptors on mouse versus human 
hematopoietic cells. For example, transduction of murine hematopoietic progenitor cells 
with murine ecotropic envelope pseudotyped gamma-retroviral vectors  was highly efficient  
(Dick et al., 1985). In contrast, transduction of canine and human progenitors with a gamma-
retroviral vector pseudotyped with the amphotropic envelope used in clinical trials was 
much less efficient than transduction of mouse progenitors with the ecotropic 
envelope(Brenner et al., 1993a; Stead et al., 1988). This was due at least in part to low levels 
of the amphotropic receptor on human hematopoietic stem and progenitor cells (Orlic et al., 
1996). A variety of inter-species differences can dictate the transduction efficiency of 
primitive hematopoietic cells in mice and man including differences in cell-cycle status, 
telomerase activity, and repopulation capacity of the hematopoietic stem cells (Abkowitz et 
al., 1996; Abkowitz et al., 1995; Cheshier et al., 1999; Guttorp et al., 1990; Miller et al., 1996; 
Naldini et al., 1996; Shepherd et al., 2007; Trobridge & Russell, 2004; Trobridge & Kiem, 
2010). For example, in mice, a single HSC is capable of engrafting and reconstituting the 
entire murine hematopoietic system (Dick et al., 1985; Osawa et al., 1996). Additionally, 
sources of the hematopoietic cells could yield conflicting results; for mouse studies, Lin−, 
Sca-1+, c-kit+ (LSK) or bone-marrow derived from 5-flurouracil-treated mice are used in 
contrast to human CD34+ cells that are the target cell population for the SCID-repopulating 
assay and for human gene therapy trials (Drew et al., 2002; Okuno et al., 2002). In contrast, 
except for studies using pre-leukemic or leukemic cells, the reconstitution capacity of HSCs 
in non-human primates and dogs appears to always be derived from polyclonal populations 
of HSCs. Importantly, in studies evaluating the in vivo safety profiles of  gene-transfer 
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Fig. 4. In vivo selection of MGMTP140K-EGFP-transduced hematopoietic cells. The 
enhanced green fluorescent protein (EGFP) has been used in a number of in vivo studies to 
follow the selection and emergence of MGMTP140K-positive cells. In a successful in vivo-
selection protocol, EGFP-positive cells (green cells) increase over time in multiple 
hematopoietic lineages following exposure to O6-BG/BCNU or O6-BG/TMZ. 
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higher numbers of murine HSC cells compared to BCNU treatment alone and that partial 
selection with BCNU was presumably due to survival of transduced differentiated 
progenitors, but inefficient selection of MGMTP140K-transduced stem cells. This hypothesis 
was confirmed in secondary transplants studies.   
TMZ continues to be intensely studied as an alternative to BCNU and may have several 
advantages over BCNU in terms of DNA repair and multi-organ toxicity. Myelosuppression 
is the primary toxicity associated with TMZ therapy and pulmonary and renal toxicity is 
less often observed. Therefore, it has been proposed that dose-intensified therapy to 
effectively kill tumors with high levels of MGMT may be more feasible with a combination 
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of O6-BG and TMZ in contrast to O6-BG and BCNU. Reese et al demonstrated in vitro that 
murine and human clonogenic cells were indeed protected from O6-BG and TMZ by 
expression of MGMTG156A and were also protected to a significantly higher degree than a 
SW40 colon cancer line that expresses high levels of MGMT(Reese et al., 1999). Sawai et al 
demonstrated effective protection and sequential selection of murine stem cells in vivo by 
expression of MGMTP140K and repeated cycles of O6-BG and TMZ(Sawai et al., 2001).  
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cohorts of mice with MGMTG156A-transduced bone marrow cells(Koc et al., 1999). 
Subsequently, mice were inoculated with SW480 colon cancer cells that express high levels 
of wild-type MGMT. In contrast to control mice, there was a 9-fold increase in resistance of 
clonogenic cells to BCNU and tumor growth was significantly delayed in tumor-bearing 
mice following multiple cycles of O6-BG/BCNU. These studies indicated that marrow 
protection from high-dose chemotherapy and simultaneous decline in tumor growth was 
feasible even using a tumor that is resistant to standard alkylator therapy.  

7.1 Disadvantages of murine transplantation models for assessing utility of transgene 
over-expression in HSPCs  
The use of murine stem-cell transplantation modeling clearly set a solid foundation on 
which to initially determine the promise of genetically modifying long-term repopulating 
stem cells and helped move the field of hematopoietic gene therapy forward (Dick et al., 
1985; Keller et al., 1985; Williams et al., 1984). Yet, inter-species differences between mice 
and humans do need to be taken into consideration as the field evaluates feasibility gene-
therapy approaches for the clinic. The life span of mice is shorter compared to humans and 
the high gene-transfer levels obtained in murine HSCs has not been obtainable in human 
clinical trials. This could be due to relative levels of receptors on mouse versus human 
hematopoietic cells. For example, transduction of murine hematopoietic progenitor cells 
with murine ecotropic envelope pseudotyped gamma-retroviral vectors  was highly efficient  
(Dick et al., 1985). In contrast, transduction of canine and human progenitors with a gamma-
retroviral vector pseudotyped with the amphotropic envelope used in clinical trials was 
much less efficient than transduction of mouse progenitors with the ecotropic 
envelope(Brenner et al., 1993a; Stead et al., 1988). This was due at least in part to low levels 
of the amphotropic receptor on human hematopoietic stem and progenitor cells (Orlic et al., 
1996). A variety of inter-species differences can dictate the transduction efficiency of 
primitive hematopoietic cells in mice and man including differences in cell-cycle status, 
telomerase activity, and repopulation capacity of the hematopoietic stem cells (Abkowitz et 
al., 1996; Abkowitz et al., 1995; Cheshier et al., 1999; Guttorp et al., 1990; Miller et al., 1996; 
Naldini et al., 1996; Shepherd et al., 2007; Trobridge & Russell, 2004; Trobridge & Kiem, 
2010). For example, in mice, a single HSC is capable of engrafting and reconstituting the 
entire murine hematopoietic system (Dick et al., 1985; Osawa et al., 1996). Additionally, 
sources of the hematopoietic cells could yield conflicting results; for mouse studies, Lin−, 
Sca-1+, c-kit+ (LSK) or bone-marrow derived from 5-flurouracil-treated mice are used in 
contrast to human CD34+ cells that are the target cell population for the SCID-repopulating 
assay and for human gene therapy trials (Drew et al., 2002; Okuno et al., 2002). In contrast, 
except for studies using pre-leukemic or leukemic cells, the reconstitution capacity of HSCs 
in non-human primates and dogs appears to always be derived from polyclonal populations 
of HSCs. Importantly, in studies evaluating the in vivo safety profiles of  gene-transfer 
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vectors, mouse cells tend to be more easily transformed than human cells, which could 
complicate decisions regarding the utility of new gene-therapy strategies(Hahn et al., 1999; 
Hahn & Weinberg, 2002; Land et al., 1983) The ease of transforming murine cells could also 
over-estimate the likelihood of an adverse mutagenic event and hence, not provide a 
realistic simulation of what to expect in human gene-therapy trials. 
The long-term outcome of MGMTP140K expression in conjunction with extended alkylator 
dosing is a critical variable in assessing the safety of this approach and the potential for 
mutagenic events due to incomplete repair of DNA adducts. Recently, the long-term effect 
of MGMTP140K-mediated DNA repair and the possibility for emergence of leukemic cells was 
followed in a murine serial bone-marrow transplant model;  the clonality of hematopoiesis 
in animals transplanted with in vivo selected MGMTP140K-expressing cells was followed all 
the way through tertiary transplant recipients(Giordano et al., 2011). In this study, a gamma-
retroviral MGMTP140K-IRES-EGFP vector was utilized and the target cells were from 5-
fluorouracil-treated C57Bl/6 mice.  At approximately one month post-transplantation,  
weekly cycles of alkylator therapy were administered for 5 weeks and consisted  of 
25 mg/kg  O6-BG  followed 1 hour later by injection of either  BCNU, 10 mg/kg , ACNU, 
6 mg/kg, or  TMZ, 70 mg/kg and followed over time. In secondary and tertiary recipients, 
mice received four weekly treatment doses.  The bone-marrow cells were subsequently 
analyzed for selection of MGMTP140K+ cells and for proviral insertion sites at 3–5 weeks 
following the last cycle of chemotherapy. Due to the repetitive doses of therapy, all cohorts 
had levels of MGMTP140K-transduced cells that approached 100%.  While polyclonal 
reconstitution could be found in three primary, one secondary, and three out of four tertiary 
transplant recipients analyzed,  monoclonal or biclonal integration patterns were observed 
in most 2° or 3° recipients with insertions found in intron 1 of the Usp10 gene or 
downstream of the Tubb3 gene, respectively.  The administration of high- versus low-dose 
alkylator therapy could also dictate the clonality of the in vivo-selected transduced cells. In 
earlier studies, the selection of MGMTP140K-transduced hematopoietic cells using low doses 
of chemotherapy allowed for the preservation of polyclonal hematopoiesis (Ball et al., 2007; 
Beard et al., 2009; Gerull et al., 2007). However, the outcome of myeloablative dose of 
therapy in large animal models still needs to be investigated. 

7.2 In vivo selection of HSPCs in humanized mouse models 
With the development of immunodeficient mouse strains, such as the nonobese 
diabetic/severe combined immunodeficiency mouse (NOD/SCID), human hematopoiesis 
can be established and gene-therapy strategies targeting primitive human CD34+ cells can be 
evaluated. (Ishikawa et al., 2005; Ohbo et al., 1996). Human hematopoietic cells that home 
and engraft in the bone marrow of the NOD/SCID mouse are called SCID-repopulating 
cells (SRC). These cells proliferate and undergo multi-lineage differentiation(Kamel-Reid & 
Dick, 1988; Larochelle et al., 1996; Lee et al., 2001; Wang et al., 1997; Wang et al., 1998).The 
NOD/SCID xenograft model has been used to study selection and protection of human 
cells. Although efficient transfer of genes into SRC derived from umbilical cord blood CD34+ 
cells has been demonstrated(Conneally et al., 1997; Conneally et al., 1998; Demaison et al., 
2000; Hennemann et al., 1999; Kelley et al., 2000; Marandin et al., 1998; van Beusechem et al., 
1992), we reported that retrovirus-mediated gene transfer into SRC derived from G-CSF-
mobilized peripheral blood was markedly less efficient(Pollok et al., 2001). With this in 
mind, we previously tested to what extent small numbers of transduced G-CSF-mobilized 
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peripheral blood CD34+ cells could be  in vivo selected by expression of the P140K mutant 
and administration of O6-BG/BCNU.  Our laboratory demonstrated effective in vivo 
selection of primitive human hematopoietic cells in NOD/SCID mice following injection of 
O6-BG/BCNU.  Up to 100% of human cells derived from umbilical cord blood or G-CSF-
mobilized peripheral blood were resistant to O6-BG/BCNU treatment. Nonlethal doses of 
chemotherapy, consisting of 20 mg/kg O6-BG and 5 mg/kg BCNU, were used and resulted 
in only mild cytopenia in the NOD/SCID mice. MGMTP140K-transduced cells underwent 
multi-lineage differentiation in vivo and hematopoietic cells were present after in vivo 
treatment that possessed clonogenic activity and expressed high levels of the MGMTP140K 
activity (Cai et al., 2006). 
In regards to assessing whether HSPCs can be protected from a chemotherapy regimen used 
to kill cancer cells, a combination therapy consisting of an O6-BG double bolus and BCNU 
has been studied by us and others. Kreklau et al showed significant regeneration of wild-
type MGMT activity in tumors 24 hours post-O6-BG injection(Kreklau et al., 2001). For 
optimal numbers of covalent crosslinks between guanine and cytosine to form, it is highly 
desirable that MGMT activity be kept to a minimum during the first 24 hours following 
alkylator therapy. Therefore a high-dose chemotherapy regimen consisting of an O6-BG 
double-bolus injection (30 mg/kg followed by 15 mg/kg 8 hours later) and BCNU (10 
mg/kg, administered one hour after first O6-BG dose) that efficiently inhibits wild-type 
MGMT in tumor cells for 24 hours was utilized. Using NOD/SCID mice transplanted with 
MGMTP140K-selected murine bone marrow cells and engrafted with a human glioma, SF767, 
that expresses high levels of wild-type MGMT, we demonstrated significant regression of a 
human glioma(Kreklau et al., 2003). 
Utilization of the NOD/SCID xenograft as a model to study in vivo selection and protection 
of human HSPCs during chemotherapy provides a useful model for testing new vector 
designs for expression of chemoresistant genes and evaluating the effect of ex vivo 
manipulation of stem and progenitor cells on hematopoiesis in vivo. Development of 
strategies to protect larger numbers of primitive clonogenic cells is needed. HSCs derived 
from adult sources can be nonresponsive to cytokine stimulation that is needed for 
integration of oncoretrovirus vectors into the host genome(Veena et al., 1998) . In addition, 
adult HSCs lose their pluripotency due to cytokine-mediated differentiation (Gothot et al., 
1998; Guenechea et al., 1999). One promising alternative to protect larger numbers of stem 
cells is to use other virus vectors such as lentivirus or foamy virus that are reported to more 
efficiently transduce nondividing stem cells. Zielske and Gerson demonstrated significant 
protection of human clonogenic cells in vitro using a lentivirus vector that expresses the 
MGMTG156A mutant (Zielske & Gerson, 2002).   
Repetitive low-dose treatment for in vivo selection of MGMTP140K-transduced cells has been 
successful in mice and large animal models. (Beard et al., 2010; Neff et al., 2005) Numerous 
transplant studies have convincingly proven that long-term repopulating murine HSCs 
could be selected in vivo with O6-BG/BCNU, O6-BG /TMZ, or O6-BG /CCNU. (Cai et al., 
2008; Davis et al., 2004; Jansen et al., 2002; Kreklau et al., 2003; Milsom et al., 2004; Persons et 
al., 2003; Persons et al., 2004; Ragg et al., 2000; Sawai et al., 2003; Sawai et al., 2001) In 
regards to modeling of this approach with human HSPCs, we and others previously 
demonstrated that MGMTP140K-transduced SCID-repopulating cells and their progeny could 
be selected in vivo in NOD/SCID mice. (Pollok et al., 2003; Zielske et al., 2003) Human 
HSPCs derived from umbilical cord blood (UCB) or granulocyte colony-stimulating factor -
mobilized peripheral blood (MPB) that expressed MGMTP140K could be selected in vivo by 
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vectors, mouse cells tend to be more easily transformed than human cells, which could 
complicate decisions regarding the utility of new gene-therapy strategies(Hahn et al., 1999; 
Hahn & Weinberg, 2002; Land et al., 1983) The ease of transforming murine cells could also 
over-estimate the likelihood of an adverse mutagenic event and hence, not provide a 
realistic simulation of what to expect in human gene-therapy trials. 
The long-term outcome of MGMTP140K expression in conjunction with extended alkylator 
dosing is a critical variable in assessing the safety of this approach and the potential for 
mutagenic events due to incomplete repair of DNA adducts. Recently, the long-term effect 
of MGMTP140K-mediated DNA repair and the possibility for emergence of leukemic cells was 
followed in a murine serial bone-marrow transplant model;  the clonality of hematopoiesis 
in animals transplanted with in vivo selected MGMTP140K-expressing cells was followed all 
the way through tertiary transplant recipients(Giordano et al., 2011). In this study, a gamma-
retroviral MGMTP140K-IRES-EGFP vector was utilized and the target cells were from 5-
fluorouracil-treated C57Bl/6 mice.  At approximately one month post-transplantation,  
weekly cycles of alkylator therapy were administered for 5 weeks and consisted  of 
25 mg/kg  O6-BG  followed 1 hour later by injection of either  BCNU, 10 mg/kg , ACNU, 
6 mg/kg, or  TMZ, 70 mg/kg and followed over time. In secondary and tertiary recipients, 
mice received four weekly treatment doses.  The bone-marrow cells were subsequently 
analyzed for selection of MGMTP140K+ cells and for proviral insertion sites at 3–5 weeks 
following the last cycle of chemotherapy. Due to the repetitive doses of therapy, all cohorts 
had levels of MGMTP140K-transduced cells that approached 100%.  While polyclonal 
reconstitution could be found in three primary, one secondary, and three out of four tertiary 
transplant recipients analyzed,  monoclonal or biclonal integration patterns were observed 
in most 2° or 3° recipients with insertions found in intron 1 of the Usp10 gene or 
downstream of the Tubb3 gene, respectively.  The administration of high- versus low-dose 
alkylator therapy could also dictate the clonality of the in vivo-selected transduced cells. In 
earlier studies, the selection of MGMTP140K-transduced hematopoietic cells using low doses 
of chemotherapy allowed for the preservation of polyclonal hematopoiesis (Ball et al., 2007; 
Beard et al., 2009; Gerull et al., 2007). However, the outcome of myeloablative dose of 
therapy in large animal models still needs to be investigated. 

7.2 In vivo selection of HSPCs in humanized mouse models 
With the development of immunodeficient mouse strains, such as the nonobese 
diabetic/severe combined immunodeficiency mouse (NOD/SCID), human hematopoiesis 
can be established and gene-therapy strategies targeting primitive human CD34+ cells can be 
evaluated. (Ishikawa et al., 2005; Ohbo et al., 1996). Human hematopoietic cells that home 
and engraft in the bone marrow of the NOD/SCID mouse are called SCID-repopulating 
cells (SRC). These cells proliferate and undergo multi-lineage differentiation(Kamel-Reid & 
Dick, 1988; Larochelle et al., 1996; Lee et al., 2001; Wang et al., 1997; Wang et al., 1998).The 
NOD/SCID xenograft model has been used to study selection and protection of human 
cells. Although efficient transfer of genes into SRC derived from umbilical cord blood CD34+ 
cells has been demonstrated(Conneally et al., 1997; Conneally et al., 1998; Demaison et al., 
2000; Hennemann et al., 1999; Kelley et al., 2000; Marandin et al., 1998; van Beusechem et al., 
1992), we reported that retrovirus-mediated gene transfer into SRC derived from G-CSF-
mobilized peripheral blood was markedly less efficient(Pollok et al., 2001). With this in 
mind, we previously tested to what extent small numbers of transduced G-CSF-mobilized 
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peripheral blood CD34+ cells could be  in vivo selected by expression of the P140K mutant 
and administration of O6-BG/BCNU.  Our laboratory demonstrated effective in vivo 
selection of primitive human hematopoietic cells in NOD/SCID mice following injection of 
O6-BG/BCNU.  Up to 100% of human cells derived from umbilical cord blood or G-CSF-
mobilized peripheral blood were resistant to O6-BG/BCNU treatment. Nonlethal doses of 
chemotherapy, consisting of 20 mg/kg O6-BG and 5 mg/kg BCNU, were used and resulted 
in only mild cytopenia in the NOD/SCID mice. MGMTP140K-transduced cells underwent 
multi-lineage differentiation in vivo and hematopoietic cells were present after in vivo 
treatment that possessed clonogenic activity and expressed high levels of the MGMTP140K 
activity (Cai et al., 2006). 
In regards to assessing whether HSPCs can be protected from a chemotherapy regimen used 
to kill cancer cells, a combination therapy consisting of an O6-BG double bolus and BCNU 
has been studied by us and others. Kreklau et al showed significant regeneration of wild-
type MGMT activity in tumors 24 hours post-O6-BG injection(Kreklau et al., 2001). For 
optimal numbers of covalent crosslinks between guanine and cytosine to form, it is highly 
desirable that MGMT activity be kept to a minimum during the first 24 hours following 
alkylator therapy. Therefore a high-dose chemotherapy regimen consisting of an O6-BG 
double-bolus injection (30 mg/kg followed by 15 mg/kg 8 hours later) and BCNU (10 
mg/kg, administered one hour after first O6-BG dose) that efficiently inhibits wild-type 
MGMT in tumor cells for 24 hours was utilized. Using NOD/SCID mice transplanted with 
MGMTP140K-selected murine bone marrow cells and engrafted with a human glioma, SF767, 
that expresses high levels of wild-type MGMT, we demonstrated significant regression of a 
human glioma(Kreklau et al., 2003). 
Utilization of the NOD/SCID xenograft as a model to study in vivo selection and protection 
of human HSPCs during chemotherapy provides a useful model for testing new vector 
designs for expression of chemoresistant genes and evaluating the effect of ex vivo 
manipulation of stem and progenitor cells on hematopoiesis in vivo. Development of 
strategies to protect larger numbers of primitive clonogenic cells is needed. HSCs derived 
from adult sources can be nonresponsive to cytokine stimulation that is needed for 
integration of oncoretrovirus vectors into the host genome(Veena et al., 1998) . In addition, 
adult HSCs lose their pluripotency due to cytokine-mediated differentiation (Gothot et al., 
1998; Guenechea et al., 1999). One promising alternative to protect larger numbers of stem 
cells is to use other virus vectors such as lentivirus or foamy virus that are reported to more 
efficiently transduce nondividing stem cells. Zielske and Gerson demonstrated significant 
protection of human clonogenic cells in vitro using a lentivirus vector that expresses the 
MGMTG156A mutant (Zielske & Gerson, 2002).   
Repetitive low-dose treatment for in vivo selection of MGMTP140K-transduced cells has been 
successful in mice and large animal models. (Beard et al., 2010; Neff et al., 2005) Numerous 
transplant studies have convincingly proven that long-term repopulating murine HSCs 
could be selected in vivo with O6-BG/BCNU, O6-BG /TMZ, or O6-BG /CCNU. (Cai et al., 
2008; Davis et al., 2004; Jansen et al., 2002; Kreklau et al., 2003; Milsom et al., 2004; Persons et 
al., 2003; Persons et al., 2004; Ragg et al., 2000; Sawai et al., 2003; Sawai et al., 2001) In 
regards to modeling of this approach with human HSPCs, we and others previously 
demonstrated that MGMTP140K-transduced SCID-repopulating cells and their progeny could 
be selected in vivo in NOD/SCID mice. (Pollok et al., 2003; Zielske et al., 2003) Human 
HSPCs derived from umbilical cord blood (UCB) or granulocyte colony-stimulating factor -
mobilized peripheral blood (MPB) that expressed MGMTP140K could be selected in vivo by 
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nonmyeloablative doses of O6-BG and BCNU.  Gerson and colleagues also reported similar 
results using MGMTP140K-transduced UCB in the NOD/SCID xenograft model. (Zielske et 
al., 2003) Additionally, our laboratory went on to investigate the extent to which 
MGMTP140K-transduced human SCID-repopulating cells and progeny could be protected in 
vivo by MGMTP140Kexpression during delivery of high-dose alkylator therapy administered 
that kills cancer cells. In this study, we compared the outcome of administering a low-dose 
O6-BG /BCNU regimen versus a high-dose regimen in NOD/SCID mice transplanted with 
MGMTP140K-transduced mobilized peripheral blood CD34+ cells. We found that, at least in 
the NOD/SCID xenograft model, when human MPB were transduced with an 
oncoretroviral vector that expresses MGMTP140K, only low numbers of human MPB cells 
were protected following delivery of the myeloablative regimen and that these cells were 
limited to mature lymphoid and myeloid cells. (Cai et al., 2006) In all these studies, 
NOD/SCID mice were used and analysis of long-term reconstitution in secondary recipient 
mice was not determined. We recently determined to what degree long-term human SCID-
repopulating cells could be selected in vivo by alkylator therapy and to compare the levels of 
selection in primary and secondary NOD/SCID and NSG mice. Our data demonstrate that 
human hematopoietic cells of multiple lineages were capable of expressing MGMTP140K for 
at least 4 months in primary recipients and in vivo-selected populations while not as robust 
as non-selected populations, were able to home and engraft in the bone marrow of 
secondary recipient NSG months for at least an additional 2 months.  In contrast to the 
NOD/SCID xenograft model, the NSG bone-marrow microenvironment appears to allow 
for optimal reconstitution and feasibility of long-term follow up of human 
hematopoiesis(Cai, 2011). The SCID-repopulating assay, while not perfect, does provide an 
opportunity for testing and refining clinically promising gene-transfer vectors and ex vivo 
transduction conditions. However, the downside is that while SCID-repopulating cells can 
be transduced with retroviral vectors, lack of correlation with the levels of gene marking in 
large animal studies and human gene therapy trials is the reality (Horn et al., 2003; 
Mezquita et al., 2008).  

7.3 In vivo selection of chemoresistant HSPCs in large animal models 
Achieving high transduction levels in HSPCs using large animal models has been 
challenging and hence, these may be the models that most closely simulate the low 
transduction rates observed in human gene-therapy trials to date (Bodine et al., 1993; Kiem 
et al., 1996b; Kiem et al., 1997b).   While this model can be expensive, meaningful numbers 
of dogs can generally be studied and data obtained more closely represents what may be 
expected in the human situation than studies conducted in mice or humanized mouse 
models. (Suter et al., 2004). Additionally, since the dog leukocyte antigen type I and II loci 
are fully characterized, this provides the opportunity to evaluate gene-therapy based 
approaches in an allogeneic transplantation setting (Ladiges et al., 1990; Maris & Storb, 2002; 
Nyberg et al., 2004; Suter et al., 2004; Venkataraman et al., 2007; Wagner et al., 1999). Due to 
the clinical applicability of the results obtained in the dog model,  a large amount of effort 
has been devoted to optimizing the conditions in the dog model which include optimizing 
the procedures to mobilize HSCs, culture these cells ex vivo, as well as transduce them with 
retroviral vectors and achieve efficient engraftment in vivo(Goerner et al., 1999; Goerner et 
al., 2001; Horn et al., 2004a; Kiem et al., 2007; Kiem et al., 1996a; Kiem et al., 1999). In terms 
long-term primary and secondary transplantation studies in canines, more than 80% of the 
granulocytes can now be marked by in vivo selection of cells expressing the MGMTP140K 
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(Beard et al., 2009; Neff et al., 2005). However, it is critical that some studies be performed in 
nonhuman primates since the hematopoietic cells derived from nonhuman primates can 
interact and respond to many of the human cytokines used for mobilization of HSCs as well 
as for transduction protocols. The availability of the macaque SHIV (simian–human 
immunodeficiency virus) model, that can be used to test gene-therapy strategies for 
acquired immunodeficiency syndrome (AIDS) is a clear advantage.(Joag, 2000; Trobridge & 
Kiem, 2010). Additionally in terms of long-term monitoring of animals transplanted with 
transduced cells, the relative similarity of the human genome to the genome of the 
nonhuman primates is most likely a highly relevant model for investigating retroviral-
insertions sites and monitoring for retroviral-mediated insertional mutagenesis (Calmels et 
al., 2005).  
The use of nonhuman primates to simulate potential outcomes in human gene therapy trials 
continues to develop. It is likely that the number of transduced cells will need to be 
expanded in diseases in which there is not an intrinsic growth advantage in diseases such as 
thalassemia and other hemoglobinopathies as well as expansion of cells that express anti-
HIV transgenes. A recent report of selection in rhesus macaques resulted in only transient 
selection in vivo(Larochelle et al., 2009), but efficient and stable long-term selection of  >60% 
in the pigtailed macaque using lentiviral vectors and 80% in the baboon model using 
gamma-retroviral vectors have been obtained(Trobridge & Kiem, 2010) Beard and 
colleagues show convincing data that MGMTP140K-trasnduced HSPCs of multiple lineages 
could be selected in vivo in both macaques and baboon nonhuman primates. Animals with 
different levels of base-line engraftment were all efficiently selected with a combination of 
O6-BG and BCNU and selection of transduced cells was sustained over time. With over 2 
years of follow up in some animals, there have been no signs of clonal emergence or 
hematopoietic malignancy. Detailed analysis of retroviral integration sites indicated the 
presence of multiple clones(Beard et al., 2010). One critical difference in these two studies 
showing transient versus sustained in vivo selection in the nonhuman primate models was 
that animals with the stable increases in selected cells had higher marking levels before 
initiating treatment with O6-BG and the alkylating agent.  

8. Genotoxicity concerns for in-vivo selection, retroviral-vector integration 
and potential mutagenicity of alkylator regimens 
All retroviral vectors will stably integrate into the genome of the host. Depending on where 
the vector integrates, its proximal integration near promoters of genes could cause increased 
activation of proto-oncogenes, inactivation of tumor suppressor genes, or modulate 
expression of genes that do not lead to noticeable changes in cellular metabolism and 
growth. The risk of biologically relevant proviral-mediated insertional oncogenesis has been 
previously documented (Baum et al., 2003).  As mentioned previously, the most publicized 
adverse event due to insertional mutagenesis was documented in the X-SCID trial and was 
predominantly caused by dysregulated expression of the LMO2 proto-oncogene (Baum et 
al., 2003; Baum et al., 2006; Ferguson et al., 2005; Hacein-Bey-Abina et al., 2003b; Williams & 
Baum, 2003).  Following the reports that retroviral-insertional mutagenesis was directly 
linked to the clonal expansion that caused leukemia in the French X-linked SCID gene 
therapy trial(Hacein-Bey-Abina et al., 2003b), a comprehensive study of large animals that 
had been previously transplanted with gamma-retroviral-transduced HSCs was conducted 
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nonmyeloablative doses of O6-BG and BCNU.  Gerson and colleagues also reported similar 
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repopulating cells could be selected in vivo by alkylator therapy and to compare the levels of 
selection in primary and secondary NOD/SCID and NSG mice. Our data demonstrate that 
human hematopoietic cells of multiple lineages were capable of expressing MGMTP140K for 
at least 4 months in primary recipients and in vivo-selected populations while not as robust 
as non-selected populations, were able to home and engraft in the bone marrow of 
secondary recipient NSG months for at least an additional 2 months.  In contrast to the 
NOD/SCID xenograft model, the NSG bone-marrow microenvironment appears to allow 
for optimal reconstitution and feasibility of long-term follow up of human 
hematopoiesis(Cai, 2011). The SCID-repopulating assay, while not perfect, does provide an 
opportunity for testing and refining clinically promising gene-transfer vectors and ex vivo 
transduction conditions. However, the downside is that while SCID-repopulating cells can 
be transduced with retroviral vectors, lack of correlation with the levels of gene marking in 
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(Beard et al., 2009; Neff et al., 2005). However, it is critical that some studies be performed in 
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hematopoietic malignancy. Detailed analysis of retroviral integration sites indicated the 
presence of multiple clones(Beard et al., 2010). One critical difference in these two studies 
showing transient versus sustained in vivo selection in the nonhuman primate models was 
that animals with the stable increases in selected cells had higher marking levels before 
initiating treatment with O6-BG and the alkylating agent.  
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and potential mutagenicity of alkylator regimens 
All retroviral vectors will stably integrate into the genome of the host. Depending on where 
the vector integrates, its proximal integration near promoters of genes could cause increased 
activation of proto-oncogenes, inactivation of tumor suppressor genes, or modulate 
expression of genes that do not lead to noticeable changes in cellular metabolism and 
growth. The risk of biologically relevant proviral-mediated insertional oncogenesis has been 
previously documented (Baum et al., 2003).  As mentioned previously, the most publicized 
adverse event due to insertional mutagenesis was documented in the X-SCID trial and was 
predominantly caused by dysregulated expression of the LMO2 proto-oncogene (Baum et 
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had been previously transplanted with gamma-retroviral-transduced HSCs was conducted 
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(Kiem et al., 2004). In rhesus macaques, baboons, and dogs that had high levels of marked 
hematopoietic cells, oligoclonal or monoclonal expansion was not evident. However, at ~5 
years post-transplantation, in one rhesus macaque transplanted with gamma-retroviral 
vector-transduced CD34+ cells acute myeloid leukemia did develop (Seggewiss et al., 2006). 
Analysis of the leukemic cells tumor showed two clonal retroviral-vector insertions one of 
which was located near the anti-apoptotic gene, BCL2-A1.  It is important to note that the X-
SCID disease itself could also be an underlying factor that contributed to the 
leukemogenesis observed in some patients in the X-SCID trial.  
O6-methylating and chloroethylating agents such as TMZ and BCNU (Debiak et al., 2004; 
Hong et al., 1999; Kaina et al., 2001; Roos et al., 2007; Sanada et al., 2004) place an alkyl lesion 
at the O6 position of guanine. The O6-alkylguanine adducts can be highly mutagenic and 
cause cell death. The mechanisms by which O6-methylating agents, such as TMZ, is via 
futile cycles of mismatch repair pathway which ultimately lead to double-strand DNA 
breaks. For the chloroethylating agents, a variety of intracellular mechanisms can lead to cell 
death; the major toxicity is through the creation of interstrand DNA cross-links that block 
replication (Gerson, 2004; Kaina, 2004; Margison et al., 2002; Rasouli-Nia et al., 1994). The 
formation of chloroethyl and methyl lesions at the O6 position of guanine by alkylating 
agents are highly toxic to cells. In addition, other DNA alkyl adducts formed by exposure to 
these drugs, actually represent the vast majority of the adducts-N3 position of adenine; N7 
position of guanine; O2 position of thymine and O4 position of thymine(Gerson, 2004). The 
long-term impact of these lesions if left unrepaired is not known but clearly has the potential 
to lead to genome instability and subsequent emergence of transformed cells. A malignant 
phenotype has been described for some of these adducts in cell lines and rodent 
tissues(Maher et al., 1990; Sukumar & Barbacid, 1990; Vogel et al., 1996). While this is still an 
area of active investigation, there is no evidence to date that overexpression of mutant forms 
of MGMT and exposure to alkylating agents can lead to leukemia. To this end, several 
groups have demonstrated that hematopoietic cells transduced with retroviral vectors that 
express MGMTmutant proteins do not show an increased in the frequency of mutations or 
chromosomal aberrations upon challenge with O6 alkylating agents(Allay et al., 1997; 
Chinnasamy et al., 1998a; Chinnasamy et al., 1998b; Dumenco et al., 1993; Fairbairn et al., 
2000; Liu et al., 1994; Liu et al., 1999; Reese et al., 2001). Additionally, there have been no 
signs of hematopoietic clonal expansion in a canine large animal model in which animals 
transplanted animals MGMTP140K-transduced cells received alkylator therapy over a 
prolonged time period that also included some escalation in alkylator dose. There was a 
significant selection of the transduced cells over time, but whether dosing levels were 
indeed high enough to push the envelope on creating a mutagenic event in the genome and 
whether the regimen reached the dose range required to kill cancer cells is not clear at this 
time. (Neff et al., 2005). At least in the canines analyzed so far in which up to a 3-year follow 
up has been completed, there were no signs of mono- or oligo-clonal hematopoiesis or full 
blown leukemia in animals that underwent the MGMTP140K-dependent in vivo 
chemoselection. (Neff et al., 2006; Neff et al., 2005).  In a rhesus macaque that was 
transplanted with DHFR-transduced cells and underwent an anti-folate in-vivo selection 
regimen, an acute leukemia emerged at  5 years post-transplant and 3 years post-selection.  
(Seggewiss et al., 2006).  Two proviral insertions were found in the leukemic clone; one of 
the insertion sites was located near the anti-apoptotic gene BCL2-A1. Investigation and 
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testing in large animal models over a prolonged time period will be able to uncover whether 
potential toxicities linked to a particular transduction and/or chemoselection approach will 
yield clinically relevant information. 

9. Conclusions 
The potential for in vivo selection-induced stem-cell exhaustion does remain a concern. The use 
of small molecule MGMT inhibitors in combination with alkylating agents represent the most 
potent in vivo selection regimen characterized in all animal models studied to date. (Hobin & 
Fairbairn, 2002; Sawai et al., 2003). Due to the alkylator-mediated death and loss of 
hematopoietic cells that do not express the MGMT transgene, as well as the immense pressure 
that is placed on the MGMTP140K-expressing cells to repopulate the marrow, these populations 
are forced to undergo extreme degrees of expansion.  At what point the gene-modified HSC 
can no longer self-renew and undergo exhaustion and depletion is not clear. While we and 
others have demonstrated that O6-BG-resistant MGMT-transduced human CD34+ cells can be 
selected in vivo, the dose level and number of cycles could be critical factors that will tip the 
balance between adequate self-renewal and re-population versus stem-cell exhaustion and 
subsequent bone-marrow failure. While human CD34+ cells could be selected in vivo using 
chemoselection, a high-dose O6-BG/BCNU regimen appeared to result in a loss of transduced 
primitive human cells in the NOD-SCID xenograft model (Cai et al., 2006; Cai et al., 2011; 
Pollok et al., 2003). Our work clearly highlights the need to further define whether in vivo 
selection regimens place a detrimental proliferative stress on transduced HSPCs. (Neff et al., 
2006; Neff et al., 2005). The result of using myeloablative alkylator regimens which would be 
required in a cancer therapy setting will require further investigations in large animal models 
to determine the long-term efficacy and safety of this approach. 
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1. Introduction 
One of the great challenges of modern molecular biology is the integration of new genetic 
information into procedures that can be implemented in rapid, cost effective and reliable 
methods to genotype, phenotype, identify gene function, and development treatment for the 
disease. One of the major impacts of such methods and procedures is the increase of our 
knowledge and understanding of human biology leading to the recognition of the 
importance of molecular factors in disease aetiology. The immediate consequence of such 
knowledge is an increased ability for pathology diagnostic and for the identification of pre-
symptomatic individuals or those susceptible to specific diseases, improving our ability for 
disease prognosis and to develop more efficient therapeutic strategies.  
Every organism is exposed to hazardous agents in its environment on a continual basis.  As a 
result, organisms have evolved sophisticated pathways that are considered an environmental 
response machinery, to minimize the biological consequences of hazardous environmental 
agents.  A large number of human genes, including the ones involved in the environmental 
response machinery, are subject to genetic variability, which can be associated with the altered 
efficiency of a biological pathway (Perera & Weinstein, 2000). So, an individual’s risk for 
developing a disease stemming from an environmental exposure might be dependent on the 
efficiency of his/her own unique set of environmental response genes. These genes are usually 
involved in the metabolism of environmental carcinogens, in the repair of DNA lesions 
induced by exogenous and endogenous carcinogens, and in the control of the cell cycle. 
Individual polymorphic forms in those genes have been associated with individual 
susceptibility to different types of cancer  namely in breast and thyroid cancer (Conde et al., 
2009; Gaspar et al., 2004; Pabalan et al., 2010; Peng et al., 2011; Silva et al., 2005; Silva et al., 
2006b; Silva et al., 2006a; Silva et al., 2009; Silva et al., 2010; Silva et al., 2007).  
Several enzymes have evolved for the detoxification of xenobiotic compounds, and their 
gene expression is induced in response to the presence of numerous compounds (e.g., 
polycyclic aromatic hydrocarbons found in tobacco smoke). An inefficient detoxification of 
reactive endogenous or exogenous compounds ultimately leads to lesions in DNA, which 
should be repaired by DNA repair mechanisms, ought to reduce cancer risk. As a 
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1. Introduction 
One of the great challenges of modern molecular biology is the integration of new genetic 
information into procedures that can be implemented in rapid, cost effective and reliable 
methods to genotype, phenotype, identify gene function, and development treatment for the 
disease. One of the major impacts of such methods and procedures is the increase of our 
knowledge and understanding of human biology leading to the recognition of the 
importance of molecular factors in disease aetiology. The immediate consequence of such 
knowledge is an increased ability for pathology diagnostic and for the identification of pre-
symptomatic individuals or those susceptible to specific diseases, improving our ability for 
disease prognosis and to develop more efficient therapeutic strategies.  
Every organism is exposed to hazardous agents in its environment on a continual basis.  As a 
result, organisms have evolved sophisticated pathways that are considered an environmental 
response machinery, to minimize the biological consequences of hazardous environmental 
agents.  A large number of human genes, including the ones involved in the environmental 
response machinery, are subject to genetic variability, which can be associated with the altered 
efficiency of a biological pathway (Perera & Weinstein, 2000). So, an individual’s risk for 
developing a disease stemming from an environmental exposure might be dependent on the 
efficiency of his/her own unique set of environmental response genes. These genes are usually 
involved in the metabolism of environmental carcinogens, in the repair of DNA lesions 
induced by exogenous and endogenous carcinogens, and in the control of the cell cycle. 
Individual polymorphic forms in those genes have been associated with individual 
susceptibility to different types of cancer  namely in breast and thyroid cancer (Conde et al., 
2009; Gaspar et al., 2004; Pabalan et al., 2010; Peng et al., 2011; Silva et al., 2005; Silva et al., 
2006b; Silva et al., 2006a; Silva et al., 2009; Silva et al., 2010; Silva et al., 2007).  
Several enzymes have evolved for the detoxification of xenobiotic compounds, and their 
gene expression is induced in response to the presence of numerous compounds (e.g., 
polycyclic aromatic hydrocarbons found in tobacco smoke). An inefficient detoxification of 
reactive endogenous or exogenous compounds ultimately leads to lesions in DNA, which 
should be repaired by DNA repair mechanisms, ought to reduce cancer risk. As a 
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consequence, a genetic change that alters the expression of the gene or the activity of the 
detoxifying protein produced may increase the amount of reactive carcinogen present, thus, 
increasing the risk of cancer development. As an example, CYP1A1 and CYP2D6 phase I 
enzymes, are induced by, and act on, carcinogens found in tobacco smoke. Additionally, 
CYP2E1, an enzyme that metabolizes ethanol, is also a candidate because epidemiological 
studies suggest that breast cancer risk is increased with alcohol consumption (Hasler, 1999). 
Environmental carcinogens interact with DNA as a result of complex metabolisms, 
involving phase I and phase II enzymes giving rise to several biomarkers of lesion. There are 
several specific biomarkers for evaluation of specific exposures. For instance, several 
environmental carcinogenic compounds (e.g. Aflatoxin B1, Benzo(a)Pyrene) react with DNA 
and/or proteins giving rise to specific adducts (Taioli et al., 2007; Wu et al., 2002).  However, 
apart from the specific biomarkers, exposure to these compounds leads to appearance of 
unspecific biomarkers as well (El-Zein et al., 2011). 
In spite of being usually unspecific biomarkers of lesion, there is evidence of correlation 
between increased frequency of chromosomal aberration (CA), micronuclei and cancer 
incidence in humans, which supports the use of cytogenetic human monitoring for cancer risk 
assessment (Bonassi et al., 2007; Bonassi et al., 2011; Dhillon et al., 2011). The levels of the 
different biomarkers studied are not directly correlated with the levels of exposure, suggesting 
that intra-individual susceptibility plays an important role. Several studies have shown that 
the level of biomarkers arising from environmental and/or occupational exposure may be 
modulated by polymorphic genes (Bonassi et al., 2011; Dhillon et al., 2011; Pavanello & 
Clonfero, 2000). As an example, experiments conducted in our laboratory concerning the 
evaluation of occupational exposure to Polycyclic Aromatic Hydrocarbons (PAHs), showed 
that the levels of aromatic DNA adducts are higher in smokers than in non smokers and the 
individual levels of DNA adducts in smokers is dependent on the CYP1A1 MspI 
polymorphism, located in the 3´ non-coding region of the gene, and that the presence of at 
least one allele with the restriction site leads to a significant higher level of DNA adducts when 
compared with the ones homozygous for the absence of this restriction site (Teixeira et al., 
2002). Interestingly the same CYP1A1 polymorphism has been associated with lung cancer risk 
among the Japanese and Caucasian populations (Kawajiri et al., 1990; Xu et al., 1996). The 
dependence of biomarkers' level with individual genotypes is also observed in human 
tumours. For instance, in lung cancer patients the level of DNA adducts has been correlated 
with CYP1A1 activity (Mollerup et al., 1999), and also with the GSTP polymorphisms (Rydberg 
et al., 1996). Thus, the parallel study of polymorphic genes associated with cancer 
susceptibility, and their correlation with biomarkers of exposure to carcinogens will improve 
our knowledge on the correlation between environmental exposure and individual variability. 
Additionally, these results prove the relevance of DNA repair pathways in cancer 
susceptibility, working as one important tool when other mechanisms fail.  
The data concerning the individual levels of biomarkers of exposure and the association 
between individual genetic polymorphisms and cancer risk suggest the involvement of 
environmental factors in some human cancers (e.g. carcinogen exposure) with individual 
risk factors (e.g. genetic polymorphisms).  Thus, the parallel study of polymorphic genes 
associated with cancer susceptibility, and their correlation with biomarkers of exposure will 
improve our knowledge on the correlation between environmental exposure and individual 
variability (Rueff et al., 2002) to different types of cancer namely in breast and thyroid 
cancers. 
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1.1 Breast cancer 
Breast cancer is the most common form of cancer among women, being responsible for  
the highest mortality rate from cancer among the female sex. However, the main causes 
related to this pathology remain unclear.  The risk of neoplasic disease has been connected 
with genetic and environmental factors. In fact, genes and the environment share the stage 
for most, if not all, common non-familial cancers, and are related to individual 
susceptibility.  
Several studies have identified two major susceptibility genes in breast cancer: BRCA1  
and BRCA2 (Hedenfalk et al., 2003; Narod & Foulkes, 2004). These genes have an important 
role in genome maintenance, in cell cycle control and in DNA repair, controlling 
homologous recombination repair (Scully & Puget, 2002; Venkitaraman, 2002). Analysis in 
families with high risk of breast cancer showed that individuals with point mutations in 
these genes have a 40-80% of probability to develop breast cancer. However, mutations in 
these two tumour-suppressor genes account for only 5-10% of all cases of breast cancer 
(Fackenthal & Olopade, 2007). 
Factors related to reproductive history and/or hormonal status have been found to confer 
increased risk (e.g., nulliparity, late age at first pregnancy, early menarche, late menopause), 
but the magnitude of the increased risk is generally not huge (less than 3) and the majority 
of breast cancer cases occur in women not demonstrably at high risk for this tumour. Recent 
evidence shows that there are other background genetic factors that contribute to the 
development of breast cancer, such as polymorphisms in DNA repair pathways that might 
increase cancer risk (Hunter et al., 2005; Silva et al., 2007). 

1.2 Thyroid cancer 
Thyroid cancer is the most frequent endocrine neoplasia, accounting for 1-5% of all cancers 
in women and 2% in men in most countries, being responsible for 0.32% of deaths related to 
malignant tumours. The incidence of this type of tumour has been responsible for 6.3% of 
total deaths promoted by endocrine tumours, which reflects its indolent nature. 
Nevertheless, 5-10% of all thyroid cancers are fatal (Inskip, 2001). 
The high frequency of cancer among family members of thyroid cancer patients supports 
the hypothesis that hereditary factors are important in the aetiology of this tumour. 
Among the sporadic cases of thyroid cancer the most common histological varieties are 
non-familial papillary and follicular thyroid carcinomas which shows a long-term (~10-
year) survival rate of more than 90%. These diseases are unusual in children and 
adolescents, and their incidence increases with age in adults, with the majority of cases 
occurring between 25 and 65 years of age. The papillary and follicular carcinomas are two 
to four times more frequent in women than in men, particularly during reproductive 
years, leading to the hypothesis that female hormones may be involved in the aetiology or 
pathogenesis of the disease (Grubbs et al., 2008). Exposure to ionizing radiation is the only 
verified cause of thyroid carcinogenesis in humans, especially when exposure occurs at a 
young age. However, individuals without previous exposure to ionizing radiation can 
also develop thyroid cancers, suggesting that other risk factors may also be involved in 
the aetiology of sporadic tumours. For example, dietary iodine deficiency has also been 
linked to this pathology. In fact, papillary tumours associated with radiation exposure 
usually have different forms of the activated RET proto-oncogene and at a higher 
frequency than that observed in spontaneous non-radiation induced tumours (Grubbs et 
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al., 2008; Sarasin et al., 1999), while follicular tumours are associated with somatic RAS 
gene mutations (Grubbs et al., 2008). Accordingly, the evidences suggested the existence 
of other risk factors for papillary and follicular tumours. Thus, the identification of 
susceptibility factors, both genetic and environmental, associated with individual 
predisposition to thyroid cancer could possibly give further insight into the aetiology of 
this malignancy.  

2. DNA repair pathways 
It is generally agreed that genetic polymorphisms are associated with, or are even the cause, 
of most common disorders with a genetic component like cancer. However, the complex 
metabolism of xenobiotic compounds involving different polymorphic genes could 
modulate the individual risk factor for cancer (Pavanello & Clonfero, 2000). 
DNA repair enzymes continuously monitor chromosomes to correct damaged nucleotide 
residues generated by exposure to carcinogens and cytotoxic compounds. The damage is 
partly a consequence of environmental agents such as ultraviolet (UV) light from the sun, 
inhaled cigarette smoke or deficient dietary habits. However, a large proportion of DNA 
alterations are caused unavoidably by endogenous mutagens, such as reactive oxygen 
species and metabolites that can act as alkylating agents. Genome instability caused by the 
great variety of DNA-damaging agents would be an overwhelming problem for cells  
and organisms.  Thus, DNA repair is a ubiquitous process throughout the living world  
and defective DNA repair is a risk factor for many types of cancer.  Its universality reflects 
the constant challenge to the integrity of any genome from the inherent instability of DNA, 
the natural limitations of the accuracy of DNA synthesis and the challenge of the 
environment.  
Recent evidence that some DNA repair functions are haploinsufficient adds weight to the 
notion that variants in DNA-repair genes constitute part of the spectrum of defects 
contributing to cancer risk. A coherent understanding of the genomics of human DNA 
repair genes, especially single nucleotide polymorphisms (SNPs), will greatly facilitate the 
investigation of the role that these variations play in modulating carcinogenesis. 
Several studies have shown that genes directly involved in DNA repair and in the 
maintenance of genome integrity, or genes indirectly involved in the repair of DNA damage 
through the regulation of the cell cycle, are critical for protecting against the mutations that 
lead to cancer (Hakem, 2008). Evidence suggests that the difference in DNA repair capacity 
among individuals is genetically determined, and that reduced DNA repair capacity 
constitutes a statistically significant risk factor for development of several cancers, 
associated with reduced protein function rather than absence of its function. Recently a 
number of polymorphisms of genes that encode for DNA repair proteins have been 
described (Wood et al., 2005). However, we will not discuss the mechanisms of these 
pathways in detail; instead we will focus on how epidemiologic studies contribute to 
understand the role of genetic polymorphisms present in DNA repair genes and individual 
susceptibility to breast and thyroid cancers.  

2.1 BER – Base excision repair  
The base excision repair (BER) pathway is mainly responsible for the lesion-specific removal 
that arises from endogenous or exogenous agents inducing base damage, which are the 
most frequent insult in cellular DNA. Reactive oxygen species (ROS) are produced from 
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endogenous sources, most notably the oxidative metabolism in the mitochondria, and from 
exogenous sources, such as ionizing radiation. ROS attack DNA readily, generating a variety 
of DNA lesions, such as strand breaks and oxidized bases. If not properly removed, DNA 
damage can be potentially devastating to normal cell physiology, leading to mutagenesis 
and/or cell death, especially in the case of cytotoxic lesions that block the progression of 
DNA/RNA polymerases (Maynard et al., 2009). BER pathway involves two sub-pathways, 
the short-patch responsible for the replacement of a single base, and the long-patch, which 
results in the incorporation of 2-13 nucleotides. The two pathways progress through 
different major processes that initially involve the removal of the damage base by 
glycosylases (Li et al., 2010).  

2.1.1 BER and breast cancer 
Several enzymes of the BER pathway act in concert to keep the DNA intact and maintain 
genomic integrity. One of the most studied genes of BER pathway has been the XRCC1 
gene. XRCC1 is a scaffolding protein that is involved in the repair of single-strand breaks, 
the most common lesion in cellular DNA (Li et al., 2009). Concerning the XRCC1 gene 
polymorphisms, several studies suggest a dual effect of these SNPs in cancer risk.  In fact, 
genetic variation in six BER pathway genes (XRCC1, ADPRT, APEX1, OGG1, LIG3, and 
MUTYH) is associated with breast cancer risk in two large population-based case-control 
studies in the United States and Poland (Zhang et al., 2006). Additionally, XRCC1 
haplotypes revealed no significant association between Trp194-Arg399 haplotype and risk 
of breast cancer, neither in Western nor Asian countries, but a recent meta-analysis has 
indicated that the Arg194-Gln399 haplotype of XRCC1 might be a risk factor for breast 
cancer in Asian countries (Saadat, 2010). However, other meta-analysis suggests that 
polymorphisms Arg280His and Arg399Gln may modify breast cancer risk differently in 
Caucasian and Asian populations (Li et al., 2009), and a meta-analysis study between the 
breast cancer and the XRCC1 polymorphisms Arg194Trp, Arg399Gln  and Arg280His in 
different inheritance models suggested that Arg399Gln was associated with a trend of 
increased breast cancer risk when using both dominant and recessive models to analyze the 
data (Huang et al., 2009). 
Results published by our group concerning the breast cancer risk and XRCC1 Arg194Trp 
and Arg399Gln polymorphisms do not show any association between these polymorphisms 
and breast cancer risk, but it was observed that menopausal age together with XRCC1 
Arg194Trp and Arg399Gln polymorphisms might be involved in individual susceptibility 
towards breast cancer (Silva et al., 2007) 
DNA polymerase beta (Polβ) provides most of the gap-filling synthesis at abasic sites of 
damaged DNA in the base excision repair pathway, a polymorphic key gene in BER. A case-
control study has shown two polymorphisms in the Polβ protein, the Pro242Arg and 
Lys289Met, associated with breast cancer risk and cancer progression. In fact, a strong 
association between breast cancer occurrence and the TT genotype of the Lys289Met (C to G 
transition) polymorphism and the CG genotype of the Pro242Arg polymorphism was found. 
Polymorphism-polymorphism interaction between the TT genotype of the Lys289Met and 
the CG genotype of the Pro242Arg (C to G transition) polymorphisms increased the risk of 
breast cancer (Sliwinski et al., 2007) 
Several DNA BER repair gene polymorphisms have been described, which affect DNA 
repair capacity and modulate cancer susceptibility, namely with the risk of acute skin 



 
DNA Repair and Human Health 

 

462 

al., 2008; Sarasin et al., 1999), while follicular tumours are associated with somatic RAS 
gene mutations (Grubbs et al., 2008). Accordingly, the evidences suggested the existence 
of other risk factors for papillary and follicular tumours. Thus, the identification of 
susceptibility factors, both genetic and environmental, associated with individual 
predisposition to thyroid cancer could possibly give further insight into the aetiology of 
this malignancy.  

2. DNA repair pathways 
It is generally agreed that genetic polymorphisms are associated with, or are even the cause, 
of most common disorders with a genetic component like cancer. However, the complex 
metabolism of xenobiotic compounds involving different polymorphic genes could 
modulate the individual risk factor for cancer (Pavanello & Clonfero, 2000). 
DNA repair enzymes continuously monitor chromosomes to correct damaged nucleotide 
residues generated by exposure to carcinogens and cytotoxic compounds. The damage is 
partly a consequence of environmental agents such as ultraviolet (UV) light from the sun, 
inhaled cigarette smoke or deficient dietary habits. However, a large proportion of DNA 
alterations are caused unavoidably by endogenous mutagens, such as reactive oxygen 
species and metabolites that can act as alkylating agents. Genome instability caused by the 
great variety of DNA-damaging agents would be an overwhelming problem for cells  
and organisms.  Thus, DNA repair is a ubiquitous process throughout the living world  
and defective DNA repair is a risk factor for many types of cancer.  Its universality reflects 
the constant challenge to the integrity of any genome from the inherent instability of DNA, 
the natural limitations of the accuracy of DNA synthesis and the challenge of the 
environment.  
Recent evidence that some DNA repair functions are haploinsufficient adds weight to the 
notion that variants in DNA-repair genes constitute part of the spectrum of defects 
contributing to cancer risk. A coherent understanding of the genomics of human DNA 
repair genes, especially single nucleotide polymorphisms (SNPs), will greatly facilitate the 
investigation of the role that these variations play in modulating carcinogenesis. 
Several studies have shown that genes directly involved in DNA repair and in the 
maintenance of genome integrity, or genes indirectly involved in the repair of DNA damage 
through the regulation of the cell cycle, are critical for protecting against the mutations that 
lead to cancer (Hakem, 2008). Evidence suggests that the difference in DNA repair capacity 
among individuals is genetically determined, and that reduced DNA repair capacity 
constitutes a statistically significant risk factor for development of several cancers, 
associated with reduced protein function rather than absence of its function. Recently a 
number of polymorphisms of genes that encode for DNA repair proteins have been 
described (Wood et al., 2005). However, we will not discuss the mechanisms of these 
pathways in detail; instead we will focus on how epidemiologic studies contribute to 
understand the role of genetic polymorphisms present in DNA repair genes and individual 
susceptibility to breast and thyroid cancers.  

2.1 BER – Base excision repair  
The base excision repair (BER) pathway is mainly responsible for the lesion-specific removal 
that arises from endogenous or exogenous agents inducing base damage, which are the 
most frequent insult in cellular DNA. Reactive oxygen species (ROS) are produced from 

 
DNA Repair Perspectives in Thyroid and Breast Cancer: The Role of DNA Repair Polymorphisms 

 

463 

endogenous sources, most notably the oxidative metabolism in the mitochondria, and from 
exogenous sources, such as ionizing radiation. ROS attack DNA readily, generating a variety 
of DNA lesions, such as strand breaks and oxidized bases. If not properly removed, DNA 
damage can be potentially devastating to normal cell physiology, leading to mutagenesis 
and/or cell death, especially in the case of cytotoxic lesions that block the progression of 
DNA/RNA polymerases (Maynard et al., 2009). BER pathway involves two sub-pathways, 
the short-patch responsible for the replacement of a single base, and the long-patch, which 
results in the incorporation of 2-13 nucleotides. The two pathways progress through 
different major processes that initially involve the removal of the damage base by 
glycosylases (Li et al., 2010).  

2.1.1 BER and breast cancer 
Several enzymes of the BER pathway act in concert to keep the DNA intact and maintain 
genomic integrity. One of the most studied genes of BER pathway has been the XRCC1 
gene. XRCC1 is a scaffolding protein that is involved in the repair of single-strand breaks, 
the most common lesion in cellular DNA (Li et al., 2009). Concerning the XRCC1 gene 
polymorphisms, several studies suggest a dual effect of these SNPs in cancer risk.  In fact, 
genetic variation in six BER pathway genes (XRCC1, ADPRT, APEX1, OGG1, LIG3, and 
MUTYH) is associated with breast cancer risk in two large population-based case-control 
studies in the United States and Poland (Zhang et al., 2006). Additionally, XRCC1 
haplotypes revealed no significant association between Trp194-Arg399 haplotype and risk 
of breast cancer, neither in Western nor Asian countries, but a recent meta-analysis has 
indicated that the Arg194-Gln399 haplotype of XRCC1 might be a risk factor for breast 
cancer in Asian countries (Saadat, 2010). However, other meta-analysis suggests that 
polymorphisms Arg280His and Arg399Gln may modify breast cancer risk differently in 
Caucasian and Asian populations (Li et al., 2009), and a meta-analysis study between the 
breast cancer and the XRCC1 polymorphisms Arg194Trp, Arg399Gln  and Arg280His in 
different inheritance models suggested that Arg399Gln was associated with a trend of 
increased breast cancer risk when using both dominant and recessive models to analyze the 
data (Huang et al., 2009). 
Results published by our group concerning the breast cancer risk and XRCC1 Arg194Trp 
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control study has shown two polymorphisms in the Polβ protein, the Pro242Arg and 
Lys289Met, associated with breast cancer risk and cancer progression. In fact, a strong 
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reactions following radiotherapy. In fact, it was reported that XRCC1 399Gln or APEX1 
148Glu alleles may be protective against acute skin reactions following radiotherapy 
(Chang-Claude et al., 2005). However, it was not confirmed in breast cancer patients 
(Bartsch et al., 2007). In addition, in a retrospectively evaluation of SNPs in DNA repair 
genes, it was observed that XRCC1 Arg399Gln may be predictive of survival outcome in 
patients with metastasis breast cancer treated with DNA damaging chemotherapy (Bewick 
et al., 2006). Outcome and survival in anthracycline-based and cyclophosphamide/ 
methotrexate/5-fluorouracil-based chemotherapy of invasive breast cancer are 
unpredictable. It was observed that, carriers of the XRCC1 1196 AA genotype had a reduced 
risk for recurrence/death and patients treated with chemotherapy but not radiotherapy, 
suggesting that DNA repair enzyme XRCC1 is a potential treatment predictor for the 
outcome and survival of anthracycline and cyclophosphamide/methotrexate/5-
fluorouracil-based chemotherapy of invasive breast cancer (Jaremko et al., 2007). However, 
among incoherent results, recent studies strongly suggest a main role of BER in 
chemotherapy (Bewick et al., 2006; Goode et al., 2002b; Kelley & Fishel, 2008) in breast 
cancer. 

2.1.2 BER and thyroid cancer 
The results obtained by our group, do not reveal a significant involvement of XRCC1 
Arg194Trp and Arg399Gln, OGG1 Ser326Cys, APEX1 Asp148Glu, MUTYH Gln335His and 
PARP1 Val762Ala polymorphisms on the individual susceptibility towards thyroid cancer, 
since the frequency of the different genotypes are similar in control and cancer patients 
population (data not published).  
Additionally, since thyroid cancer incidence is recurrently reported to be higher in women 
(which was also the predominant gender in our case group), we compared genotypic 
frequencies according to sex among thyroid cancer patients (in order to examine for any sex-
specific genetic effect), but the frequency of the different genotypes considered did not differ 
significantly with gender in thyroid cancer patients (data not published).  
Concerning the role of XRCC1 polymorphisms in thyroid cancer, a study reported by (Ho et 
al., 2009) showed, in white non-Hispanics, that XRCC1 194Trp variant allele may be 
associated with increased risk of differential thyroid carcinoma (DTC), while the XRCC1 
399Gln variant allele may be associated with decreased risk of DTC. These results are in 
agreement with the data reported by (Chiang et al., 2008) in Chinese DTC populations. 
However, Sigurdson and colleagues (Sigurdson et al., 2009) reported that, among residents 
near Semipalatinsk, Kazakhstan XRCC1 Arg194Trp is associated with decreased thyroid 
nodule risks for increasing minor alleles, and a similar patterns of association were observed 
for a small number of papillary thyroid cancers.  The results in our study do not reveal an 
association between XRCC1 Arg194Trp genotypes and thyroid cancer risk, and these 
differences might be due a different risk factors for thyroid tumours (exposure to ionizing 
radiation (Sigurdson et al., 2009) versus sporadic tumours), and genetic background of 
different populations.    
Concerning XRCC1 Arg280His polymorphism only a positive association was described in 
Caucasian populations (Garcia-Quispes et al., 2011). Interestingly, in white non-Hispanics, 
the XRCC1 399Gln variant allele may be associated with decreased risk of DTC, and in 
Caucasians,  who lived in the areas of the Russian Federation and Belarus contaminated 
with radionuclides from Chernobyl fallout, it was observed that the XRCC1 Arg399Gln 

 
DNA Repair Perspectives in Thyroid and Breast Cancer: The Role of DNA Repair Polymorphisms 

 

465 

polymorphism, regardless of radiation exposure, was associated with a decreased risk of 
Papillary Thyroid Carcinoma (PTC) according to the multiplicative and dominant models of 
inheritance (Sigurdson et al., 2009). However, we cannot exclude that other XRCC1 gene 
polymorphisms may interact, alone or when combined, with other genes such as the ADPRT 
(Chiang et al., 2008). However, our results do not support an association between thyroid 
cancer risk and the XRCC1 Arg399Gln polymorphism, suggesting the need of larger studies 
and/or a meta-analysis, in order to understand the role of the XRCC1 polymorphisms in 
thyroid cancer.  Additionally, we can rule out the utility of XRCC1 haplotypes in predicting 
DTC risk.  
In general, the results reviewed suggest that larger studies are required to define the role of 
XRCC1 polymorphisms in susceptibility to well differentiated thyroid cancer. However, the 
scarcity of data concerning other BER genes creates a gap in knowledge about the effective 
role of polymorphisms in BER pathway and individual susceptibility to thyroid cancer.   

2.2 NER – Nucleotide excision repair 
Several DNA repair pathways have evolved to repair DNA adducts and function to prevent 
genomic instability and promote cell survival. The nucleotide excision repair (NER) 
pathway is important for DNA repair, removing adducts responsible for the distortion of 
double helix. Such adducts can be caused by UV irradiation and environmental agents such 
as tobacco smoke (polycyclic aromatic hydrocarbons). This pathway is also the main 
mechanism for the repair of bulky DNA adducts generated by breast cancer 
chemotherapeutic agents, such as platinum drugs and cyclophosphamide and may be 
involved in the repair of nonbulky DNA lesions that result from oxidative damage (Bewick 
et al., 2011; Oksenych & Coin, 2010). Failure to eliminate these lesions can lead to 
oncogenesis, developmental abnormalities and accelerated ageing.  
NER pathway involves several proteins that act in order to restore the normal homeostasis 
of the cell. There are two sub-pathways of the NER pathway, global-genomic-NER (GG-
NER) and transcription-coupled NER (TC-NER), which differ only in the step involving 
recognition of the DNA lesion (Shuck et al., 2008). The complex XPC-HR23B or CSA and 
CSB proteins are responsible for the initial step in the GG-NER and in TC-NER, respectively. 
The recognition of the distortion of double helix is followed by the opening of the DNA by 
the XPB and XPD ATPases/helicases of the transcription/repair factor (TFIIH). TFIIH is a 
multisubunit factor composed of 10 subunits which catalyses helix opening during NER (Li 
et al., 2010). The DNA strand opening favors the recruitment of XPA and RPA, which help 
to enlarge the opened structure and drive the dissociation of the CDK activating kinase 
(CAK) complex from TFIIH. The recruitment of the endonucleases XPG and XPF triggers 
dual incision and excision of the protein-free damaged oligonucleotide. The gap is filled by 
the resynthesis machinery and the DNA extremities sealed (Oksenych & Coin, 2010).  
Deficiency in NER results in three rare genetic disorders: Xeroderma pigmentosum (XP), 
trichothiodystrophy (TTD) and Cockayne syndrome (CS), characterize by increased cancer 
frequencies, neurodegeneration and ageing.  

2.2.1 Nucleotide excision repair and breast cancer 
Genomic instability is a hallmark of all cancers (Hanahan & Weinberg, 2000). At the cellular 
level, damaged DNA that is not properly repaired can lead to genomic instability, apoptosis, 
or senescence, which can greatly affect the organism’s development and ageing process 
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399Gln variant allele may be associated with decreased risk of DTC. These results are in 
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polymorphism, regardless of radiation exposure, was associated with a decreased risk of 
Papillary Thyroid Carcinoma (PTC) according to the multiplicative and dominant models of 
inheritance (Sigurdson et al., 2009). However, we cannot exclude that other XRCC1 gene 
polymorphisms may interact, alone or when combined, with other genes such as the ADPRT 
(Chiang et al., 2008). However, our results do not support an association between thyroid 
cancer risk and the XRCC1 Arg399Gln polymorphism, suggesting the need of larger studies 
and/or a meta-analysis, in order to understand the role of the XRCC1 polymorphisms in 
thyroid cancer.  Additionally, we can rule out the utility of XRCC1 haplotypes in predicting 
DTC risk.  
In general, the results reviewed suggest that larger studies are required to define the role of 
XRCC1 polymorphisms in susceptibility to well differentiated thyroid cancer. However, the 
scarcity of data concerning other BER genes creates a gap in knowledge about the effective 
role of polymorphisms in BER pathway and individual susceptibility to thyroid cancer.   
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Several DNA repair pathways have evolved to repair DNA adducts and function to prevent 
genomic instability and promote cell survival. The nucleotide excision repair (NER) 
pathway is important for DNA repair, removing adducts responsible for the distortion of 
double helix. Such adducts can be caused by UV irradiation and environmental agents such 
as tobacco smoke (polycyclic aromatic hydrocarbons). This pathway is also the main 
mechanism for the repair of bulky DNA adducts generated by breast cancer 
chemotherapeutic agents, such as platinum drugs and cyclophosphamide and may be 
involved in the repair of nonbulky DNA lesions that result from oxidative damage (Bewick 
et al., 2011; Oksenych & Coin, 2010). Failure to eliminate these lesions can lead to 
oncogenesis, developmental abnormalities and accelerated ageing.  
NER pathway involves several proteins that act in order to restore the normal homeostasis 
of the cell. There are two sub-pathways of the NER pathway, global-genomic-NER (GG-
NER) and transcription-coupled NER (TC-NER), which differ only in the step involving 
recognition of the DNA lesion (Shuck et al., 2008). The complex XPC-HR23B or CSA and 
CSB proteins are responsible for the initial step in the GG-NER and in TC-NER, respectively. 
The recognition of the distortion of double helix is followed by the opening of the DNA by 
the XPB and XPD ATPases/helicases of the transcription/repair factor (TFIIH). TFIIH is a 
multisubunit factor composed of 10 subunits which catalyses helix opening during NER (Li 
et al., 2010). The DNA strand opening favors the recruitment of XPA and RPA, which help 
to enlarge the opened structure and drive the dissociation of the CDK activating kinase 
(CAK) complex from TFIIH. The recruitment of the endonucleases XPG and XPF triggers 
dual incision and excision of the protein-free damaged oligonucleotide. The gap is filled by 
the resynthesis machinery and the DNA extremities sealed (Oksenych & Coin, 2010).  
Deficiency in NER results in three rare genetic disorders: Xeroderma pigmentosum (XP), 
trichothiodystrophy (TTD) and Cockayne syndrome (CS), characterize by increased cancer 
frequencies, neurodegeneration and ageing.  
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Genomic instability is a hallmark of all cancers (Hanahan & Weinberg, 2000). At the cellular 
level, damaged DNA that is not properly repaired can lead to genomic instability, apoptosis, 
or senescence, which can greatly affect the organism’s development and ageing process 
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(Hakem, 2008). DNA repair pathways are among the mechanisms most frequently 
deregulated in cancer. These mechanisms allow non-transformed cells to repair their DNA 
after specific damage or in some circumstance, to induce apoptosis if repair is not possible. 
This mechanism protects against uncontrolled proliferation in the context of abnormal 
genetic background. Disruption of these pathways in cancer produces an increase in 
chromosome breaks and mutagenesis (Amir et al., 2010). 
Several polymorphisms in NER genes have been described. However, studies investigating 
the association of NER genes polymorphisms with breast cancer risk produced controversial 
results.  
Genetic polymorphisms identified in genes encoding DNA repair enzymes are believed to 
be candidates for associations with several types of cancers, including breast cancer. One of 
the most studied NER genes is ERCC2 (XPD), which plays a key role in NER pathway. 
Several polymorphisms in the ERCC2 gene have been described, including the commonly 
occurring Asp312Asn and Lys751Gln. However, the published results have been 
contradictory. Recently, one meta-analysis study revealed no association between both 
polymorphisms and breast cancer risk (Pabalan et al., 2010). We had also reported similar 
results previously (Silva et al., 2006a). The main causes for breast cancer remain unclear; 
however some environmental compounds have been regarded as increasing the risk of 
breast cancer, especially the ones responsible for generation of DNA adducts (PAHs, 
aromatic amines). The ERCC2 polymorphisms have been extensively correlated with high 
levels of DNA adducts (or lower DNA repair capacity). This reduction in DNA repair 
capacity is also influenced by these polymorphic variations, being predictive of DNA repair 
capacity (Crew et al., 2007; Shi et al., 2004).  
Other genes of NER pathway have been studied, though not so often, in association studies. 
For example, the gene ERCC4 (XPF) that codes for the subunit of the protein complex 
ERCC1-ERCC4 responsible for the removal of the damaged single-stranded fragment (Lee et 
al., 2005), have been studied and the results revealed a significant association of Arg415Gln 
polymorphism and breast cancer risk (Smith et al., 2003), but not for Ser835Ser 
polymorphism as described by Lee and colleagues. This research team showed a combined 
effect between the ERCC4 synonymous polymorphism and Asp312Asn ERCC2 
polymorphism (Lee et al., 2005). The other sub-unit of protein complex ERCC1-ERCC4, 
coded by ERCC1 gene, has also been a target of some epidemiologic studies (Bewick et al., 
2011; Crew et al., 2007; Lee et al., 2005; Shin et al., 2008), resulting in contradictory data.  
XPG (ERCC5) gene is also required for the removal of the damaged single-stranded nucleotide 
fragment, together with the complex ERCC1-ERCC4. Rajaraman and colleagues described in 
their work the relevance of one polymorphism of ERCC5 gene providing suggestive evidence 
that variant allele of Asp1104His was associated with increased risk of breast cancer overall, 
and suggesting further an increased susceptibility to breast cancer in radiologic technologists 
exposed to low levels of radiation (Rajaraman et al., 2008). However, there is no agreement 
regarding the role of this gene in breast cancer susceptibility (Crew et al., 2007; Jorgensen et al., 
2007; Kumar et al., 2003; Mechanic et al., 2006; Shen et al., 2006). 
XPC encodes a basic protein that is essential for damage recognition in sub-pathway GG-
NER (Sugasawa, 2008). Several studies have been developed concerning the role of XPC 
gene polymorphisms in breast cancer risk. However, the results have been inconsistent. 
Early this year a meta-analysis including 11 studies was published revealing no associations 
between the polymorphisms of XPC gene under study and breast cancer risk (Zheng et al., 
2011). However, the role of this gene in breast cancer should not be excluded, since it was 
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shown that XPC gene, as other XP gene products, interact with and stimulate specific DNA 
glycosylases (e.g. thymine DNA glycosylase (TDG)), initiators of BER, beyond their 
functions in NER pathway (Sugasawa, 2008). Moreover, gene–gene and gene–environment 
interactions should also be considered which are not in the meta-analysis studies. 
XPA protein interacts with many of the core repair factors in NER pathway, and without it, 
no stable pre-incision complex can form, nor can NER occur, making it the limiting factor in 
damage recognition (Shuck et al., 2008). However, XPA gene has not been extensively 
studied in connection with breast cancer risk (Crew et al., 2007; Jelonek et al., 2010; Shen et 
al., 2006), and the results published did not described this gene as potentially related with 
breast cancer risk.  
Many more polymorphisms in the NER genes have been found, however there aren’t 
enough consistent epidemiologic studies into the link between this pathway and breast 
cancer. More studies are needed to form any reliable conclusions. 
The new era in cancer treatment and prevention lies in the ability to treat patients individually 
according to their genetic constitution and the DNA repair status of their tumours. The nature 
of DNA lesions caused by therapeutic agents requires complex repair mechanisms, possibly 
involving simultaneously different repair pathways. DNA damage acquired from these 
treatments can initiate a number of cellular pathways involved in DNA repair, cell cycle 
control, metabolism and apoptosis (Bewick et al., 2011). For example, it is well known the 
importance of NER pathway in repair of bulky DNA adducts, such those caused by tobacco 
smoke as well as intrastrand cross-links (ICL) caused by chemotherapeutic agents, such as cis-
platinum or anthracyclines (Latimer et al., 2010; Saffi et al., 2010). If so, SNPs in genes in this 
pathway may significantly affect DNA repair efficiency, influencing clinical outcome and thus 
may help identify patients that can benefit from certain treatments.  

2.2.2 Nucleotide excision repair and thyroid cancer 
The main, and well documented, cause for thyroid cancer is ionizing radiation, although 
other risk factors have been pointed out as candidates, such as dietary iodine deficiency, 
hormonal factors, lymphocytic thyroiditis and familial history (Kondo et al., 2006).  
In a previous report, we found a significant association between a haplotype of two SNPs 
(Asp312Asn and Lys751Gln) in ERCC2 gene, and thyroid cancer risk (Silva et al., 2005) 
suggesting that this pathway may be relevant for thyroid carcinogenesis. Later we also 
conducted another study including more SNPs in different genes of NER (CCNH Val270Ala, 
CDK7 Asn33Asn, RAD23B Ala249Val, ERCC1 Gln504Lys, ERCC4 Arg415Gln, ERCC5 
Asp1104His, ERCC5 Cys526Ser, ERCC6 Arg1230Pro, ERCC6 Gln1413Arg, XPC Ala499Val and 
XPC Lys939Gln) on the individual susceptibility to non-familial thyroid cancer (manuscript in 
preparation), where we showed that patients carrying at least one variant allele of CCNH 
Val270Ala polymorphism seems to be at increased risk for thyroid cancer. To our knowledge, 
no other reports have been published trying to find susceptibility alleles in NER genes 
associating them with risk for thyroid cancer. One possible explanation for this is that the 
lesions produced by ionizing radiation are more likely to be repaired by BER, NHEJ and HR.  
Several authors have described the increased incidence of a second malignancy in patients 
after diagnosis of thyroid cancer (Brown et al., 2008; Canchola et al., 2006; Garner et al., 2007; 
Verkooijen et al., 2006), pointing out breast cancer as the most frequent occurrence. 
However, some authors also considered the opposite, thyroid cancer being subsequent to 
breast cancer, suggesting the exposure to radiotherapy as the main cause of second 
malignancy in adjacent organs as a result of scattered radiation (Adjadj et al., 2003; Huang et 



 
DNA Repair and Human Health 

 

466 

(Hakem, 2008). DNA repair pathways are among the mechanisms most frequently 
deregulated in cancer. These mechanisms allow non-transformed cells to repair their DNA 
after specific damage or in some circumstance, to induce apoptosis if repair is not possible. 
This mechanism protects against uncontrolled proliferation in the context of abnormal 
genetic background. Disruption of these pathways in cancer produces an increase in 
chromosome breaks and mutagenesis (Amir et al., 2010). 
Several polymorphisms in NER genes have been described. However, studies investigating 
the association of NER genes polymorphisms with breast cancer risk produced controversial 
results.  
Genetic polymorphisms identified in genes encoding DNA repair enzymes are believed to 
be candidates for associations with several types of cancers, including breast cancer. One of 
the most studied NER genes is ERCC2 (XPD), which plays a key role in NER pathway. 
Several polymorphisms in the ERCC2 gene have been described, including the commonly 
occurring Asp312Asn and Lys751Gln. However, the published results have been 
contradictory. Recently, one meta-analysis study revealed no association between both 
polymorphisms and breast cancer risk (Pabalan et al., 2010). We had also reported similar 
results previously (Silva et al., 2006a). The main causes for breast cancer remain unclear; 
however some environmental compounds have been regarded as increasing the risk of 
breast cancer, especially the ones responsible for generation of DNA adducts (PAHs, 
aromatic amines). The ERCC2 polymorphisms have been extensively correlated with high 
levels of DNA adducts (or lower DNA repair capacity). This reduction in DNA repair 
capacity is also influenced by these polymorphic variations, being predictive of DNA repair 
capacity (Crew et al., 2007; Shi et al., 2004).  
Other genes of NER pathway have been studied, though not so often, in association studies. 
For example, the gene ERCC4 (XPF) that codes for the subunit of the protein complex 
ERCC1-ERCC4 responsible for the removal of the damaged single-stranded fragment (Lee et 
al., 2005), have been studied and the results revealed a significant association of Arg415Gln 
polymorphism and breast cancer risk (Smith et al., 2003), but not for Ser835Ser 
polymorphism as described by Lee and colleagues. This research team showed a combined 
effect between the ERCC4 synonymous polymorphism and Asp312Asn ERCC2 
polymorphism (Lee et al., 2005). The other sub-unit of protein complex ERCC1-ERCC4, 
coded by ERCC1 gene, has also been a target of some epidemiologic studies (Bewick et al., 
2011; Crew et al., 2007; Lee et al., 2005; Shin et al., 2008), resulting in contradictory data.  
XPG (ERCC5) gene is also required for the removal of the damaged single-stranded nucleotide 
fragment, together with the complex ERCC1-ERCC4. Rajaraman and colleagues described in 
their work the relevance of one polymorphism of ERCC5 gene providing suggestive evidence 
that variant allele of Asp1104His was associated with increased risk of breast cancer overall, 
and suggesting further an increased susceptibility to breast cancer in radiologic technologists 
exposed to low levels of radiation (Rajaraman et al., 2008). However, there is no agreement 
regarding the role of this gene in breast cancer susceptibility (Crew et al., 2007; Jorgensen et al., 
2007; Kumar et al., 2003; Mechanic et al., 2006; Shen et al., 2006). 
XPC encodes a basic protein that is essential for damage recognition in sub-pathway GG-
NER (Sugasawa, 2008). Several studies have been developed concerning the role of XPC 
gene polymorphisms in breast cancer risk. However, the results have been inconsistent. 
Early this year a meta-analysis including 11 studies was published revealing no associations 
between the polymorphisms of XPC gene under study and breast cancer risk (Zheng et al., 
2011). However, the role of this gene in breast cancer should not be excluded, since it was 

 
DNA Repair Perspectives in Thyroid and Breast Cancer: The Role of DNA Repair Polymorphisms 

 

467 
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al., 2009). Furthermore, the incidence of other tumours might not represent a therapy effect 
but rather might be due to common risk factors. Therefore, the exposure to ionizing 
radiation and hormonal factors has been the risk factors well documented for both 
malignancies, although, there is no consensus in the results.   

2.3 MMR – Mismatch repair 
The Mismatch Repair (MMR) pathway plays a crucial role in repairing mismatches, which 
are small bulges in the DNA duplex, caused by small insertions, deletions or nucleotide 
substitutions in one strand of the duplex. Mismatches can be generated during DNA 
replication and repair. The failure of MMR leads to high mutation rates, microsatellite 
instability (MSI), losses of heterozygosity (LOH), reduction in apoptosis processes and 
increases in cell survival, as well as predisposition for carcinogenesis (Schofield & Hsieh, 
2003; Schroering et al., 2007). MMR is also associated with an anti-recombination function, 
suppressing homologous recombination and plays a role in DNA-damage signaling (Smith 
et al., 2008). 
The main MMR pathway is initiated by the recognition of a mismatch by the heterodimer 
consisting of the MSH2 and MSH6 proteins (also called MutSα). MutSα is responsible for the 
recognition of base mismatches and insertion/deletion loop (IDLs) in mono- to 
tetranucleotide repeats. This complex, MutSα, is able to recognize most base-base 
mismatches and short IDLs (Hsieh & Yamane, 2008). 
Another MMR pathway, consisting of MSH2 and MSH3 heterodimers (MutSβ) is primarily 
responsible for binding to and correcting insertion/deletion mutations, preferentially 
dinucleotide and larger IDLs. Upon DNA mismatch recognition the repair process proceeds 
with the participation of the heterodimer consisting of MLH1 and PMS2 (also called 
MutLα), which acts as an endonuclease. Subsequent DNA excision, directed by strand 
breaks located either 5' or 3' to the mispair, is carried out by the exonuclease EXO1 (Hsieh & 
Yamane, 2008; Jiricny, 2006).   

2.3.1 Mismatch repair and breast cancer 
The MSH2 gene is central in mismatch recognition and has been the most studied gene of 
MMR. There are several studies reporting mutations  (Murata et al., 2002) and polymorphisms 
in several MSH2 variants (Poplawski et al., 2005; Wong et al., 2008). Poplawski and colleagues 
showed a significant association between Gly322Asp polymorphism of the MSH2 gene and 
breast cancer risk (Poplawski et al., 2005). However, another study of several families 
conducted by Wong and colleagues did not find any association between MSH2 and breast 
cancer (Wong et al., 2008).  However, the scarcity of data about the involvement of 
polymorphisms in other MMR genes in breast cancer susceptibility, contributed to our MMR 
multigene study, which included MSH3, MSH4, MSH6, MLH1, MLH3, PMS1 and MUTYH 
genes (Conde et al., 2009). Our results showed the potential involvement of Leu844Pro MLH3 
gene polymorphism in breast cancer susceptibility, as well as some SNP-SNP interactions. 
Different activities and functions of these genes as well as SNP variations may alter the level of 
repair, leading to higher rates of mutations and therefore an increase of breast cancer risk or 
conversely play a protective role in breast carcinogenesis.  

2.3.2 Mismatch repair and thyroid cancer 
To our knowledge, there are no data reporting the involvement of mismatch repair genes in 
thyroid cancer susceptibility. 
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2.4 DSB - Double strand breaks repair  
Double-stranded breaks (DSBs) are the most injurious DNA damage. The failure to repair 
DSBs can result in chromosomal abnormalities, such as DNA translocations, that lead to 
cancerigenesis and are common in many cancers. DSBs can occur as a consequence of direct 
exposure to harmful exogenous agents, such as ionizing radiation, or by endogenous by-
products of many metabolic processes, such as reactive oxygen species (ROS). They can also 
be generated during V(D)J recombination and when DNA single-strand breaks are 
encountered during DNA replication. The termini of chromosomes can also be recognized 
as DSB due to defective metabolism of telomeres. In order to face the threat of DSBs, 
prokaryotes and eukaryotes developed two mechanisms of repair, DNA end-joining and 
homologous repair. 
DNA end-joining is the most straightforward repair mechanisms of DSBs, since it simply 
rejoins the broken ends regardless of the genetic consequences. There are two processes 
through which DNA end-joining can occur, non-homologous end-joining (NHEJ) and 
microhomology mediated end-joining (MMEJ). The first one is a Ku-dependent mechanism 
while the second one is Ku-independent. Both processes can maintain structural integrity, 
although, do not guarantee genetic integrity, being both error-prone and capable of 
generating new mutations. In NHEJ pathway, DNA ends are recognized and targeted by a 
heterodimeric Ku70/80 complex leaving the broken ends accessible for other factors. This 
DNA binding complex is important for recruitment of additional NHEJ proteins. Once 
bound to DNA, Ku proteins recruit the large DNA-dependent protein kinase catalytic 
subunit (DNAPKcs). The association of DNAPKcs-DNA-Ku complex activates the 
serine/threonine kinase activity of DNAPKcs contributing to the phosphorylation of the 
histone H2AX at lesion site and other factors such as nucleases. In case of incompatible ends, 
broken ends are processed by an endonuclease protein, named Artemis, trimming DNA 
overhangs and hairpins formed at the transition of double to single stranded DNA. 
Alternatively, the ssDNA tails can be filled in by polymerases (polµ and polλ). NHEJ repair 
is finalized by the complex XRCC4/LigaseIV that rejoins DNA ends. When broken DNA 
ends are not accessible for Ku proteins, due to other polypeptides covalently attached to 
DNA ends, the end joining occurs via Ku-independent pathway (MMEJ). The foremost 
distinguishing property of MMEJ is the use of 5–25 nucleotides sequences during the 
alignment of broken ends before joining, thereby resulting in larger deletions flanking the 
original break (Lieber, 2010; McVey & Lee, 2008). 
In S-phase of cell cycle, there is a second copy of the genome, thus repair machinery can use 
this sister chromatid as template in order to achieve an error-free repair. This mechanism is 
known as homologous recombination repair (HR). In human cells, the early events are not 
completely understood, however the recruitment of the Mre11-Rad50-Nbs1 (MRN) complex 
and the phosphorylation of histone H2AX are two probable events, although these are not 
specific to HR since they can also occur, to a lesser extent, in NHEJ and MMEJ. Unlike end-
joining repair, HR requires extensively resected broken ends to generate a 3’ single-stranded 
(ss) DNA tail. Firstly, MRN complex exposes both 3’ ends, the 3’ ssDNA tail is then 
stabilized by binding of RPA which facilitates the assembly of RAD51. With the help of 
RAD52 and BRCA2, a nucleoprotein filament is formed along the ssDNA tail and the search 
for homology in the sister chromatid by RAD51 is initiated. RAD51 catalyzes strand 
exchange during which ssDNA invades homologous duplex DNA forming a Holliday 
junction, which provides a primer to initiate new DNA synthesis, and a displacement loop 
(D-loop). Once the D-loop is formed, cells may undergo a process termed synthesis-
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al., 2009). Furthermore, the incidence of other tumours might not represent a therapy effect 
but rather might be due to common risk factors. Therefore, the exposure to ionizing 
radiation and hormonal factors has been the risk factors well documented for both 
malignancies, although, there is no consensus in the results.   

2.3 MMR – Mismatch repair 
The Mismatch Repair (MMR) pathway plays a crucial role in repairing mismatches, which 
are small bulges in the DNA duplex, caused by small insertions, deletions or nucleotide 
substitutions in one strand of the duplex. Mismatches can be generated during DNA 
replication and repair. The failure of MMR leads to high mutation rates, microsatellite 
instability (MSI), losses of heterozygosity (LOH), reduction in apoptosis processes and 
increases in cell survival, as well as predisposition for carcinogenesis (Schofield & Hsieh, 
2003; Schroering et al., 2007). MMR is also associated with an anti-recombination function, 
suppressing homologous recombination and plays a role in DNA-damage signaling (Smith 
et al., 2008). 
The main MMR pathway is initiated by the recognition of a mismatch by the heterodimer 
consisting of the MSH2 and MSH6 proteins (also called MutSα). MutSα is responsible for the 
recognition of base mismatches and insertion/deletion loop (IDLs) in mono- to 
tetranucleotide repeats. This complex, MutSα, is able to recognize most base-base 
mismatches and short IDLs (Hsieh & Yamane, 2008). 
Another MMR pathway, consisting of MSH2 and MSH3 heterodimers (MutSβ) is primarily 
responsible for binding to and correcting insertion/deletion mutations, preferentially 
dinucleotide and larger IDLs. Upon DNA mismatch recognition the repair process proceeds 
with the participation of the heterodimer consisting of MLH1 and PMS2 (also called 
MutLα), which acts as an endonuclease. Subsequent DNA excision, directed by strand 
breaks located either 5' or 3' to the mispair, is carried out by the exonuclease EXO1 (Hsieh & 
Yamane, 2008; Jiricny, 2006).   

2.3.1 Mismatch repair and breast cancer 
The MSH2 gene is central in mismatch recognition and has been the most studied gene of 
MMR. There are several studies reporting mutations  (Murata et al., 2002) and polymorphisms 
in several MSH2 variants (Poplawski et al., 2005; Wong et al., 2008). Poplawski and colleagues 
showed a significant association between Gly322Asp polymorphism of the MSH2 gene and 
breast cancer risk (Poplawski et al., 2005). However, another study of several families 
conducted by Wong and colleagues did not find any association between MSH2 and breast 
cancer (Wong et al., 2008).  However, the scarcity of data about the involvement of 
polymorphisms in other MMR genes in breast cancer susceptibility, contributed to our MMR 
multigene study, which included MSH3, MSH4, MSH6, MLH1, MLH3, PMS1 and MUTYH 
genes (Conde et al., 2009). Our results showed the potential involvement of Leu844Pro MLH3 
gene polymorphism in breast cancer susceptibility, as well as some SNP-SNP interactions. 
Different activities and functions of these genes as well as SNP variations may alter the level of 
repair, leading to higher rates of mutations and therefore an increase of breast cancer risk or 
conversely play a protective role in breast carcinogenesis.  

2.3.2 Mismatch repair and thyroid cancer 
To our knowledge, there are no data reporting the involvement of mismatch repair genes in 
thyroid cancer susceptibility. 
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2.4 DSB - Double strand breaks repair  
Double-stranded breaks (DSBs) are the most injurious DNA damage. The failure to repair 
DSBs can result in chromosomal abnormalities, such as DNA translocations, that lead to 
cancerigenesis and are common in many cancers. DSBs can occur as a consequence of direct 
exposure to harmful exogenous agents, such as ionizing radiation, or by endogenous by-
products of many metabolic processes, such as reactive oxygen species (ROS). They can also 
be generated during V(D)J recombination and when DNA single-strand breaks are 
encountered during DNA replication. The termini of chromosomes can also be recognized 
as DSB due to defective metabolism of telomeres. In order to face the threat of DSBs, 
prokaryotes and eukaryotes developed two mechanisms of repair, DNA end-joining and 
homologous repair. 
DNA end-joining is the most straightforward repair mechanisms of DSBs, since it simply 
rejoins the broken ends regardless of the genetic consequences. There are two processes 
through which DNA end-joining can occur, non-homologous end-joining (NHEJ) and 
microhomology mediated end-joining (MMEJ). The first one is a Ku-dependent mechanism 
while the second one is Ku-independent. Both processes can maintain structural integrity, 
although, do not guarantee genetic integrity, being both error-prone and capable of 
generating new mutations. In NHEJ pathway, DNA ends are recognized and targeted by a 
heterodimeric Ku70/80 complex leaving the broken ends accessible for other factors. This 
DNA binding complex is important for recruitment of additional NHEJ proteins. Once 
bound to DNA, Ku proteins recruit the large DNA-dependent protein kinase catalytic 
subunit (DNAPKcs). The association of DNAPKcs-DNA-Ku complex activates the 
serine/threonine kinase activity of DNAPKcs contributing to the phosphorylation of the 
histone H2AX at lesion site and other factors such as nucleases. In case of incompatible ends, 
broken ends are processed by an endonuclease protein, named Artemis, trimming DNA 
overhangs and hairpins formed at the transition of double to single stranded DNA. 
Alternatively, the ssDNA tails can be filled in by polymerases (polµ and polλ). NHEJ repair 
is finalized by the complex XRCC4/LigaseIV that rejoins DNA ends. When broken DNA 
ends are not accessible for Ku proteins, due to other polypeptides covalently attached to 
DNA ends, the end joining occurs via Ku-independent pathway (MMEJ). The foremost 
distinguishing property of MMEJ is the use of 5–25 nucleotides sequences during the 
alignment of broken ends before joining, thereby resulting in larger deletions flanking the 
original break (Lieber, 2010; McVey & Lee, 2008). 
In S-phase of cell cycle, there is a second copy of the genome, thus repair machinery can use 
this sister chromatid as template in order to achieve an error-free repair. This mechanism is 
known as homologous recombination repair (HR). In human cells, the early events are not 
completely understood, however the recruitment of the Mre11-Rad50-Nbs1 (MRN) complex 
and the phosphorylation of histone H2AX are two probable events, although these are not 
specific to HR since they can also occur, to a lesser extent, in NHEJ and MMEJ. Unlike end-
joining repair, HR requires extensively resected broken ends to generate a 3’ single-stranded 
(ss) DNA tail. Firstly, MRN complex exposes both 3’ ends, the 3’ ssDNA tail is then 
stabilized by binding of RPA which facilitates the assembly of RAD51. With the help of 
RAD52 and BRCA2, a nucleoprotein filament is formed along the ssDNA tail and the search 
for homology in the sister chromatid by RAD51 is initiated. RAD51 catalyzes strand 
exchange during which ssDNA invades homologous duplex DNA forming a Holliday 
junction, which provides a primer to initiate new DNA synthesis, and a displacement loop 
(D-loop). Once the D-loop is formed, cells may undergo a process termed synthesis-
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dependent strand annealing. The 3’ end in the D-loop is extended by repair synthesis and 
then the newly synthesized DNA strand dissociates to anneal to its original second strand to 
complete the reaction (Li & Heyer, 2008). 

2.4.1  DSB and breast cancer 
Linkage analysis of families with a high risk of breast cancer has identified two major 
susceptibility genes, BRCA1 and BRCA2. The BRCA1 and BRCA2 genes are numerically the 
most important susceptibility genes for breast cancer, accounting for more than 80% of 
incidence in families with six or more cases of early-onset breast cancer. BRCA1 tumours are 
typically invasive ductal carcinomas in which there is a high incidence of triple negative 
phenotype (negative for estrogen receptor, progesterone receptor and HER2). On the 
contrary, no distinctive histopathological phenotype has been described in BRCA2 tumours. 
The main roles of the BRCA1 and BRCA2 are well known and are reviewed elsewhere 
(Gudmundsdottir & Ashworth, 2006). 
Hereditary breast cancer only accounts for 5-10% of all cases (Dapic et al., 2005). Although 
high penetrance genes, such as BRCA1 and BRCA2, can explain some of these cases, the 
sporadic cases are still not well understood and the search for susceptibility genes continues. 
The fact that two major hereditary breast cancer genes are involved in DSB repair pathway, 
point to the relevance of DSBs in sporadic breast cancer risk. Thus, due to the emergence of 
comprehensive high density maps of SNPs and affordable genotyping platforms, several 
genes involved in DSB repair have been genotyped in breast cancer patients, in order to 
found susceptibility alleles. The most studied genes are NBS1, RAD51, XRCC2, XRCC3, 
BRCA1 and BRCA2. To a lesser extent, the NHEJ genes are also studied. 
The NBS1 gene codes for the protein NBS1 that participates in the MRN complex 
responsible for the DSB recognition and the early stages of the repair, as described above 
(Stracker & Petrini, 2011). Therefore, many studies were conducted in order to verify if a 
variant of this gene could be a susceptibility allele for breast cancer (Goode et al., 2002a; 
Kuschel et al., 2002; Lu et al., 2006; Millikan et al., 2005; Pooley et al., 2008; Silva et al., 2010; 
Smith et al., 2008; Zhang et al., 2005). The most studied SNPs were Asp399Asp, Glu185Gln, 
Leu34Leu and Pro672Pro. With the exception of Glu185Gln, all variants are synonymous, 
thus do not alter the conformational structure of the protein. No correlation was found 
between these polymorphisms and breast cancer. With the exception of a couple of studies 
(Lu et al., 2006; Smith et al., 2008), all results from studies in different populations regarding 
Glu185Gln were negative. Lu et al. found statistically significant association of the SNPs 
Glu185Gln and 5’ UTR 924T>C individually and haplotypes in young non-Hispanic white 
women in Texas, USA (Lu et al., 2006). Smith et al. showed that there were significant trends 
in breast cancer risk with increasing numbers of risk genotypes (at least one variant allele) of 
NBS1 185 GluGln/GlnGln in African-Americans (Smith et al., 2008). These discrepancies 
across studies might be associated with different genetic backgrounds, different risk factors 
in different populations, and the sample size of these studies. Thus, more studies are 
required in order to make any statement, although, according to the results obtained until 
now, NBS1 is not a probable low penetrance gene. 
The RAD51 protein is responsible for the central activity of the HRR pathway, in which it 
catalyses the invasion of the broken ends of the DSB into the intact sister chromatid. Among 
several polymorphisms in RAD51 gene, a functional SNP at position 135 in 5’ UTR, 
changing a guanine to cytosine, was reported. Indeed, it was stated that this variant allele 
improves RAD51 expression (Hasselbach et al., 2005). Consequently, many molecular 
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epidemiological studies were performed with the purpose of examining an association 
between this RAD51 variant and susceptibility to breast cancer. Many inconsistencies were 
found, even within the same population. Thus, a meta-analysis of all results found until now 
might bring some more precise estimation of the association of this SNP with susceptibility 
to breast cancer. Recently, four important meta-analyses (Gao et al., 2011; Sun et al., 2011; 
Wang et al., 2010; Zhou et al., 2011), covering tens of other studies and thousands of 
subjects, were unanimous to state that the variant allele of RAD51 G135C may contribute to 
increased breast cancer susceptibility, which is in accordance with biological function study, 
which showed a more aggressive and poor prognosis phenotype (Costa et al., 2008). Zhou et 
al. also reported that the C variant of this SNP is associated with an augmented breast 
cancer risk among the BRCA2 mutation carriers, but not BRCA1 (Zhou et al., 2011). 
Therefore, taking into account these meta-analyses, RAD51 G135C is a good candidate for a 
low penetrant risk factor for breast cancer. Recently, however, Yu et al. stated that these 
studies are not convincing since most are biased. According to the authors the populations 
have no representation of real general breast cancer cases since they took into account all 
breast cancer cases, including the BRCA1 and BRCA2 mutation carriers (Yu et al., 2011). The 
authors suggest that correct experimental design should be followed, such as subgroup 
meta-analysis in specific populations.  
XRCC2 protein is a RAD51-related protein, essential for efficient HRR, and hence for 
maintenance of chromosome stability, making part of the nucleoprotein filament that acts as 
a cofactor for the RAD51 strand invasion and exchange activities, although there are other 
indications of its involvement in the late stages of the HRR pathway, namely the branch 
migration and Holliday junction resolution (Dudas & Chovanec, 2004). The XRCC2 
Arg188His polymorphism is by far the most studied in this gene. Many are in disagreement 
and contradictory, thus, recently, a meta-analysis was published by Yu et al. were all results 
published until then were analyzed and a more convincing and precise estimation of the 
association of this SNP and breast cancer was made (Yu et al., 2010). The authors reached 
the conclusion that XRCC2 Arg188His is not associated with individual susceptibility for 
breast cancer. However, they suggested that this SNP can modify the risk for breast cancer 
in response to exogenous compounds, and stressed the importance of investigating this 
possibility. Subsequent to this publication, a report made by us (Silva et al., 2010) was 
published with results concerning this SNP in a Portuguese population. The results were 
also negative when the SNP alone was considered, although, when the population was 
stratified according to the breast feeding status, it was observed that individuals that never 
breast fed and carried one variant allele of this polymorphism have a decreased risk for 
breast cancer. It is known that women that breast fed for long periods have a reduced risk 
for breast cancer. This can be explained by the fact that the exfoliation of ductal cells as a 
consequence of breast feeding might remove a significant number of cells with genetic 
damage, preventing their transformation into neoplastic cells. In those women that do not 
breast fed we have found a protective role of the variant allele of XRCC2 Arg188His that 
might be related to a more efficient repair of DNA lesions. However, taking into 
consideration the size of our sample stratification, the small number of cases could act as a 
limitation factor. Thus, to exclude false positive results, further investigation in larger 
populations needs to be done. 
XRCC3 protein is also a Rad51-related protein that participates in homologous 
recombination repair to maintain chromosome stability. XRCC3 forms filamentous 
structures in complex with Rad51C that assists RAD51-mediated strand invasion (Li & 
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dependent strand annealing. The 3’ end in the D-loop is extended by repair synthesis and 
then the newly synthesized DNA strand dissociates to anneal to its original second strand to 
complete the reaction (Li & Heyer, 2008). 

2.4.1  DSB and breast cancer 
Linkage analysis of families with a high risk of breast cancer has identified two major 
susceptibility genes, BRCA1 and BRCA2. The BRCA1 and BRCA2 genes are numerically the 
most important susceptibility genes for breast cancer, accounting for more than 80% of 
incidence in families with six or more cases of early-onset breast cancer. BRCA1 tumours are 
typically invasive ductal carcinomas in which there is a high incidence of triple negative 
phenotype (negative for estrogen receptor, progesterone receptor and HER2). On the 
contrary, no distinctive histopathological phenotype has been described in BRCA2 tumours. 
The main roles of the BRCA1 and BRCA2 are well known and are reviewed elsewhere 
(Gudmundsdottir & Ashworth, 2006). 
Hereditary breast cancer only accounts for 5-10% of all cases (Dapic et al., 2005). Although 
high penetrance genes, such as BRCA1 and BRCA2, can explain some of these cases, the 
sporadic cases are still not well understood and the search for susceptibility genes continues. 
The fact that two major hereditary breast cancer genes are involved in DSB repair pathway, 
point to the relevance of DSBs in sporadic breast cancer risk. Thus, due to the emergence of 
comprehensive high density maps of SNPs and affordable genotyping platforms, several 
genes involved in DSB repair have been genotyped in breast cancer patients, in order to 
found susceptibility alleles. The most studied genes are NBS1, RAD51, XRCC2, XRCC3, 
BRCA1 and BRCA2. To a lesser extent, the NHEJ genes are also studied. 
The NBS1 gene codes for the protein NBS1 that participates in the MRN complex 
responsible for the DSB recognition and the early stages of the repair, as described above 
(Stracker & Petrini, 2011). Therefore, many studies were conducted in order to verify if a 
variant of this gene could be a susceptibility allele for breast cancer (Goode et al., 2002a; 
Kuschel et al., 2002; Lu et al., 2006; Millikan et al., 2005; Pooley et al., 2008; Silva et al., 2010; 
Smith et al., 2008; Zhang et al., 2005). The most studied SNPs were Asp399Asp, Glu185Gln, 
Leu34Leu and Pro672Pro. With the exception of Glu185Gln, all variants are synonymous, 
thus do not alter the conformational structure of the protein. No correlation was found 
between these polymorphisms and breast cancer. With the exception of a couple of studies 
(Lu et al., 2006; Smith et al., 2008), all results from studies in different populations regarding 
Glu185Gln were negative. Lu et al. found statistically significant association of the SNPs 
Glu185Gln and 5’ UTR 924T>C individually and haplotypes in young non-Hispanic white 
women in Texas, USA (Lu et al., 2006). Smith et al. showed that there were significant trends 
in breast cancer risk with increasing numbers of risk genotypes (at least one variant allele) of 
NBS1 185 GluGln/GlnGln in African-Americans (Smith et al., 2008). These discrepancies 
across studies might be associated with different genetic backgrounds, different risk factors 
in different populations, and the sample size of these studies. Thus, more studies are 
required in order to make any statement, although, according to the results obtained until 
now, NBS1 is not a probable low penetrance gene. 
The RAD51 protein is responsible for the central activity of the HRR pathway, in which it 
catalyses the invasion of the broken ends of the DSB into the intact sister chromatid. Among 
several polymorphisms in RAD51 gene, a functional SNP at position 135 in 5’ UTR, 
changing a guanine to cytosine, was reported. Indeed, it was stated that this variant allele 
improves RAD51 expression (Hasselbach et al., 2005). Consequently, many molecular 
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epidemiological studies were performed with the purpose of examining an association 
between this RAD51 variant and susceptibility to breast cancer. Many inconsistencies were 
found, even within the same population. Thus, a meta-analysis of all results found until now 
might bring some more precise estimation of the association of this SNP with susceptibility 
to breast cancer. Recently, four important meta-analyses (Gao et al., 2011; Sun et al., 2011; 
Wang et al., 2010; Zhou et al., 2011), covering tens of other studies and thousands of 
subjects, were unanimous to state that the variant allele of RAD51 G135C may contribute to 
increased breast cancer susceptibility, which is in accordance with biological function study, 
which showed a more aggressive and poor prognosis phenotype (Costa et al., 2008). Zhou et 
al. also reported that the C variant of this SNP is associated with an augmented breast 
cancer risk among the BRCA2 mutation carriers, but not BRCA1 (Zhou et al., 2011). 
Therefore, taking into account these meta-analyses, RAD51 G135C is a good candidate for a 
low penetrant risk factor for breast cancer. Recently, however, Yu et al. stated that these 
studies are not convincing since most are biased. According to the authors the populations 
have no representation of real general breast cancer cases since they took into account all 
breast cancer cases, including the BRCA1 and BRCA2 mutation carriers (Yu et al., 2011). The 
authors suggest that correct experimental design should be followed, such as subgroup 
meta-analysis in specific populations.  
XRCC2 protein is a RAD51-related protein, essential for efficient HRR, and hence for 
maintenance of chromosome stability, making part of the nucleoprotein filament that acts as 
a cofactor for the RAD51 strand invasion and exchange activities, although there are other 
indications of its involvement in the late stages of the HRR pathway, namely the branch 
migration and Holliday junction resolution (Dudas & Chovanec, 2004). The XRCC2 
Arg188His polymorphism is by far the most studied in this gene. Many are in disagreement 
and contradictory, thus, recently, a meta-analysis was published by Yu et al. were all results 
published until then were analyzed and a more convincing and precise estimation of the 
association of this SNP and breast cancer was made (Yu et al., 2010). The authors reached 
the conclusion that XRCC2 Arg188His is not associated with individual susceptibility for 
breast cancer. However, they suggested that this SNP can modify the risk for breast cancer 
in response to exogenous compounds, and stressed the importance of investigating this 
possibility. Subsequent to this publication, a report made by us (Silva et al., 2010) was 
published with results concerning this SNP in a Portuguese population. The results were 
also negative when the SNP alone was considered, although, when the population was 
stratified according to the breast feeding status, it was observed that individuals that never 
breast fed and carried one variant allele of this polymorphism have a decreased risk for 
breast cancer. It is known that women that breast fed for long periods have a reduced risk 
for breast cancer. This can be explained by the fact that the exfoliation of ductal cells as a 
consequence of breast feeding might remove a significant number of cells with genetic 
damage, preventing their transformation into neoplastic cells. In those women that do not 
breast fed we have found a protective role of the variant allele of XRCC2 Arg188His that 
might be related to a more efficient repair of DNA lesions. However, taking into 
consideration the size of our sample stratification, the small number of cases could act as a 
limitation factor. Thus, to exclude false positive results, further investigation in larger 
populations needs to be done. 
XRCC3 protein is also a Rad51-related protein that participates in homologous 
recombination repair to maintain chromosome stability. XRCC3 forms filamentous 
structures in complex with Rad51C that assists RAD51-mediated strand invasion (Li & 
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Heyer, 2008). XRCC3 is a highly polymorphic gene and many SNPs have been already 
described. Among them, XRCC3 Thr241Met, 5’UTR A/G and IVS5-14 A/G are the most 
studied. As a result of inconclusive data of the several studies reported, four meta-analyses 
were published, three covering XRCC3 Thr241Met (Economopoulos & Sergentanis, 2010; 
Garcia-Closas et al., 2006; Lee et al., 2007) and two the XRCC3 5’UTR A/G and IVS5-14 A/G 
(Garcia-Closas et al., 2006; Qiu et al., 2010a). In a first approach to obtain accurate results 
García-Closas et al. performed a meta-analysis with two populations, one from USA and 
other from Poland (Garcia-Closas et al., 2006). The authors concluded that the variant allele 
of these SNPs has a weak association with breast cancer. Later Lee et al. conducted a case-
control with a Korean population and a meta-analysis of other 12 studies (Lee et al., 2007). 
The results fail to show statistically significant association of XRCC3 Thr241Met with breast 
cancer. However the meta-analysis suggests a weak association between XRCC3 Thr241Met 
and breast cancer, highlighting the differences between oriental and occidental populations. 
Recently, two more meta-analysis were published (Economopoulos & Sergentanis, 2010; Qiu 
et al., 2010a). Economopoulos & Sergentanis performed a meta-analysis concerning XRCC3 
Thr241Met and the results seems to be similar to those reported previously, thus, variant 
allele is associated with elevated breast cancer risk in non-Chinese subjects (Economopoulos 
& Sergentanis, 2010). Indeed, the authors have some reservations with regards to the studies 
with Chinese populations since no consistent data were obtained. Qiu et al., in order to fill a 
shortage of meta-analysis of XRCC3 5’UTR A/G and IVS5-14 A/G, published a report 
encompassing all eligible data from several studies concerning these two SNPs (Qiu et al., 
2010a). The results suggest that the variant allele of XRCC3 5’UTR A/G is associated with 
breast cancer risk while the variant allele of XRCC3 IVS5-14 A/G has a protective effect on 
breast cancer. Subsequently to these reports a work conducted by us (Silva et al., 2010) 
showed that XRCC3 Thr241Met alone does not confer susceptibility to breast cancer. 
However, after stratification according to menopausal status, post-menopausal women 
carrying at least one variant allele seem to have lower risk for breast cancer, although 
stratifications applied to small populations could act as a limitation factor. 
Along with BRCA2, BRCA1 is well documented as a hereditary breast cancer susceptibility 
gene. However, there are much fewer published data addressing susceptibility alleles of 
BRCA1 in sporadic breast cancer (Cox et al., 2005; Freedman et al., 2005; Goode et al., 2002a; 
Huo et al., 2009). Of the four eligible reports, none showed association of common SNPs in 
BRCA1 with breast cancer susceptibility. One report described a haplotype in BRCA1 gene 
that may cause an increased risk for breast cancer, precisely, a 20% increment in risk for 
breast cancerigenesis. However, the authors failed to find out which variant is responsible 
for the association (Cox et al., 2005). Other study showed a possible association between an 
interaction of BRCA1 and ZNF350 with individual susceptibility for breast cancer (Huo et 
al., 2009). Similarly, BRCA2 has few studies what concern sporadic breast cancer. However, 
a meta-analysis of about 44,903 subjects was recently published about BRCA2 Asn372His 
polymorphism (Qiu et al., 2010b). This SNP is the most studied in this gene and according to 
the authors the variant allele may be a low-penetrant risk factor for breast cancer disease. 
However, the authors suggest that larger studies need to be done and homogeneous 
populations should be recruited, including well matched controls. Other meta-analysis also 
has reported the same results some years earlier (Garcia-Closas et al., 2006).Other study 
published by Ishitobi et al. reported null results for BRCA2 Asn372His but not BRCA2 
Met784Val in a Japanese population. Specifically, the BRCA2 Met784Val variant allele 
showed a significantly lower survival rate of 63% (Ishitobi et al., 2003). 
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To a lesser extent NHEJ genes were also studied. An early study found that the combined 
effect of individual SNPs of NHEJ genes may be significantly associated with breast cancer 
risk; indeed Fu et al. founded interesting results concerning estrogen exposure (Fu et al., 
2003). The authors stated that women with greater putative high-risk genotypes have an 
increased risk for breast cancer disease and the results were even more significant and the 
risk stronger in women that never had a history of pregnancy. The authors also found 
statistically significant results for Ku70 c.-1310 C>G and XRCC4 Thr1394Gly individually. 
Later, Willems et al. also found similar results for the Ku70 c.-1310 C>G SNP in a Belgian 
population (Willems et al., 2009). García-Closas et al. published a meta-analysis stating 
negative results for LIG4 Asp568Asp, Thr9Ile and XRCC4 IVS7-1A>G. Larger studies must 
be performed in order to verify these results and other populations should be taken into 
account (Garcia-Closas et al., 2006). 

2.4.2 DSB and thyroid cancer 
The only observed risk factor for thyroid cancer is ionizing radiation. However, most of 
cases do not have a history of ionizing radiation exposure and people exposed to X- or γ-
rays, for example, not necessarily develop thyroid cancer. Thus, it is suggested that there 
might be an individual sensitivity to ionizing radiation due to genetic factors, such as 
polymorphic genes. Since ionizing radiation causes DSBs, is plausible to study SNPs in 
genes that are involved in the DSBs repair. Until now, few studies have been done 
concerning end-joining and homologous recombination repair. A study conducted by Bastos 
et al. observed that the coexistence of three or more variant alleles of XRCC3 Thr241Met and 
RAD51 5’UTR (Ex1-59G>T) genes were associated with a significant higher risk for thyroid 
cancer (Bastos et al., 2009). However, independently the SNPs show no association with 
thyroid cancer. This SNP-SNP association might lead to a deficit in the formation of the DNA 
damage–induced RAD51 foci and consequently a deficient repair by HRR system. Sturgis et al. 
also reported a possible association of the variant allele of XRCC3 Thr241Met with thyroid 
cancer (Sturgis et al., 2005). Indeed, among 10 SNPs studied, which include other SNPs of 
DSBs repair genes, such as BRCA1, BRCA2, RAD51, XRCC3 and XRCC7, only the XRCC3 
Thr241Met seems to confer susceptibility for thyroid cancer. Further molecular 
epidemiological and functional studies must be performed in order to assure the accuracy of 
the results reported by both groups. Other study conducted by Gomes et al. shows a marginal 
association of NHEJ pathway SNPs with thyroid cancer (Gomes et al., 2010). To be precise, 
statically significant results were found for association of Ku80 3’UTR Ex21-238G>A and 
Ex21+338T>C SNPs with papillary tumours, after stratification by tumour type (papillary and 
follicular), showing that different histological types can have different genetic basis. This study 
seems to be the only one performed until now, concerning NHEJ and thyroid cancer. 

3. Conclusion  
Several reports have been published associating some SNPs in DNA repair genes with 
breast and thyroid cancer disease. Although relevant, the modifying effect of the majority of 
these SNPs in cell phenotype is still not understood and association studies are 
contradictory. This inconsistency might be due to different populations used, sample sizes, 
sample selection bias, genetic background and life style. Retrospective studies like these 
have to be interpreted with care and are difficult to draw meaningful practical conclusions 
from that can help directly patients with breast and thyroid cancer. In order to acquire more 
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powerful and accurate results several meta-analysis also have been published reviewing all 
studies made till publication date about a particular SNP and disease. Again, these reports 
need to be interpreted with caution, since many authors have study selection bias, including 
all cases of breast cancer, even the ones with BRCA1 and BRCA2 mutations carriers. 
Prospective studies and adequately selected meta-analysis should give further insight about 
the relevance of SNPs in breast and thyroid cancerigenesis.  
Although the real role of SNPs in cancerigenesis is not well established by the authors, the 
new era in cancer treatment and prevention lies in the ability to treat patients individually 
according their genetic constitution and the DNA repair status of their tumours. For that, is 
crucial to have specific knowledge about the polymorphisms carried by each patient and 
how these polymorphisms influences response to therapy.  
In fact, the existence of inter-individual variation influences response and survival rate 
following chemotherapy and radiation treatment of cancer. Standard cancer therapy 
involves the use of agents that themselves damage DNA with the ultimate goal of killing the 
cell. However, damaging the DNA does not always kill the cell, which is avoided by DNA 
repair pathways that remove the damage from DNA. Recent studies have suggested that the 
targeting of repair pathways by specific agents can result in effective killing of tumour cells 
(Li et al., 2010). DNA damage acquired from these treatments can initiate a number of 
cellular pathways involved in DNA repair, cell cycle control, metabolism and apoptosis 
(Bewick et al., 2011). If so, SNPs in genes of DNA repair may significantly affect its 
efficiency, clinical outcome and thus may help identify patients that can benefit from 
various treatments. Accordingly, new strategies for individualization of treatment in cancer 
patients are becoming an emerging issue. 
Due to a phenomenon known as linkage disequilibrium, the value of a SNP in the same 
chromosome could be associated with specific values in other SNPs nearby. Indeed, specific 
SNPs associations (tagSNPs) related with the toxicity/efficacy of DNA damaging 
chemotherapy, improve our ability to map SNPs in specific genes associated with 
chemotherapy resistance and assure a better clinical outcome for cancer patients. This 
approach seems to be of importance since it can associate haplotype blocks with cancer 
therapy with lesser resources (Anunciação et al., 2010; Frazer et al., 2007). 
Some SNPs in DNA repair genes have been reported as potential markers for individual 
susceptibility to breast (e.g. XRCC1; XRCC2 and XRCC3 genes polymorphisms) and thyroid 
(e.g. XRCC1; XRCC3 and RAD51 genes polymorphisms) cancers. However, the incoherent 
results don’t have enough strength to demonstrate the real role of those SNPs, at least with 
regards to breast and thyroid carcinomas. We think that genetic polymorphisms, 
particularly SNPs, may have low influence in breast and thyroid cancerigenesis, however, 
SNPs may be much more relevant in acquired resistance to chemotherapeutic agents. In fact, 
new strategies for individualization of treatment in cancer patients are becoming an 
emerging issue. This approach must be the best way to find a practical result and clinical use 
for association studies. The emergence of SNPs with important roles in cancer therapy is 
now the focus of our work. 
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1. Introduction 
The incidence of endometrial cancer among malignant gynecological tumors has increased 
with lifestyle and environmental changes. In the US, 40,000 patients are diagnosed with 
endometrial cancer annually, and 7,500 patients die of this disease (Jemal et al., 2009). 
The number and prevalence of cases of endometrial cancer have increased worldwide  
and control of this cancer is urgently required. However, many aspects of the mechanism  
of carcinogenesis and pattern of advancement are unclear. Environmental factors such  
as obesity and a high estrogen level are thought to play important carcinogenic roles, but  
a close association with hereditary disposition has also been suggested, since double  
cancer and an increased incidence of cancer in relatives are common in patients with 
endometrial cancer. 
Lynch syndrome, also known as hereditary nonpolyposis colorectal cancer (HNPCC), is a 
hereditary disease in which there is frequent development of colorectal, endometrial, and 
ovarian cancers. The cause is thought to be mutation of the DNA mismatch repair (MMR) 
gene in germ cells. However, the conventional explanation of the mechanism involving 
genetic changes - mutations of cancer-related genes - is inadequate and epigenetic changes 
in endometrial cancer are now being examined. In particular, aberrant DNA methylation is 
thought to play a key role in endometrial carcinogenesis. Breakdown of the DNA mismatch 
repair mechanism due to DNA hypermethylation plays a particularly important role in the 
development of endometrial cancer. 

2. Lynch syndrome 
Lynch syndrome is a hereditary disease that includes frequent development of colorectal, 
endometrial, and ovarian cancers, and which is inherited in an autosomal dominant 
manner. Lynch syndrome is caused by a hereditary defect in the DNA mismatch repair 
(MMR) gene and the incidences in colorectal and endometrial cancers are 2-3% and 1-2%, 
respectively (Hampel et al., 2006). This syndrome was initially reported by Wartin et al. in 
1913 in a family with a high risk of development of colorectal cancer. Subsequent analysis of 
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this family led Lynch to propose the disease concept of cancer family syndrome in 1971 
(Lynch HT et al., 1971, 2000). 
Six MMR genes, the causative genes in Lynch syndrome, have been cloned: hMSH2, hMLH1, 
hMSH3, hMSH6, hPMS1 and hPMS2. An aberration in one of these genes prevents accurate 
repair of base mismatches produced during DNA replication and repair. In Lynch 
syndrome with a hMLH1 or hMSH2 mutation, the frequencies of colorectal and endometrial 
cancers are 68% and 62%, respectively, and the lifetime risk of developing endometrial 
cancer is higher than that for colorectal cancer in women (Resnick et al., 2009). 
Diagnosis of Lynch syndrome is based on clinical criteria. In 1990, the International 
Collaborative Group (ICG)-HNPCC established the following diagnostic criteria for 
HNPCC, which are referred to as the classical Amsterdam Criteria: 1) HNPCC is diagnosed 
when 3 or more patients with histologically confirmed colorectal cancer are present in a 
family line and one is a first relative of the other two; 2) colorectal cancer develops over two 
generations; and 3) one case is diagnosed at younger than 50 years old (Vasen et al., 1991). In 
1999, the new Amsterdam Criteria (Amsterdam II) (Vansen et al., 1999) (Table 1) were 
published.  
 

 
Table 1. Clinical Diagnostic Criteria for HNPCC (FAP, familial adenomatous polyposis) 

These criteria address endometrial cancer, small intestinal cancer, urethral cancer, and 
kidney cancer, in addition to the colorectal cancer included in the classic criteria. 

3. DNA mismatch repair (MMR) gene and endometrial cancer 
DNA mismatch repair (MMR) system corrects DNA base pairing errors in newly replicated 
DNA. Mispaired nucleotides may be present after DNA replication, along with small 
insertion/deletion mutations that tend to occur at repetitive sequences. The MMR system is 
an excision/resynthesis system that can be divided into 4 phases: (i) recognition of a 
mismatch, (ii) recruitment of repair enzymes, (iii) excision of the incorrect sequence, and (iv) 
resynthesis by DNA polymerase using the parental strand as a template. This system is 
conserved through evolution from bacteria to human (Jascur & Boland., 2006). 
An aberration in one of MMR genes prevents accurate repair of base mismatches produced 
during DNA replication, resulting in production of a DNA chain of altered length, 
particularly in highly repeated sequences (microsatellites). This phenomenon is called 
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microsatellite instability (MSI) and can lead to an increased frequency of errors in target 
genes involved in carcinogenesis, resulting in cancerization of the cell. Among the MMR 
genes, germline mutations of hMLH1 on chromosome 3 and hMSH2 on chromosome 2 are 
thought to cause most cases of HNPCC. Mutation of hMSH6 has also been proposed to be 
important for development of HNPCC-associated endometrial cancer, but the details are 
unclear (Fig. 1) (Banno et al., 2009). 
 

 
Fig. 1. The DNA mismatch repair mechanism in humans 

4. Differences in the risk for endometrial cancer between carriers of various 
MMR gene mutations 
Differences in phenotypes and cancer risks between DNA mismatch repair gene mutations 
in patients with Lynch syndrome have been widely investigated. Early studies comparing 
colorectal cancer (CRC) with other cancers indicated that patients with a hMSH2 mutation 
had a higher risk for cancer other than CRC compared to patients with a hMLH1 mutation 
(Vasen et al., 1996). Further studies in Germany, Finland and France showed that families 
with a hMSH2 mutation had a higher risk for endometrial cancer compared to those with a 
hMLH1 mutation (Parc, 2003; Peltomaki, 2001; Vasen, 2001). However, most recent studies 
have found no difference in the risk for endometrial cancer between genotypes. Thus, 
Goecke et al. compared 435 and 553 patients in Germany with confirmed or probable 
hMLH1 and hMSH2 mutations, respectively, and found significant differences in the risk for 
colorectal, gastric and prostate cancers, but not in the risk for endometrial cancer (Goecke et 
al., 2006). Kastrinos et al. conducted a large cross-sectional study in 112 unrelated patients 
with a hMLH1 mutation and 173 with a hMSH2 mutation in the United States and showed 
that the hMLH1 carriers had a higher prevalence of colorectal cancer than the hMSH2 
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this family led Lynch to propose the disease concept of cancer family syndrome in 1971 
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Table 1. Clinical Diagnostic Criteria for HNPCC (FAP, familial adenomatous polyposis) 

These criteria address endometrial cancer, small intestinal cancer, urethral cancer, and 
kidney cancer, in addition to the colorectal cancer included in the classic criteria. 

3. DNA mismatch repair (MMR) gene and endometrial cancer 
DNA mismatch repair (MMR) system corrects DNA base pairing errors in newly replicated 
DNA. Mispaired nucleotides may be present after DNA replication, along with small 
insertion/deletion mutations that tend to occur at repetitive sequences. The MMR system is 
an excision/resynthesis system that can be divided into 4 phases: (i) recognition of a 
mismatch, (ii) recruitment of repair enzymes, (iii) excision of the incorrect sequence, and (iv) 
resynthesis by DNA polymerase using the parental strand as a template. This system is 
conserved through evolution from bacteria to human (Jascur & Boland., 2006). 
An aberration in one of MMR genes prevents accurate repair of base mismatches produced 
during DNA replication, resulting in production of a DNA chain of altered length, 
particularly in highly repeated sequences (microsatellites). This phenomenon is called 

 
DNA Mismatch Repair (MMR) Genes and Endometrial Cancer 487 

microsatellite instability (MSI) and can lead to an increased frequency of errors in target 
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thought to cause most cases of HNPCC. Mutation of hMSH6 has also been proposed to be 
important for development of HNPCC-associated endometrial cancer, but the details are 
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carriers, whereas the prevalence of endometrial cancer was similar in the two groups. 
Extracolonic Lynch syndrome-associated tumors, other than endometrial cancer, 
predominate in hMSH2 carriers, with a higher tumor burden among family members 
(Kastrinos et al., 2008).  
Therefore, it is very important to clarify the MMR mutations associated with a high cancer 
risk for management of patients and family members. Based on the results of studies to date, 
there is no significant difference in the risk of endometrial cancer for patients with different 
MMR mutations. 

5. Clinical diagnostic criteria for Lynch syndrome 
Since the Amsterdam Criteria for Lynch syndrome were proposed in 1991, several other 
diagnostic criteria, including the Japanese Criteria and the Bethesda Criteria, have been 
published. The confusion caused by the different criteria was resolved by revision of the 
Amsterdam Criteria by the ICG-HNPCC in 1998, to give the new Amsterdam Criteria 
(Vasen et al., 1999) (Table 1). These criteria address endometrial cancer, small intestinal 
cancer, urethral cancer, kidney cancer, and colorectal cancer. Cases not meeting the classical 
Amsterdam Criteria may meet the new Amsterdam Criteria, and this has resulted in an 
increased number of cases diagnosed as Lynch syndrome. In addition, discovery of Lynch 
syndrome is now possible through investigation of familial histories of endometrial cancer 
patients. The revision also recognized the importance of cooperation among gynecologists 
for identification of Lynch syndrome. However, one concern with the new criteria is the 
omission of ovarian, breast and stomach cancer, which may also be associated with Lynch 
syndrome. 
The 1999 revised Amsterdam criteria II include endometrial cancer as a Lynch syndrome-
related tumor, but women who develop endometrial cancer as the initial cancer and patients 
with a family tree with insufficient details are not included; thus, a high false negative rate 
has been reported based on these criteria (Resnick et al., 2009). For colorectal cancer, the 
Bethesda criteria require MSI testing, but this is not applicable for patients who develop 
endometrial cancer as the initial cancer. Thus, there is a need to establish criteria for 
selection of patients with endometrial cancer who should undergo screening (Garg & 
Soslow, 2009). 

6. Carcinoma of the lower uterine segment (LUS) and Lynch syndrome 
Endometrial cancer arises from the uterine body and fundus in many cases, but can also 
originate from the lower region of the uterine body through the upper region of the cervix. 
Such tumors are referred to as carcinoma of the lower uterine segment (LUS) or isthmus, 
and account for 3-6.3% of all cases of endometrial cancer. The association of carcinoma of the 
LUS with Lynch syndrome has attracted recent attention. The frequency of Lynch syndrome 
in general endometrial cancer is 1-2% (Hampel et al., 2006). In contrast, Lynch syndrome has 
a high frequency in cases of carcinoma of the LUS, with one report in the US suggesting that 
29% of such cases could also be diagnosed with Lynch syndrome and that the hMSH2 
mutation was present at a high frequency in these cases (Westin et al., 2008). Demonstration 
of an association between carcinoma of the LUS and Lynch syndrome in a large-scale survey 
would allow patients with carcinoma of the LUS to be classified as a high-risk group for 
Lynch syndrome (Masuda et al., 2011). 
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7. Screening for endometrial cancer and prophylactic hysterectomy in Lynch 
syndrome 
Women with Lynch syndrome have a high risk for endometrial cancer, with a life-long 
incidence of 40% to 60%, which is similar to or greater than that of colon cancer (Aarno et al., 
1999). Therefore, a woman diagnosed with Lynch syndrome should undergo screening or 
prophylactic hysterectomy. 
Potential screening methods include transvaginal ultrasound and endometrial biopsy. 
Transvaginal or transabdominal sonography is used to evaluate endometrial conditions and 
thickness. Some studies have shown a high false-positive rate and poor efficacy (Rijcken, 
2003; Dove-Edwin, 2002), while others have shown high sensitivity and negative predictive 
values (Lécuru et al, 2010); therefore, the effect of this approach is unclear. Endometrial 
biopsy is not used for general screening, but may be useful for patients with Lynch 
syndrome with a high risk for endometrial cancer. Thus, women who have a DNA 
mismatch repair gene mutation or a family history of this mutation should undergo a biopsy 
every year at the age of 30-35 (Lindor et al, 2006). 
Prophylactic hysterectomy has not been thought to reduce the cancer risk in women with 
Lynch syndrome. In 1997, the Cancer Genetics Studies Consortium suggested that there was 
insufficient evidence to recommend that women with Lynch syndrome should have 
prophylactic surgery to reduce the risk of gynecologic cancer (Burke et al, 1997). However, 
prophylactic hysterectomy has been realistically conducted in some institutions. The effects 
of prophylactic hysterectomy are of interest. Schmeler et al. (Schmeler et al., 2006) showed 
that prophylactic hysterectomy had a cancer-protective effect based on a retrospective 
cohort analysis in 315 women with a detected hMLH1, hMSH2 or hMSH6 germline mutation 
from 1973 to 2004. Outcomes were compared between 61 patients who underwent 
hysterectomy for prophylaxis or benign disease and 210 patients who did not undergo 
prophylactic hysterectomy. None of the 61 patients in the hysterectomy group developed 
endometrial cancer, whereas 69 (33%) in the non-hysterectomy group had endometrial 
cancer. These results indicate that prophylactic hysterectomy significantly decreased the 
development of endometrial cancer. 
These results suggest that further studies should be conducted to compare the morbidity 
and mortality between screening using sonography or endometrial biopsy and prophylactic 
surgery. 

8. Microsatellite instability (MSI) and endometrial cancer 
Microsatellite instability occurs when the mismatch repair system is damaged. 
Microsatellites are DNA sequences of repeating units of 1 to 5 base pairs. Abnormalities in 
the mismatch repair system may cause replication errors in the repeating unit, leading to 
changes in length that are referred to as MSI. MSI caused by MMR gene aberration is 
detectable by PCR using microsatellite markers. In screening for Lynch syndrome, use of 5 
microsatellite markers, two mononucleotide repeats (BAT26 and BAT25) and three 
dinucleotide repeats (D5S346, D2S123, and D17S250), is recommended (Boland et al., 1998). 
MSI is observed in certain types of cancer, including 20 to 30% of cases of endometrial 
cancer (Kanaya et al., 2003). These results suggest that MMR gene abnormalities occur 
frequently in endometrial cancer. 



 
DNA Repair and Human Health 488 

carriers, whereas the prevalence of endometrial cancer was similar in the two groups. 
Extracolonic Lynch syndrome-associated tumors, other than endometrial cancer, 
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syndrome is now possible through investigation of familial histories of endometrial cancer 
patients. The revision also recognized the importance of cooperation among gynecologists 
for identification of Lynch syndrome. However, one concern with the new criteria is the 
omission of ovarian, breast and stomach cancer, which may also be associated with Lynch 
syndrome. 
The 1999 revised Amsterdam criteria II include endometrial cancer as a Lynch syndrome-
related tumor, but women who develop endometrial cancer as the initial cancer and patients 
with a family tree with insufficient details are not included; thus, a high false negative rate 
has been reported based on these criteria (Resnick et al., 2009). For colorectal cancer, the 
Bethesda criteria require MSI testing, but this is not applicable for patients who develop 
endometrial cancer as the initial cancer. Thus, there is a need to establish criteria for 
selection of patients with endometrial cancer who should undergo screening (Garg & 
Soslow, 2009). 
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Endometrial cancer arises from the uterine body and fundus in many cases, but can also 
originate from the lower region of the uterine body through the upper region of the cervix. 
Such tumors are referred to as carcinoma of the lower uterine segment (LUS) or isthmus, 
and account for 3-6.3% of all cases of endometrial cancer. The association of carcinoma of the 
LUS with Lynch syndrome has attracted recent attention. The frequency of Lynch syndrome 
in general endometrial cancer is 1-2% (Hampel et al., 2006). In contrast, Lynch syndrome has 
a high frequency in cases of carcinoma of the LUS, with one report in the US suggesting that 
29% of such cases could also be diagnosed with Lynch syndrome and that the hMSH2 
mutation was present at a high frequency in these cases (Westin et al., 2008). Demonstration 
of an association between carcinoma of the LUS and Lynch syndrome in a large-scale survey 
would allow patients with carcinoma of the LUS to be classified as a high-risk group for 
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syndrome 
Women with Lynch syndrome have a high risk for endometrial cancer, with a life-long 
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values (Lécuru et al, 2010); therefore, the effect of this approach is unclear. Endometrial 
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insufficient evidence to recommend that women with Lynch syndrome should have 
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development of endometrial cancer. 
These results suggest that further studies should be conducted to compare the morbidity 
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surgery. 

8. Microsatellite instability (MSI) and endometrial cancer 
Microsatellite instability occurs when the mismatch repair system is damaged. 
Microsatellites are DNA sequences of repeating units of 1 to 5 base pairs. Abnormalities in 
the mismatch repair system may cause replication errors in the repeating unit, leading to 
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MSI is observed in certain types of cancer, including 20 to 30% of cases of endometrial 
cancer (Kanaya et al., 2003). These results suggest that MMR gene abnormalities occur 
frequently in endometrial cancer. 
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To investigate the status and characteristics of familial endometrial cancer, Banno et al. 
(Banno et al., 2004a) surveyed the familial and medical histories of 385 patients who 
underwent treatment for endometrial cancer. MSI analysis was performed in 38 of these 
patients. The familial histories showed that 2 of the 385 cases met the new Amsterdam 
Criteria for Lynch syndrome, giving a rate of Lynch syndrome of about 0.5%. Investigation 
of familial accumulation of cancer in 890 relatives (439 men and 451 women) of the 38 
endometrial cancer patients who underwent MSI analysis revealed high incidences of 
endometrial cancer, colorectal cancer and ovarian cancer, suggesting that a hereditary factor 
common to Lynch syndrome is also involved in endometrial cancer. MSI analysis detected 
at least one of 5 microsatellite markers (D2S123, D3S1284, D5S404, D9S162: microsatellite 
loci containing CA repeats and hMSH2 intron 12: a polyA-sequence-containing 
microsatellite locus) in 12 of the 38 cases (31.6%). This rate is very high compared to MSI in 
cancers of other organs, demonstrating that abnormal DNA mismatch repair plays an 
important role in endometrial cancer. The patients with MSI showed a tendency to have 
double cancer (such as ovarian cancer) compared with patients with microsatellite stability 
(MSS), although the difference was not significant (27% vs. 15%). Regarding prognosis, none 
of the MSI-positive cases were fatal (0/11, 0%), while 5 MSI-negative (MSS) cases were fatal 
(5/27, 19%). The difference was not significant, but this tendency is similar to that for Lynch 
syndrome-associated colorectal cancer. The incidences of moderately differentiated 
adenocarcinoma G2 (36%) and poorly differentiated adenocarcinoma G3 (18%) tended to be 
higher in MSI-positive endometrial cancer, although again the difference was not 
significant. These findings appear contradictory with the favorable prognosis, but 
interestingly they may reflect the biological characteristics of endometrial cancer induced by 
abnormal DNA mismatch repair (Banno et al., 2004b).  

9. DNA hypermethylation and endometrial cancer 
Epigenetics refers to the information stored after somatic cell division that is not contained 
within the DNA base sequence. Recent findings have shown that epigenetic changes - 
selective abnormalities in gene function that are not due to DNA base sequence 
abnormalities - play a significant role in carcinogenesis in various organs. In particular, the 
relationship between cancer and aberrant hypermethylation of specific genome regions has 
attracted attention. A completely new model for the mechanism of carcinogenesis has been 
proposed in which hypermethylation of unmethylated CpG islands in the promoter regions 
of cancer-related genes in normal cells silences these genes and leads to the cell becoming 
cancerous (Figure 2).  
The main difference between epigenetic abnormalities and genetic abnormalities such as 
gene mutations is that epigenetic changes are reversible and do not involve changes in base 
sequence. This suggests that restoration of gene expression is possible and that epigenetic 
mechanisms may constitute important molecular targets for treatment. Attempts have 
begun to detect aberrant DNA methylation in cancer cells present in minute quantities in 
biological samples and to apply the results to cancer diagnosis, prediction of the risk of 
carcinogenesis, and definition of the properties of a particular cancer. The MMR gene 
hMLH1 is a typical gene that is silenced by DNA methylation. In endometrial cancer, hMLH1 
silencing is found in approximately 40% of cases and is an important step in the early stages 
of carcinogenesis, with the loss of DNA mismatch repair function proposed to lead to 
mutation of genes such as PTEN. In patients with endometrial cancer, Banno et al. found 
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aberrant hypermethylation of hMLH1, APC, E-cadherin, and CHFR in 40.4%, 22.0%, 14.0%, 
and 13.3% of cases, respectively. A significant decrease in protein expression was found in 
patients with aberrant methylation of hMLH1 (P<0.01) and E-cadherin (P<0.05), and 
aberrant methylation of hMLH1 was also found in 14.3% of patients with atypical 
endometrial hyperplasia (AEH).  
 

 
Fig. 2. Inactivation mechanism of cancer genes 

However, no aberrant methylation of the four cancer-related genes was found in patients 
with a normal endometrium. These results indicate that aberrant methylation of specific 
genes associated with carcinogenesis in endometrial cancer does not occur in a normal 
endometrium. Aberrant methylation of hMLH1 was most frequent, and the observation of 
this phenomenon in AEH, which is found in the first stage of endometrial cancer, supports 
the hypothesis that aberrant methylation of hMLH1 is an important event in carcinogenesis 
in endometrial cancer (Banno, 2006; Muraki, 2009). 

10. Conclusion 
The DNA mismatch repair pathway is important in carcinogenesis of endometrial cancer. 
Recent analyses have shown that the MMR pathway can be impaired via both genetic  
and epigenetic mechanisms. Genetically, Lynch syndrome in cases of endometrial cancer 
is caused by hereditary defects in the MMR genes. However, there have been fewer 
studies on endometrial cancer compared to colorectal cancer in patients with Lynch 
syndrome. Clarification of the pathology and development of screening and genetic tests 
are required for further progress in this area. Epigenetic research in endometrial cancer 
suggests that damage to the mismatch repair system plays a significant role in 
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carcinogenesis and that DNA hypermethylation is important in this mechanism. Many 
attempts are currently being made to use epigenetic abnormalities as new methods of 
diagnosis and treatment based on control of methylation. Further studies of the genetic 
and epigenetic mechanisms may have potential for diagnosis, risk assessment, and 
treatment of endometrial cancer. 
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1. Introduction 
Genomic DNA possesses an inherent instability, at risk from damage by spontaneous base 
lesions, metabolic by-products, and exogenous sources such as ultraviolet light, ionising 
radiation and chemical agents. Unrepaired, this damage could result in non-canonical base 
pairing during replication, leading to the propagation of potentially mutagenic lesions. A 
number of DNA repair mechanisms have evolved to ensure genomic integrity can be 
preserved. So critical are these repair pathways that mutations within constituent genes are 
associated with several cancer predisposition syndromes such as hereditary non-polyposis 
carcinoma coli (HNPCC) or BRCA-deficient breast and ovarian cancer syndromes (Sweasy, 
Lang, and DiMaio 2006). 
Cancer therapies commonly rely upon the induction of DNA damage to exert their effects. 
Upregulation of DNA repair pathways in cancer is common and may impact upon response 
to therapy and contribute to development of treatment resistance. Inhibition of DNA repair 
offers exciting possibilities for the future treatment of cancer. DNA repair constituents may 
also be used as biomarkers to predict tumour response to treatment and improve outcome 
prognostication. Pharmacological inhibition of DNA repair might potentiate the effects of 
anticancer agents, improving response rates, overcoming resistance, and improving 
outcomes. Furthermore, there may be scope to specifically target tumour cells using DNA 
repair inhibitors by exploiting genetic differences with normal tissue.  
Base excision repair (BER) is critical for the repair of damage induced by alkylating 
chemotherapy agents such as temozolomide and dacarbazine. Targeting BER has shown 
considerable promise in the form of poly (ADP-ribose) polymerase (PARP) inhibitors, and a 
number of groups are now focusing on other BER targets. This chapter will provide an 
overview of the BER pathway, with specific consideration of the compelling evidence base 
for targeting the critical enzyme apurinic/apyrimidinic endonuclease I (APE1) for cancer 
therapy. 

2. Base excision repair 
Base excision repair (BER) is responsible for detection and repair of damage caused by a 
number of mechanisms, including alkylation, oxidation, ring saturation, single strand 
breaks and base deamination. Although complex, with at least two sub-pathways (see figure 
1), BER generally proceeds via: a) recognition and removal of a damaged base by a DNA 
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glycosylase to form an abasic site intermediate; b) cleavage of the phosphodiester backbone 
5’ to the abasic site by apurinic/apyrimidinic endonuclease 1 (APE1); c) removal of the 5’ 
sugar fragment; d) incorporation of the correct base by a DNA polymerase; and e) sealing of 
the strand break by a DNA ligase (Figure 1) (Fortini et al. 2003; Nilsen and Krokan 2001; 
Izumi et al. 2003; Dianov et al. 2003; Sancar et al. 2004; Barnes and Lindahl 2004; Robertson 
et al. 2009; Abbotts and Madhusudan 2010). 
 

 
Fig. 1. Short-patch (A) and long-patch (B) base excision repair 1 

DNA glycosylases are a family of damage-specific enzymes which excise the damaged base 
via cleavage of the N-glycosidic bond linking it to the deoxyribose moiety. They induce 
localised DNA distortion to ‘flip out’ the damaged base into the binding site for processing. 
Some have dual functionality, also possessing the ability to cleave the DNA phosphodiester 
backbone to create a single strand break 3’ to the abasic site. More commonly, APE1 incises 

                                                 
1 UDG = uracil DNA glycosylase, APE1 = apurinic/apyrimidinic endonuclease 1, XRCC1 = X-ray repair 
cross-complementing group 1, PARP1 = poly(ADP-ribose) polymerase 1, dRP = deoxyribose phosphate,  
Polβ/δ/ε = DNA polymerase β/δ/ε, PCNA = proliferating cell nuclear antigen, Lig3 = DNA ligase III, 
FEN1 = flap endonuclease I, Lig1 = DNA ligase I 

 
Human Apurinic/Apyrimidinic Endonuclease is a Novel Drug Target in Cancer 

 

497 

the DNA backbone 5’ to the abasic site, creating a nick bordered by 5'-deoxyribose 
phosphate (dRP) and 3’-hydroxyl groups. These groups act as blocking moieties, requiring 
further processing for BER to proceed. A number of enzymes possess this ability, including 
APE1, DNA polymerases β, λ and ι, and PNKP (polynucleotide kinase 3'-phosphatase). 
Repair synthesis proceeds via a DNA polymerase. In the short-patch pathway, DNA Polβ 
incorporates a single nucleotide ‘patch’ into the processed abasic site. This pathway requires 
high concentrations of ATP for completion. When ATP concentrations are low or the 
oxidative state of the abasic lesion is altered, repair proceeds via the long-patch pathway. 
This involves the incorporation of 2-10 nucleotides by DNA polymerases δ and ε in 
conjunction with the sliding clamp protein PCNA (proliferating cell nuclear antigen), or 
alternatively, a Polβ/Rad9-Rad1-Hus1 complex, which bears structural similarity to PCNA. 
Long-patch nucleotide incorporation displaces the existing 5’ DNA in a flap intermediate 
which is removed by flap endonuclease I (FEN1) (Pascucci et al. 1999; Balakrishnan et al. 
2009). The repair is then completed by sealing of the DNA strand break by a DNA ligase. In 
the short-patch pathway, this primarily occurs via the DNA ligase III-XRCC1 (X-ray cross-
complementation group I) scaffold protein heterodimer, whereas the long-patch pathway is 
completed by DNA ligase I. 
Coordination of the BER pathway relies upon members of the poly (ADP-ribose) 
polymerase (PARP) family, which bind to DNA strand breaks and stabilise the DNA strand 
until repair can be effected. Once bound, PARPs also catalyse the addition of poly (ADP-
ribose) polymers to target proteins, affecting protein-protein interactions and catalytic 
activities (D'Amours et al. 1999). 90% of PARP poly(ADP-ribosyl)ation is automodification, 
leading to recruitment of other BER constituents such as XRCC1, DNA Polβ and DNA LigIII 
(Megnin-Chanet, Bollet, and Hall 2010). This automodification also stimulates the release of 
PARP from DNA, allowing access to BER proteins to proceed with repair. Inhibition of 
PARP leads to persistence of single strand breaks, causing stalling of replication forks and 
formation of lethal double strand breaks (Durkacz et al. 1980). PARP inhibitors are currently 
showing promise in clinical trials (Helleday et al. 2008; Jones and Plummer 2008; Chalmers 
2009; O'Shaughnessy et al. 2009) (see 6. Targeting APE1 for therapy). 

3. Apurinic/apyrimidinic endonuclease (APE1) 
3.1 Abasic site formation 
Abasic site formation occurs at a rate of ~50000 sites per cell per day, through the action of 
DNA glycosylases in the BER pathway and by spontaneous depurination (Lindahl 1993; 
Nakamura and Swenberg 1999; Atamna, Cheung, and Ames 2000). Abasic sites can also be 
induced by exogenous agents such as ionising radiation or alkylating and oxidizing drugs 
including temozolomide or bleomycin. Without repair, abasic sites cause stalling of 
replication forks, leading to strand breaks that are cytotoxic in high number (Wilson 2003).   

3.2 Apurinic/apyrimidinic endonucleases 
Apurinic/apyrimidinic (AP) endonucleases are critical for the recognition and processing of 
abasic sites during base excision repair. Two classes of AP endonucleases exist: Class I AP 
lyases, and Class II AP endonucleases. Class II AP endonucleases can be classified further 
into two families which are structurally distinct but catalyse reactions with identical 
products. These families are defined by their structural homology to the two endonucleases 
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APE1, DNA polymerases β, λ and ι, and PNKP (polynucleotide kinase 3'-phosphatase). 
Repair synthesis proceeds via a DNA polymerase. In the short-patch pathway, DNA Polβ 
incorporates a single nucleotide ‘patch’ into the processed abasic site. This pathway requires 
high concentrations of ATP for completion. When ATP concentrations are low or the 
oxidative state of the abasic lesion is altered, repair proceeds via the long-patch pathway. 
This involves the incorporation of 2-10 nucleotides by DNA polymerases δ and ε in 
conjunction with the sliding clamp protein PCNA (proliferating cell nuclear antigen), or 
alternatively, a Polβ/Rad9-Rad1-Hus1 complex, which bears structural similarity to PCNA. 
Long-patch nucleotide incorporation displaces the existing 5’ DNA in a flap intermediate 
which is removed by flap endonuclease I (FEN1) (Pascucci et al. 1999; Balakrishnan et al. 
2009). The repair is then completed by sealing of the DNA strand break by a DNA ligase. In 
the short-patch pathway, this primarily occurs via the DNA ligase III-XRCC1 (X-ray cross-
complementation group I) scaffold protein heterodimer, whereas the long-patch pathway is 
completed by DNA ligase I. 
Coordination of the BER pathway relies upon members of the poly (ADP-ribose) 
polymerase (PARP) family, which bind to DNA strand breaks and stabilise the DNA strand 
until repair can be effected. Once bound, PARPs also catalyse the addition of poly (ADP-
ribose) polymers to target proteins, affecting protein-protein interactions and catalytic 
activities (D'Amours et al. 1999). 90% of PARP poly(ADP-ribosyl)ation is automodification, 
leading to recruitment of other BER constituents such as XRCC1, DNA Polβ and DNA LigIII 
(Megnin-Chanet, Bollet, and Hall 2010). This automodification also stimulates the release of 
PARP from DNA, allowing access to BER proteins to proceed with repair. Inhibition of 
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2009; O'Shaughnessy et al. 2009) (see 6. Targeting APE1 for therapy). 
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expressed in E. coli, exonuclease III (exoIII, encoded by xth gene) and endonuclease IV 
(endoIV, encoded by nfo) (Figure 2).  
 

 
Fig. 2. The Exonuclease III family of AP Endonucleases in various species 

The exoIII human homologue, APE1, accounts for 95% of AP endonuclease activity in 
human cells (Robson and Hickson 1991; Demple, Herman, and Chen 1991; Chen, Herman, 
and Demple 1991; Robson et al. 1992). A second exonuclease III-like protein, APE2, has 
recently been identified but is not yet fully characterised (Hadi and Wilson 2000; Hadi et al. 
2002; Burkovics et al. 2006). Also known as HAP1 or Ref-1, APE1 is a ubiquitous 
multifunctional protein, with 350,000 – 7,000,000 units per cell (Chen, Herman, and Demple 
1991). The 2.6kb APE1 gene is localised to 14q11.2-12. It consists of four introns and five 
exons that encompass a 954 nucleotide coding region, encoding a 318-amino acid protein of 
35kDa. The C-terminal domain is essential for DNA repair activity, while the N-terminal 
domain possesses redox regulatory activity and also contains a nuclear localisation 
sequence. Preservation of APE1 function requires at least 10 evolutionarily conserved amino 
acids (Asp70, Asp90, Glu96, Tyr171, Asp210, Asn212, Asp219, Asp283, Asp308 and His309) 
(Figure 3).  
APE1 is a globular protein arranged in a four-layered α/β sandwich, sharing significant 
structural homology with exoIII despite limited sequence homology (Gorman et al. 1997) 
(Figure 3B). The DNA repair active site is situated within a hydrophobic pocket on top of 
the α/β sandwich (Figure 3C). During DNA binding, the active site undergoes little 
conformation change, instead significantly distorting the DNA substrate, probably to 
displace the bound DNA glycosylase (Mol et al. 2000). Within the active site, highly 
conserved His309 and Thr283 are vital for catalytic activity. His309 is believed to act as a 
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general base to abstract a proton from water, forming a hydroxide which attacks the scissile 
bond of the phosphate group 5’ to the abasic site. Also essential is a Glu96-bound 
magnesium ion which, along with Thr283, may help stabilise the reaction intermediate 
(Gorman et al. 1997; Lipton et al. 2008). 
 

 

 
Fig. 3. A. Schematic representation of APE1 protein with critical residues (NLS = nuclear 
localization sequence). B. APE1 protein structure. White rectangles represent α-helical 
regions and shaded rectangles represent β-strands. C. Ribbon diagram of APE1 protein 
structure including DNA repair active site. 

3.3 Roles of APE1 in DNA repair 
APE1 endonuclease activity catalyses Mg2+-dependent hydrolytic cleavage of the 
phosphodiester bond of the DNA backbone 5' to an abasic site, producing a nick flanked by 
a 3'-hydroxyl and a 5'-deoxyribose phosphate group. Like exonuclease III, APE1 has a 
number of other DNA repair roles mediated through the same highly-conserved active site. 
APE1 possesses 3’-phosphodiesterase activity, catalysing removal of fragmented sugar 
moieties 3’ to single strand breaks induced by bleomycin or ionising radiation (Parsons, 
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expressed in E. coli, exonuclease III (exoIII, encoded by xth gene) and endonuclease IV 
(endoIV, encoded by nfo) (Figure 2).  
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Dianova, and Dianov 2004). It has exonuclease activity, which may facilitate the removal of 
mis-paired nucleotides (or nucleoside analogues such as troxacitabine), including those 
incorrectly inserted by Polβ, thus preserving BER fidelity (Chou, Kukhanova, and Cheng 
2000; Chou and Cheng 2002). It has weak 3’-phosphatase activity that removes 3’-phosphate 
blocking groups left after bifunctional DNA glycosylase base excision (Wiederhold et al. 
2004). APE1 also appears to have a role in the nucleotide incision repair pathway, where an 
endonuclease recognises and processes oxidatively-damaged DNA in a glycosylase-
independent manner (Gros et al. 2004; Ishchenko et al. 2006). A mitochondrial targeting 
signal in the C-terminal has been identified (Li et al. 2010), supporting evidence that APE1 
has a role in the repair of oxidatively-damaged mitochondrial DNA (Frossi et al. 2002; 
Shokolenko et al. 2009). 

3.4 Other functions of APE1 
APE1 redox regulatory activity includes modulation of the activity of a number of 
transcription factors, including those involved in proliferation, downregulation of apoptosis 
and angiogenesis. These findings suggest a role for APE1 redox function in tumourigenesis, 
cancer progression and treatment resistance (Bapat, Fishel, and Kelley 2008; Luo et al. 2008; 
Luo et al. 2010). A number of other roles have also been ascribed to APE1, including 
acetylation-mediated gene regulation, RNA quality control, and involvement in NK-cell-
mediated killing. Further discussion is beyond the scope of this chapter, and is reviewed at 
length elsewhere (Kelley, Georgiadis, and Fishel 2011). 

4. Functional preclinical studies of APE1 
4.1 APE1 DNA repair activity is critical for cell viability 
Complete absence of APE1 is associated with embryonic lethality in mice (Xanthoudakis et al. 
1996; Ludwig et al. 1998; Meira et al. 2001). Expression of floxed human APE1 transgene in 
APE1-/- mouse models by Izumi et al. was unable to counter early embryonic loss, but did 
allow culture of viable nullizygous mouse embryonic fibroblasts (MEFs). Inactivation of 
transgenic APE1 rapidly induced apoptosis, which could be overcome by transient 
transfection with wild-type APE1, but not by mutants lacking either DNA repair or 
acetylation-mediated gene regulatory functions, suggesting the essentiality of both functions. 
Conversely, transfection with a Cys65Ser mutant reported to be deficient in redox activity was 
able to prevent apoptosis, suggesting nonessentiality of APE1 redox activity (Izumi et al. 2005). 
Similarly, knock-in of a cysteine-to-alanine point mutation at Cys64 (Cys65 in hAPE1) is non-
lethal in murine models – although the mutation was found to be associated with normal Fos- 
and Jun-reducing activity, raising doubts regarding the redox role of Cys64 in mice (Ordway, 
Eberhart, and Curran 2003). Elsewhere, siRNA downregulation of APE1 has been 
demonstrated to be associated with sequelae of BER inhibition such as AP site accumulation 
and apoptosis, and can be reversed by yeast Apn1 expression, which lacks redox activity 
(Fung and Demple 2005). Taken together, these results demonstrate the essentiality of the 
APE1 DNA repair function, but not redox activity, in cell viability. 

4.2 APE1 depletion hypersensitises cells to DNA base damage 
Induction of apoptosis in response to APE1 downregulation has been confirmed in 
numerous cell types and in vivo in rats and mice (Robertson et al. 1997; Evans, Limp-Foster, 
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and Kelley 2000). However, response to knockdown may vary between cell types. In ovarian 
cancer cells, APE1 knockdown causes S phase prolongation rather than apoptosis, reflected 
in xenografts as a reduced tumour growth rate that is associated with impaired glucose 
metabolism suggestive of reduced cellular proliferation (Fishel et al. 2008). Heterozygosity 
for APE1 in mice is associated with hypersensitivity to oxidative stress (Meira et al. 2001). 
Antisense depletion of APE1 hypersensitises HeLa cells to the alkylating agent methyl 
methanesulphonate (MMS), H2O2, menadione and paraquat (Walker et al. 1994). Antisense 
APE1 downregulation also increases sensitivity of lung cancer cells to ionising radiation 
(Chen and Olkowski 1994), pancreatic cancer cells to gemcitabine (Lau et al. 2004), and 
glioma cells to MMS, temozolomide and nitrosurea (Ono et al. 1994; Silber et al. 2002). 
SiRNA-mediated APE1 downregulation enhances cytotoxicity to alkylating agents and 
hydrogen peroxide in osteosarcoma cells (Wang, Luo, and Kelley 2004), cisplatin in non-
small cell lung cancer cells (Wang et al. 2009), and ionising radiation in glioma cells (Naidu 
et al. 2010). Double negative APE1 mutation expression is associated with enhanced 
cytotoxicity to antimetabolites and alkylating agents (McNeill et al. 2009). Downregulation 
of APE1 using an adenoviral vector in a colon cancer mouse model successfully reduced 
APE1 expression levels and was associated with an increased response to ionising radiation 
(Xiang et al. 2008). This evidence highlights the therapeutic potential of targeting APE1 with 
small molecular inhibitors to improve radio- and chemotherapeutic efficiency. 

4.3 APE1 overexpression protects cells from DNA damage and is implicated in 
treatment resistance 
Upregulation of APE1 has a protective effect against agents causing DNA damage. 
Transfection of hAPE1 into AP endonuclease-mutant E. coli and Apn1-deficient yeast 
restored resistance to the effects of DNA damaging agents (Robson and Hickson 1991; 
Demple, Herman, and Chen 1991; Wilson et al. 1995). Co-expression of hAPE1 as a chimeric 
protein with MGMT conferred resistance to hydrogen peroxide and MMS in AP 
endonuclease-deficient E. coli. Overexpression of the chimeric protein in HeLa cells had a 
similar protective effect (Hansen et al. 1998). In human teratocarcinoma cells (Robertson et 
al. 2001) and melanocytes (Yang et al. 2005), overexpression of APE1 conferred resistance of 
radiation and chemotherapy, although this effect was not replicated in cells from other 
mammalian species (Herring et al. 1999; Tomicic, Eschbach, and Kaina 1997). Modulation of 
APE1 activity may offer a strategy to improve treatment response in tumours with high 
levels of APE1 expression. 
Chemotherapy agents can induce APE1 upregulation, contributing to treatment resistance. 
In non small cell lung cancer cells, cisplatin treatment induces a dose-dependent increase in 
APE1 expression. When APE1 is downregulated using antisense methods, cisplatin 
cytotoxicity is significantly increased (Wang et al. 2009), suggesting that combining 
inhibitors of APE1 with chemotherapeutic agents may overcome treatment resistance. 

5. APE1 and human cancer 
5.1 APE1 overexpression in human cancers 
APE1 expression is cell cycle dependent, with highest levels not surprisingly seen during 
early and middle S-phase (Fung, Bennett, and Demple 2001). Immunohistochemical analysis 
of many human cancers has demonstrated elevated levels of APE1 (see table). For example, 
APE1 protein expression is increased in human gliomas, and is positively correlated with 
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Dianova, and Dianov 2004). It has exonuclease activity, which may facilitate the removal of 
mis-paired nucleotides (or nucleoside analogues such as troxacitabine), including those 
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2000; Chou and Cheng 2002). It has weak 3’-phosphatase activity that removes 3’-phosphate 
blocking groups left after bifunctional DNA glycosylase base excision (Wiederhold et al. 
2004). APE1 also appears to have a role in the nucleotide incision repair pathway, where an 
endonuclease recognises and processes oxidatively-damaged DNA in a glycosylase-
independent manner (Gros et al. 2004; Ishchenko et al. 2006). A mitochondrial targeting 
signal in the C-terminal has been identified (Li et al. 2010), supporting evidence that APE1 
has a role in the repair of oxidatively-damaged mitochondrial DNA (Frossi et al. 2002; 
Shokolenko et al. 2009). 
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and Kelley 2000). However, response to knockdown may vary between cell types. In ovarian 
cancer cells, APE1 knockdown causes S phase prolongation rather than apoptosis, reflected 
in xenografts as a reduced tumour growth rate that is associated with impaired glucose 
metabolism suggestive of reduced cellular proliferation (Fishel et al. 2008). Heterozygosity 
for APE1 in mice is associated with hypersensitivity to oxidative stress (Meira et al. 2001). 
Antisense depletion of APE1 hypersensitises HeLa cells to the alkylating agent methyl 
methanesulphonate (MMS), H2O2, menadione and paraquat (Walker et al. 1994). Antisense 
APE1 downregulation also increases sensitivity of lung cancer cells to ionising radiation 
(Chen and Olkowski 1994), pancreatic cancer cells to gemcitabine (Lau et al. 2004), and 
glioma cells to MMS, temozolomide and nitrosurea (Ono et al. 1994; Silber et al. 2002). 
SiRNA-mediated APE1 downregulation enhances cytotoxicity to alkylating agents and 
hydrogen peroxide in osteosarcoma cells (Wang, Luo, and Kelley 2004), cisplatin in non-
small cell lung cancer cells (Wang et al. 2009), and ionising radiation in glioma cells (Naidu 
et al. 2010). Double negative APE1 mutation expression is associated with enhanced 
cytotoxicity to antimetabolites and alkylating agents (McNeill et al. 2009). Downregulation 
of APE1 using an adenoviral vector in a colon cancer mouse model successfully reduced 
APE1 expression levels and was associated with an increased response to ionising radiation 
(Xiang et al. 2008). This evidence highlights the therapeutic potential of targeting APE1 with 
small molecular inhibitors to improve radio- and chemotherapeutic efficiency. 

4.3 APE1 overexpression protects cells from DNA damage and is implicated in 
treatment resistance 
Upregulation of APE1 has a protective effect against agents causing DNA damage. 
Transfection of hAPE1 into AP endonuclease-mutant E. coli and Apn1-deficient yeast 
restored resistance to the effects of DNA damaging agents (Robson and Hickson 1991; 
Demple, Herman, and Chen 1991; Wilson et al. 1995). Co-expression of hAPE1 as a chimeric 
protein with MGMT conferred resistance to hydrogen peroxide and MMS in AP 
endonuclease-deficient E. coli. Overexpression of the chimeric protein in HeLa cells had a 
similar protective effect (Hansen et al. 1998). In human teratocarcinoma cells (Robertson et 
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radiation and chemotherapy, although this effect was not replicated in cells from other 
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APE1 activity may offer a strategy to improve treatment response in tumours with high 
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of many human cancers has demonstrated elevated levels of APE1 (see table). For example, 
APE1 protein expression is increased in human gliomas, and is positively correlated with 
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AP endonuclease activity. AP endonuclease activity was also found to be positively 
correlated with tumour grade, and with the fraction of S-phase cells, suggesting that APE1 
activity is related to level of proliferation (Bobola et al. 2001). APE1 is also elevated in 
prostate cancer, with immunohistochemical staining levels increasing from low in benign 
prostatic hypertrophy to intense in prostatic carcinoma (Kelley et al. 2001).  
 

Tumour site APE1 expression Preclinical findings Clinical findings 

Breast 2 

Nuclear in normal 
Mixed localisation 
in ductal 
carcinoma in situ 

 
 

Nuclear expression associated 
with negative lymph node 
status, low angiogenesis 
Asp148Glu associated with 
reduced rate of early 
radiotherapy toxicity 

Cervical 3 
Overexpression 
with nuclear 
localisation 

 Increased expression associated 
with radioresistance 

Colon 4 Predominantly 
cytoplasmic  

siRNA inhibition sensitises 
LOVO cells and xenografts to 
ionising radiation (IR) 

 

Head &  
neck 5 

Overexpression 
with nuclear, 
cytoplasmic, or 
mixed localisation  

 

Overexpression associated with 
earlier relapse, reduced survival 
Nuclear localisation associated 
with nodal positivity, treatment 
resistance 

Gastro-
oesophageal6 

Mixed or nuclear 
expression  

Nuclear expression associated 
with poor survival 
Cytoplasmic expression 
associated with differentiation 

Germ cell 7 
Overexpression 
with nuclear 
localisation 

Overexpression confers 
bleomycin resistance  

Glio-
blastoma 8 

APE1 
overexpression 

Upregulation by oxidative 
stress associated with 
resistance to MMS, 
temozolomide (TMZ), IR 
Antisense downregulation 
sensitises cells to TMZ 
siRNA, CRT0044876 and 
lucanthone sensitise cells to IR

 

Table 1. Summary of preclinical and clinical evidence for APE1 as a predictive and 
prognostic biomarker 

                                                 
2 (Kakolyris et al. 1998; Chang-Claude, Poponda, et al. 2005; Andreassen et al. 2005; Andreassen et al. 2006) 
3 (Xu et al. 1997; Herring et al. 1998) 
4 (Kakolyris et al. 1997; Xiang et al. 2008) 
5 (Koukourakis et al. 2001) 
6 (Al-Attar et al. 2010) 
7 (Robertson et al. 2001) 
8 (Bobola et al. 2001; Silber et al. 2002; Naidu et al. 2010) 
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Tumour 
site APE1 expression Experimental findings Clinical findings 

Lung 9 

Overexpression with 
mixed localisation 
(nuclear in normal 
tissue) 

APE1 upregulated by 
cisplatin treatment siRNA 
inhibition reduces cell 
growth and induces 
apoptosis 

Asp148Glu associated with 
sensitivity to IR, improved 
response to chemo-
radiotherapy  
Low expression associated with 
cisplatin sensitivity, improved 
survival 
Overexpression associated with 
chemoresistance

Medullo- 
blastoma 10 

Predominantly 
nuclear 
Increased in 
expression in 
women, younger 
patients  

siRNA inhibition sensitises 
cells to carmustine and TMZ 

Overexpression associated with 
early relapse 

Melanoma11 Predominantly 
nuclear  

Potential APE1 inhibitor 
resveratrol sensitises cells to 
dacarbazine

 

Osteo-
sarcoma 12 Overexpression 

Reduced HO5 cell viability 
following antisense 
depletion  
Antisense downregulation 
sensitises cells to MMS, 
H2O2, thiotepa, etoposide, IR

Overexpression associated with 
poor survival 

Ovarian 13 Nuclear/cytoplasmic siRNA inhibition reduces 
SKOV-3x growth

Nuclear expression associated 
with poor survival 

Pancreatico- 
biliary 14 Nuclear localisation 

APE1 upregulated by 
gemcitabine treatment  
Antisense downregulation 
sensitises cell to gemcitabine

Absence of cytoplasmic staining 
associated with high risk 
features 

Prostate 15 

Increasing 
overexpression from 
benign prostatic 
hypertrophy to 
prostatic 
intraepithelial 
neoplasia to cancer 
Predominantly 
cytoplasmic 

 
  

Table 1. (cont.). Summary of preclinical and clinical evidence for APE1 as a predictive and 
prognostic biomarker5.4. APE1 polymorphisms and cancer susceptibility 

                                                 
9 (Hu et al. 2001; Su et al. 2007; Wang et al. 2009) 
10 (Bobola et al. 2005) 
11 (Yang et al. 2005) 
12 (Wang, Luo, and Kelley 2004) 
13 (Moore et al. 2000; Fishel et al. 2008; Al-Attar et al. 2010) 
14 (Lau et al. 2004; Al-Attar et al. 2010) 
15 (Kelley et al. 2001) 
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AP endonuclease activity. AP endonuclease activity was also found to be positively 
correlated with tumour grade, and with the fraction of S-phase cells, suggesting that APE1 
activity is related to level of proliferation (Bobola et al. 2001). APE1 is also elevated in 
prostate cancer, with immunohistochemical staining levels increasing from low in benign 
prostatic hypertrophy to intense in prostatic carcinoma (Kelley et al. 2001).  
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site APE1 expression Experimental findings Clinical findings 
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Table 1. (cont.). Summary of preclinical and clinical evidence for APE1 as a predictive and 
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9 (Hu et al. 2001; Su et al. 2007; Wang et al. 2009) 
10 (Bobola et al. 2005) 
11 (Yang et al. 2005) 
12 (Wang, Luo, and Kelley 2004) 
13 (Moore et al. 2000; Fishel et al. 2008; Al-Attar et al. 2010) 
14 (Lau et al. 2004; Al-Attar et al. 2010) 
15 (Kelley et al. 2001) 
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5.2 APE1 subcellular localisation in cancer 
APE1 expression demonstrates complex and heterogenous localisation patterns that vary 
between tissue types.  Nuclear localisation is common, and is thought to reflect functions in 
DNA repair. Cytoplasmic localisation is commonly seen in cell types exhibiting rapid 
metabolic or proliferative rates, particularly when under high oxidative stress. Cytoplasmic 
localisation is predominantly within the mitochondria and endoplasmic reticulum, in 
keeping with the role of mitochondria in cellular response to oxidative stress, and may 
relate to APE1’s role in mitochondrial DNA repair and redox regulation of transcription 
factors (Tell et al. 2005). In non-small cell lung cancer, APE1 dysregulation is common, with 
upregulation in the cytoplasm contributing to global overexpression and associated with 
increased superoxide production and lipid peroxidation (Yoo et al. 2008). 
Alterations in subcellular distribution of APE1 compared to normal tissue have been seen in 
a number of human tumours. Normal colorectal mucosa features nuclear staining in the less 
differentiated cells in the lower parts of the crypts, with cytoplasmic staining in the 
superficial epithelium. In both adenomas and carcinomas, subcellular restriction is lost and 
a mixed localisation pattern develops, with a predominance of cytoplasmic staining 
(Kakolyris et al. 1997). Increased cytoplasmic staining is also seen in thyroid (Tell et al. 
2000), hepatocellular (Di Maso et al. 2007), epithelial ovarian (Moore et al. 2000) and prostate 
carcinomas (Kelley et al. 2001). In contrast, melanomas display an increased level of APE1 
expression which is predominantly localised to the nucleus, compared to cytoplasmic 
staining in normal skin (Yang et al. 2005). Increased levels of APE1 expression with nuclear-
specific localisation are also seen in cervical carcinomas (Xu et al. 1997), bladder cancers (Sak 
et al. 2005), rhabdomyosarcomas (Thomson et al. 2001), and squamous cell head and neck 
cancers (Koukourakis et al. 2001). Some tumour types have shown variance of APE1 
localisation between studies. There is consensus regarding elevated levels of APE1 in non-
small cell lung cancer, but different groups have found predominantly cytoplasmic (Wang 
et al. 2009) or nuclear (Puglisi et al. 2001; Kakolyris et al. 1999) localisation.  

5.3 APE1 expression and localisation as a marker 
Alterations in APE1 expression may be of prognostic significance. In non-small cell lung 
cancer, elevated APE1 expression is an independent poor prognostic factor, associated with 
reduced disease-free and overall survival (Puglisi et al. 2001). Similarly, elevated APE1 is 
suggestive of poor prognosis in medulloblastoma (Bobola et al. 2005), ovarian, gastro-
oesophageal and pancreatico-biliary cancers (Al-Attar et al. 2010). Alterations in APE1 
localisation may also be of prognostic significance. Breast cancers display heterogenous 
localisation, compared to predominantly nuclear distribution in normal breast tissue. 
Localisation appears to be correlated to patient outcomes, with nuclear localisation being 
associated with better prognostic features such as differentiation, reduced angiogenesis and 
negative lymph node status (Kakolyris et al. 1998; Puglisi et al. 2002). Similar prognostic 
correlations are also seen in osteosarcoma (Wang, Luo, and Kelley 2004), where cytoplasmic 
staining is associated with poor survival outcomes. Conversely, in ovarian and pancreatico-
biliary cancers, nuclear APE1 expression is associated with aggressive tumour biology and 
poor overall survival (Al-Attar et al. 2010). 
Preclinical evidence suggests that increased APE1 expression may be associated with 
chemo-and radio-resistance due to efficient repair of therapeutically-induced DNA damage. 
In tumour samples, APE1 expression levels and subcellular localisation patterns may 
therefore have potential as a predictive marker for response to treatment. In non-small cell 
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lung cancers, increased APE1 expression is associated with resistance to cisplatin (Wang et 
al. 2009), and in cervical cancers elevated expression correlates to radio-resistance (Herring 
et al. 1998). In germ cell tumours (Robertson et al. 2001) and medulloblastoma (Bobola et al. 
2005), increased APE1 levels are associated with both chemo- and radio-resistance. 
Similarly, increased nuclear localisation of APE1 in head and neck cancers is associated with 
chemo-and radio-resistance (Koukourakis et al. 2001). In contrast, however, high levels of 
APE1 expression in bladder tumours are associated with radiosensitivity and improved 
survival rates (Sak et al. 2005). The authors hypothesise that this may be because repair of 
irradiation-induced base damage requires phosphodiester backbone cleavage as an 
intermediary step, leading to the increased acquisition of potentially lethal double strand 
breaks – hence, efficient BER may actually increase radiotherapy-induced lethality. 
Alternatively, increased APE1 redox activity might lead to an increased stress response and 
hence a greater response to radiotherapy. While further study is required to clearly elucidate 
the prognostic significance of APE1 expression in different tumour types, the current body 
of evidence suggests the potential of APE1 as a prognostic biomarker. 

5.4 APE1 polymorphisms and cancer susceptibility 
Polymorphic APE1 variants have been reported and correlated to cancer susceptibility. In an 
analysis of seven APE1 polymorphisms, reduced repair activity was noted in four (Hadi et 
al. 2000). In a Chinese study, a Thr141Gly promoter polymorphism was associated with 
reduced levels of APE1 mRNA in blood and lung tissue, possibly due to reduced affinity for 
Oct-1 transcription factor, thought to be activated by DNA damage. Homozygosity for the 
Gly allele was associated with a 40% reduction in lung cancer risk (Lu et al. 2009). 
Asp148Glu, a variant which exhibits normal repair activity, is associated with an increased 
risk of cancer development (Gu et al. 2009), including melanoma (Li et al. 2006), pancreatic 
(Li et al. 2007), cervical (Farkasova et al. 2008) and lung cancer susceptibility (Agachan et al. 
2009). The Asp148Glu variant may also be associated with hypersensitivity to ionising 
radiation (Hu et al. 2001), although it has also been demonstrated to have a protective effect 
against acute radiation toxicity reactions in normal skin (Chang-Claude, Popanda, et al. 
2005). Further study is required to further elucidate how APE1 polymorphisms might 
impact response to treatment.  

5.5 APE1 as a predictive and prognostic biomarker 
A growing body of evidence suggests that alterations in APE1 expression levels and 
subcellular localisation may have predictive or prognostic significance in many human 
cancers. Similarly, a number of APE1 single-nucleotide polymorphisms (SNPs) have been 
identified and correlated to APE1 activity and tumour risk. Recent patent applications have 
been filed to utilise tissue APE1 as a biomarker in lung, breast and ovarian cancers (Deutsch 
2003; Hagmann et al. 2008). Incorporating biomarker studies into future clinical trials offers 
the opportunity to corroborate and expand upon current knowledge to develop APE1 as a 
clinically relevant biomarker.  

6. Targeting APE1 for therapy 
The early promise of PARP inhibitors highlights the potential of BER proteins as therapeutic 
targets (Lord and Ashworth 2008; Fong et al. 2009). PARP inhibitors have shown particular 
promise in the setting of BRCA-deficient breast cancers, highlighting an important 
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5.2 APE1 subcellular localisation in cancer 
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hence a greater response to radiotherapy. While further study is required to clearly elucidate 
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5.4 APE1 polymorphisms and cancer susceptibility 
Polymorphic APE1 variants have been reported and correlated to cancer susceptibility. In an 
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2005). Further study is required to further elucidate how APE1 polymorphisms might 
impact response to treatment.  
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identified and correlated to APE1 activity and tumour risk. Recent patent applications have 
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2003; Hagmann et al. 2008). Incorporating biomarker studies into future clinical trials offers 
the opportunity to corroborate and expand upon current knowledge to develop APE1 as a 
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The early promise of PARP inhibitors highlights the potential of BER proteins as therapeutic 
targets (Lord and Ashworth 2008; Fong et al. 2009). PARP inhibitors have shown particular 
promise in the setting of BRCA-deficient breast cancers, highlighting an important 
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therapeutic concept that may be applicable to inhibitors of APE1. Synthetic lethality exploits 
inter-gene relationships where the loss of function of either of two related genes is non-
lethal, but loss of both causes cell death. This offers the potential to specifically target cancer 
cells through inhibition of a gene known to be in a synthetic lethal relationship with a 
mutated tumour suppressor gene (Rehman, Lord, and Ashworth 2010). BRCA-1 and -2 have 
long been identified as tumour suppressors, being mutated in an inherited cancer 
predisposition that increases susceptibility to breast and ovarian tumours (Miki et al. 1994). 
Both gene products have a role in the homologous recombination (HR) DNA repair 
pathway, which repairs double strand DNA breaks (DSBs) (Venkitaraman 2002). A degree 
of redundancy exists between the BER and HR pathways, allowing cells to compensate for 
the loss of one pathway. The BER enzyme PARP1, which binds to single strand DNA breaks 
and recruits other repair proteins, can be successfully targeted for inhibition, leading to 
failure of the BER pathway, replication fork stalling, and acquisition of double strand 
breaks. In normal cells, these double strand breaks are repaired via HR. In BRCA-deficient 
cells, however, loss of effective HR leads to DSB persistence and cell death. As 
heterozygosity at a BRCA allele is associated with effective HR, PARP inhibition specifically 
targets only tumour cells with acquired BRCA-/- homozygosity (Bryant et al. 2005; Farmer et 
al. 2005). Phase I and II trials of PARP inhibitors have demonstrated favourable efficacy and 
limited toxicity in BRCA-related breast and ovarian cancers (reviewed in (Rehman, Lord, 
and Ashworth 2010)) and phase III trials are underway.  
Other potential synthetic lethal relationships in PARP inhibition are currently being 
explored. ‘BRCAness’ refers to a subset of breast cancers, including ‘triple negative’ 
(oestrogen-, progesterone- and HER2-negative) and ‘basal phenotype’ cancers, that possess 
molecular and histopathological similarity to BRCA-deficient tumours, that may 
successfully be targeted by PARP inhibition (Turner, Tutt, and Ashworth 2004; Giorgetti et 
al. 2007). There is also developing interest in PTEN (phosphatase and tensin homolog), 
which is mutated in many sporadic cancers and, like BRCA mutations, causes a defect in 
homologous recombination (Shen et al. 2007; Mendes-Pereira et al. 2009).  
Recent evidence suggests that other BER factors may also be targeted by a synthetic lethality 
approach. Mismatch repair (MMR) is responsible for the repair of DNA damage occurring 
during replication, and shares a degree of overlap with BER function. For example, 8-
oxoguanine base lesions, which are induced by metabolic ROS and can cause mutagenic 
GC→TA transversions if unrepaired, may be processed by both BER and MMR. Mutations 
in the mismatch repair (MMR) genes MLH1 or MSH2 are implicated in human non-
polyposis carcinoma coli (HNPCC) and some sporadic colorectal cancers. SiRNA inhibition 
of the BER constituent DNA polymerase β/γ is selectively lethal in MLH1/MSH2 mutant 
cell lines, suggesting a synthetic lethality relationship. Given the potential for BER inhibitors 
as a synthetic lethality target, it remains to be established if additional factors such as APE1 
may have a role in this capacity.  

7. APE1 inhibitors: Progress to date 
7.1 APE1 DNA repair domain inhibitors 
The first reported inhibitor of the APE1 repair domain, CRT0044876, was identified 
following high-throughput fluorescence-based screening of a small molecular chemical 
library. Applied alone, this compound increased the rate of AP site accumulation in tumour 
cell lines without evidence of intrinsic cytotoxicity. In combination with various base 
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damaging agents, including the alkylators MMS and temozolomide (TMZ), a synergistic 
increase in AP site accumulation was noted, associated with essentially complete (>99%) cell 
death. This effect was not replicated when the DNA damaging agents used induced damage 
repaired by mechanisms other than BER, suggesting BER-specific inhibition (Madhusudan 
et al. 2005). CRT0044876-induced BER inhibition has been reproduced elsewhere (Guikema 
et al. 2007; Seo and Kinsella 2009), including cytotoxicity potentiation with ionising 
radiation (Koll et al. 2008), although another group was not able to replicate potentiation 
(Fishel and Kelley 2007).  
CRT0044876 contains an indole ring which is thought to interact with the APE1 active site, 
while the compound’s carboxylate group coordinates towards the active site catalytic 
magnesium atom. Utilising knowledge gained from the identification and development of 
CRT0044876, molecular modelling techniques were utilised to design inhibitor templates to 
screen a computer database of 2.6m chemical compounds. Promising hits were chosen for 
their active site ‘fit’ and drug-like properties, then screened in the laboratory for specific 
inhibitory activity. A number of highly-potent, highly-specific non-competitive inhibitors of 
APE1 DNA repair were identified. Like CRT0044876, these compounds had low intrinsic 
toxicity, but are able to potentiate the cytotoxicity of alkylating agents in various cancer cell 
lines. Interestingly, the inhibitory effect was significantly increased in the Asp148Glu APE1 
polymorph, previously implicated in cancer predisposition (see Section 5.4. APE1 
polymorphisms and cancer susceptibility) (Mohammed et al. 2011).  
A number of other groups have been working on the development of APE1 DNA repair 
inhibitors. Seiple et al. have identified the potential of arylstibonic acids, which possess 
inherent inhibitory activity on an initial fluorescence-based high-throughput screen 
(Seiple et al. 2008). Simeonov et al. utilised a similar fluorescence screening assay  
to identify three compounds (6-hydroxy-DL-DOPA, Reactive Blue 2 and myricetin) which 
potentiate MMS cytotoxicity in HeLa cells associated with a quantifiable increase in  
AP site accumulation. Modelling studies of 6-hydroxy-DL-DOPA suggest that it docks to 
the APE1 active site in a similar manner to CRT0044876 (Simeonov et al. 2009). Bapat  
et al. modified the previously-described fluorescence assay to identify the novel inhibitor 
AR02, which is able to selectively block APE1 DNA repair function in glioma cells  
and potentiate cytotoxicity of alkylating agents (Bapat et al. 2010). Zawahir et al. 
performed an in silico pharmacophore model-based screen to identify 21 potent and 
specific inhibitors. The most potent of the inhibitors identified to date share common 
features of two carboxylate groups arranged around a hydrophobic core, bearing 
structural similarity to the 3’- and 5’- deoxyribosephosphate groups on abasic DNA 
(Seiple et al. 2008; Zawahir et al. 2009).  
The topoisomerase II inhibitor lucanthone has also been identified as a potential inhibitor of 
APE1 DNA repair activity, without impact on redox function (Bases and Mendez 1997; Luo 
and Kelley 2004). Lucanthone treatment in cell culture induces an increase in abasic site 
accumulation (Mendez, Goldman, and Bases 2002), and potentiates the cytotoxic effects of 
MMS and temozolomide (Luo and Kelley 2004). Clinically, lucanthone treatment accelerates 
regression of brain metastases following whole brain radiotherapy (Del Rowe et al. 1999). 
However, it is unclear whether this effect is mediated via APE1 inhibition, or as a function 
of lucanthone’s effect on topoisomerase (Fishel and Kelley 2007).  
Methoxyamine is a small molecular inhibitor of BER which irreversibly binds to abasic DNA 
sites, preventing processing by APE1 (Liu and Gerson 2004). Methoxyamine potentiates 
temozolomide in vitro (Taverna et al. 2001; Fishel et al. 2007) and in tumour xenografts (Liu, 
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damaging agents, including the alkylators MMS and temozolomide (TMZ), a synergistic 
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polymorphisms and cancer susceptibility) (Mohammed et al. 2011).  
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However, it is unclear whether this effect is mediated via APE1 inhibition, or as a function 
of lucanthone’s effect on topoisomerase (Fishel and Kelley 2007).  
Methoxyamine is a small molecular inhibitor of BER which irreversibly binds to abasic DNA 
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Nakatsuru, and Gerson 2002; Yan et al. 2007). It also potentiates radiotherapy cytotoxicity in 
combination with the potent radiosensitiser 5-iodo-2’-deoxyuridine (Taverna et al. 2003). 
Methoxyamine has undergone phase I clinical trials in combination with pemetrexed 
(Anthony et al. 2009) and temozolomide (Sawides et al. 2010) in patients with advanced 
refractory cancer. 

7.2 APE1 redox domain inhibitors 
Through redox-mediated transcription factor activation, APE1 has cytoprotective and 
angiogenic influence in response to cellular stresses. The APE1 redox domain has therefore 
also been evaluated as a possible target for small molecule inhibition. 
The naturally-occurring compound resveratrol, found in grapes and red wine, has been 
suggested as an inhibitor of tumourigenesis (Bhat and Pezzuto 2002; Aziz, Kumar, and 
Ahmad 2003). Computer modelling suggests it may bind the APE1 redox domain (Yang et 
al. 2005). Resveratrol exposure has been shown to inhibit activation of the APE-1 dependent 
antiapoptotic transcription factors activator protein-1 (AP-1) and nuclear factor kappa B 
(NFκB), and is also able to sensitise melanoma cells in vitro to dacarbazine treatment (Yang 
et al. 2005). However, these results have not been substantiated elsewhere (Fishel and Kelley 
2007; Luo et al. 2008). 
Soy isoflavanes are under investigation for a possible role in the treatment of prostate 
cancer. Prostate cell survival is significantly decreased when co-treated with soy isoflavanes 
in combination with radiation, compared to radiation alone. This is associated with 
downregulation in APE1 levels, and therefore a reduced level of NFκB and the 
proangiogenic transcription factor hypoxia-inducible factor 1α (HIF-1α) binding that may 
mediate the increase in radiosensitivity (Raffoul et al. 2007; Singh-Gupta et al. 2008). 
However, it is unclear how APE1 downregulation is mediated by soy isoflavanes, and 
whether associated downregulation of BER also has an impact on treatment sensitivity 
(Kelley, Georgiadis, and Fishel 2011). 
APX3330 (also known as E3330) is a small molecule inhibitor of APE1 redox function. It 
specifically and selectively blocks APE1-mediated reduction of various transcription factors 
to their activated state (Zou and Maitra 2008; Luo et al. 2008; Zou et al. 2009; Nyland et al. 
2010). APX3330 exposure has been demonstrated to reduce tumour cell growth (Saitou et al. 
2005),  migration (Zou and Maitra 2008) and angiogenesis (Zou et al. 2009). A number  of 
APX3330 analogues with improved potency are currently under evaluation (Kelley, 
Georgiadis, and Fishel 2011). 

7.3 APE1 inhibition and toxicity 
Inhibition of APE1 offers exciting therapeutic potential. Given that APE1 is ubiquitously 
expressed in normal and malignant cells, concerns exist regarding the risk of inhibitor 
toxicity in normal tissue, particularly when used in combination with systemic 
chemotherapy treatments. This risk could be reduced by targeting inhibitor use in cancers 
with high levels of APE1 overexpression, or combining inhibitor use with targeted 
treatment such as radiotherapy. Long term toxicity is also of concern, as inhibition of APE1 
in normal cells may result in propagation of potentially mutagenic DNA damage, leading to 
secondary malignancies. However, it is likely that the target population for APE1 inhibition 
will be patients with advanced cancer, where risk of secondary malignancy will not be of 
clinical significance (Abbotts and Madhusudan 2010).  
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8. Conclusion 
Genomic integrity is constantly challenged by damage inflicted from a variety of 
endogenous and exogenous sources, including spontaneous deamination, reactive oxygen 
species, ionising radiation, ultraviolet light and chemical agents. Highly conserved 
pathways of DNA repair have evolved to maintain stability within the genome. Base 
excision repair (BER) processes and repairs damage to individual bases induced by 
alkylation, oxidation or ring saturation. Human apurinic/apyrimidinic endonuclease 1 
(APE1) is a critical BER enzyme that recognises and processes the site of excised base 
damage (an ‘abasic’ site). APE1 is of considerable interest as a potential predictive and 
prognostic biomarker in cancer. Polymorphisms causing variable APE1 activity may alter 
cancer susceptibility and treatment response. High levels of oxidative stress in the tumour 
microenvironment may induce an increased rate of DNA damage acquisition, leading to an 
upregulation of BER that contributes to the dysregulation of APE1 expression commonly 
observed in solid tumours. Furthermore, APE1 expression is upregulated in response to 
treatment with DNA damaging agents such as chemotherapy and ionising radiation, and is 
frequently associated with resistance to treatment and poor prognostic outcomes. Further 
characterisation of APE1 polymorphisms and expression levels in human cancer will allow 
development of APE1 as a predictive and prognostic biomarker. 
Preclinical study has confirmed APE1 as an emerging therapeutic target in cancer. 
Overexpression of APE1 is induced by DNA damaging agents and is associated with 
treatment resistance. Constitutional or engineered downregulation of APE1 confers 
sensitivity to treatment, and can overcome chemoresistance. A number of inhibitors of the 
APE1 DNA repair domain are currently under development, showing promise in vitro in 
their ability to potentiate the actions of agents causing alkylating or oxidation damage and 
overcome treatment resistance. Further development of these inhibitors into clinically-
relevant compounds is an important and expanding area of cancer therapeutics. 
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whether associated downregulation of BER also has an impact on treatment sensitivity 
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(APE1) is a critical BER enzyme that recognises and processes the site of excised base 
damage (an ‘abasic’ site). APE1 is of considerable interest as a potential predictive and 
prognostic biomarker in cancer. Polymorphisms causing variable APE1 activity may alter 
cancer susceptibility and treatment response. High levels of oxidative stress in the tumour 
microenvironment may induce an increased rate of DNA damage acquisition, leading to an 
upregulation of BER that contributes to the dysregulation of APE1 expression commonly 
observed in solid tumours. Furthermore, APE1 expression is upregulated in response to 
treatment with DNA damaging agents such as chemotherapy and ionising radiation, and is 
frequently associated with resistance to treatment and poor prognostic outcomes. Further 
characterisation of APE1 polymorphisms and expression levels in human cancer will allow 
development of APE1 as a predictive and prognostic biomarker. 
Preclinical study has confirmed APE1 as an emerging therapeutic target in cancer. 
Overexpression of APE1 is induced by DNA damaging agents and is associated with 
treatment resistance. Constitutional or engineered downregulation of APE1 confers 
sensitivity to treatment, and can overcome chemoresistance. A number of inhibitors of the 
APE1 DNA repair domain are currently under development, showing promise in vitro in 
their ability to potentiate the actions of agents causing alkylating or oxidation damage and 
overcome treatment resistance. Further development of these inhibitors into clinically-
relevant compounds is an important and expanding area of cancer therapeutics. 
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1. Introduction  
The use of inhibitors, both natural and synthetic has been a mainstay in the biochemical 
analysis of cellular pathways from glycolysis, the TCA cycle and the electron transport chain 
to DNA replication, cell signaling and apoptosis. With advents in screening technology, 
robotics and combinatorial chemistry, the field of chemical genetics was born. The 
development and use of small molecule inhibitors (SMIs) to modulate the activities of 
proteins has provided a wealth of knowledge on a variety of pathways and enhanced drug 
development targeting novel proteins and activities. The effectiveness of targeting enzyme-
substrate interactions is well established and only more recently have protein-protein 
interactions been effectively targeted with SMIs (Saha et al., 2010; Huang et al., 2008; De et 
al., 2009; Ballatore et al., 2010; Yang et al., 2010; Weber, 2010). While targeting protein-DNA 
interactions has been considered by some to be “undrugable interactions” we and others 
have succeeded in developing SMIs capable of inhibiting these often complex interactions. 
The ability to develop inhibitors of protein-DNA complex formation capable of in vivo 
activity opens up an entire new class of targetable molecule interactions for potential 
therapeutic benefit. One could envision inhibiting proteins involved in transcription in 
addition to DNA replication, DNA repair and recombination. This review will summarize 
the recent successes in targeting protein-DNA interactions and draw the distinction between 
those agents that inhibit these interactions directly versus those that reduce protein-DNA 
interactions via indirect mechanisms. We also highlight the development of DNA repair 
inhibitors focusing on the clinical utility of targeting DNA repair for cancer therapy.  

2. Inhibitors of DNA replication, repair and recombination  
Numerous DNA repair pathways are required for genomic stability and chromosome 
maintenance. Defects or deficiencies in DNA repair proteins, machinery and activity 
contribute to mutation driven carcinogenesis and the development of cancer. The 
importance of DNA repair has also been well established in the treatment response in 
numerous cancer types including testicular, ovarian and lung where defects in DNA repair 
increase the effectiveness of DNA damaging therapies. Exploiting the inherent genome 
instability in certain cancers via synthetic lethality targeting novel DNA repair proteins has 
progressed to clinical trials and holds the potential to significantly impact cancer treatment. 
First demonstrated in BRCA1/2-mutant breast cancer, targeting DNA repair with SMIs of 



 
DNA Repair and Human Health 

 

520 

Zou, G. M., and A. Maitra. 2008. Small-molecule inhibitor of the AP endonuclease 1/REF-1 
E3330 inhibits pancreatic cancer cell growth and migration. Mol Cancer Ther 7 
(7):2012-21. 

20 

Disruption of Protein–DNA Interactions:   
An Opportunity for Cancer Chemotherapy 
Tracy M. Neher, Wei Huang, Jian-Ting Zhang and John J. Turchi 

Indiana University School of Medicine 
United States 

1. Introduction  
The use of inhibitors, both natural and synthetic has been a mainstay in the biochemical 
analysis of cellular pathways from glycolysis, the TCA cycle and the electron transport chain 
to DNA replication, cell signaling and apoptosis. With advents in screening technology, 
robotics and combinatorial chemistry, the field of chemical genetics was born. The 
development and use of small molecule inhibitors (SMIs) to modulate the activities of 
proteins has provided a wealth of knowledge on a variety of pathways and enhanced drug 
development targeting novel proteins and activities. The effectiveness of targeting enzyme-
substrate interactions is well established and only more recently have protein-protein 
interactions been effectively targeted with SMIs (Saha et al., 2010; Huang et al., 2008; De et 
al., 2009; Ballatore et al., 2010; Yang et al., 2010; Weber, 2010). While targeting protein-DNA 
interactions has been considered by some to be “undrugable interactions” we and others 
have succeeded in developing SMIs capable of inhibiting these often complex interactions. 
The ability to develop inhibitors of protein-DNA complex formation capable of in vivo 
activity opens up an entire new class of targetable molecule interactions for potential 
therapeutic benefit. One could envision inhibiting proteins involved in transcription in 
addition to DNA replication, DNA repair and recombination. This review will summarize 
the recent successes in targeting protein-DNA interactions and draw the distinction between 
those agents that inhibit these interactions directly versus those that reduce protein-DNA 
interactions via indirect mechanisms. We also highlight the development of DNA repair 
inhibitors focusing on the clinical utility of targeting DNA repair for cancer therapy.  

2. Inhibitors of DNA replication, repair and recombination  
Numerous DNA repair pathways are required for genomic stability and chromosome 
maintenance. Defects or deficiencies in DNA repair proteins, machinery and activity 
contribute to mutation driven carcinogenesis and the development of cancer. The 
importance of DNA repair has also been well established in the treatment response in 
numerous cancer types including testicular, ovarian and lung where defects in DNA repair 
increase the effectiveness of DNA damaging therapies. Exploiting the inherent genome 
instability in certain cancers via synthetic lethality targeting novel DNA repair proteins has 
progressed to clinical trials and holds the potential to significantly impact cancer treatment. 
First demonstrated in BRCA1/2-mutant breast cancer, targeting DNA repair with SMIs of 



 
DNA Repair and Human Health 522 

poly-ADP-ribose polymerase (PARP) proved clinically effective. While the exact 
mechanisms of PARP inhibition have not been completely elucidated, the idea of targeting 
DNA repair is gaining traction in both the laboratory and clinic. Supporting this is the recent 
editorial from Bruce Alberts in Science suggesting that all cancers will display some defect in 
DNA repair (Alberts, 2009). Some success in early phase trials has propelled this avenue of 
research though the number of targets is still limited.  
 

 
Table 1. Small molecule inhibitors of DNA repair proteins and transcription factors.  

2.1 PARP1 inhibitor – targeting single strand break repair  
Poly ADP-ribose polymerase (PARP) is a nuclear protein which binds to single-strand 
breaks (SSBs) in the DNA and signals downstream repair proteins to the site of damage, 
initiating DNA repair. PARPs direct involvement in SSB repair is the synthesis of ADP-

Target Inhibitor Reference
PARP-1 NU1085 Griffin et al., 1996; Delaney et al., 2000

NU1064 Bowman et al., 1998
NU1025 Bowman et al., 1998; Delaney et al., 2000
PD128763 Delaney et al., 2000
AG14361 Calabrese et al., 2004
ABT-888 Donawho et al., 2007
AG14447 Thomas et al., 2007

RPA MCI Anciano et al., 2010
TDRL-505 Shuck et al., 2010

XPA TDRL-X80 Neher et al., 2010

DNA-PK NU7441 Hardcastle et al., 2005; Leahy et al, 2004
NU7026 Veuger et al., 2003

ATM KU-55933 Hickson et al., 2004

C-Met MP470 Qi et al., 2009

Stat3 Galiellalactone Hellsten et al., 2008; Weidler, et al., 2000
Falvopiridol Lee et al., 2006
IS3295    Turkson et al., 2005
CPA-1 , CPA-7 Turkson et al., 2004
Platinum (V) tetracholoride Turkson et al., 2004

NF-kB Pristimerin Lu et al., 2010
KINK-1 Schon et al., 2008
DHMEQ Ariga et al., 2002

NOTCH SAHM1 Moellering et al., 2009

HOXA13 lactam carboxamide Ng et al., 2007
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ribose polymers, utilizing NAD+ as a substrate, which aids in DNA repair and cellular 
signaling (Calabrese et al., 2004). PARP also plays a role in the homologous recombination 
(HR) repair pathway (Helleday, 2010) and has been suggested to play a role in the 
alternative non-homologous end joining pathway (A-NHEJ) (Wang et al., 2006). The indirect 
role PARP plays in the HR pathway is through its ability to recognize SSBs. In the absence of 
PARP SSBs accumulate resulting in an increased number of collapsed replication forks 
which require DNA repair. Therefore, chemotherapeutics which elicit their toxic effects by 
damaging the DNA, have increased potency in combination treatment with PARP inhibitors 
due to a decrease in DNA repair and an accumulation of collapsed replication forks 
(Thomas et al., 2007). This increase in DNA damage results in cell death, which is a 
favorable outcome in the treatment of cancer. Researchers have used this knowledge to 
initiate the development of PARP inhibitors and over the past four decades numerous PARP 
inhibitors have entered clinical trials, some of which have been successfully incorporated 
into chemotherapeutic regimens.  
Initial PARP inhibitors were analogues of nicotinamide whose activities were useful for in 
vitro studies but were found to be of little clinical value. A second generation of inhibitors, 
which included benzimidazole-carboxamides, quinazolin-4-[3H]-ones and isoquinoline 
derivatives (NU1085, NU1025, PD128763) were shown to increase radio- and 
chemosensitivity in vitro (Delaney et al., 2000). NU1025 sensitized tumor cell lines to 
temozolomide and camptothecin, yet the specificity of NU1025 was not developed enough 
for use in preclinical trials. AG14361, a PARP inhibitor identified by a PARP1 activity assay, 
exploits the PARP1-catalyzed NAD-dependent incorporation of poly(ADP)ribose to 
histones (Thomas et al., 2007). Briefly, the incorporation of 32P-ADP-ribose into an insoluble 
material is measured following the transfer of radiolabeled phosphate from 32P-NAD. Data 
from this assay demonstrate a decrease in ADP transfer, suggestive of the inhibition of 
PARP1 activity. Additionally, AG14361 treatment increased a cells‘ susceptibility to three 
chemotherapeutics irinotecan, γ-irradiation and temozolomide with an IC50 value below 5 
nM (Calabrese et al., 2004). Although a number of PARP inhibitors have entered preclinical 
and clinical trials, most of these are competitive inhibitors with NAD+ and there is no data 
demonstrating disruption of the PARP-DNA interaction by SMIs. This is consistent with the 
separation of activities between the two zinc finger DNA binding domains and the catalytic 
domain though recent evidence proposes a model for the DNA dependent catalytic activity 
involving a DNA bound Zn domain 1 interaction with another critical domain required for 
catalytic activity (Langelier et al., 2011). How this is regulated by SMI binding again is yet to 
be determined.  
Currently there are over 40 ongoing clinical trials focusing on PARP inhibitors and patient 
response. Olaparib, a novel PARP1 inhibitor has entered into clinical trials and in 
conjunction with BRCA1/2 mutations has proven to increase efficacy of treatments and is in 
Phase II clinical trials. ABT-888 has been shown to not only inhibit PARP1 activity but to 
also inhibit PARP2 activity based on a PARP enzyme assay using purified protein 
(Donawho et al., 2007; Penning et al., 2009). More recently crystal structure data provided a  
potential mechanism for this specificity (Karlberg et al., 2010) and highlights the deep 
binding pocket that allow low nM inhibitors to be developed (Figure 1). While ABT-888 has 
entered into early phase clinical trials the true target remains to be determined (Kummar et 
al., 2010).  
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ribose polymers, utilizing NAD+ as a substrate, which aids in DNA repair and cellular 
signaling (Calabrese et al., 2004). PARP also plays a role in the homologous recombination 
(HR) repair pathway (Helleday, 2010) and has been suggested to play a role in the 
alternative non-homologous end joining pathway (A-NHEJ) (Wang et al., 2006). The indirect 
role PARP plays in the HR pathway is through its ability to recognize SSBs. In the absence of 
PARP SSBs accumulate resulting in an increased number of collapsed replication forks 
which require DNA repair. Therefore, chemotherapeutics which elicit their toxic effects by 
damaging the DNA, have increased potency in combination treatment with PARP inhibitors 
due to a decrease in DNA repair and an accumulation of collapsed replication forks 
(Thomas et al., 2007). This increase in DNA damage results in cell death, which is a 
favorable outcome in the treatment of cancer. Researchers have used this knowledge to 
initiate the development of PARP inhibitors and over the past four decades numerous PARP 
inhibitors have entered clinical trials, some of which have been successfully incorporated 
into chemotherapeutic regimens.  
Initial PARP inhibitors were analogues of nicotinamide whose activities were useful for in 
vitro studies but were found to be of little clinical value. A second generation of inhibitors, 
which included benzimidazole-carboxamides, quinazolin-4-[3H]-ones and isoquinoline 
derivatives (NU1085, NU1025, PD128763) were shown to increase radio- and 
chemosensitivity in vitro (Delaney et al., 2000). NU1025 sensitized tumor cell lines to 
temozolomide and camptothecin, yet the specificity of NU1025 was not developed enough 
for use in preclinical trials. AG14361, a PARP inhibitor identified by a PARP1 activity assay, 
exploits the PARP1-catalyzed NAD-dependent incorporation of poly(ADP)ribose to 
histones (Thomas et al., 2007). Briefly, the incorporation of 32P-ADP-ribose into an insoluble 
material is measured following the transfer of radiolabeled phosphate from 32P-NAD. Data 
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Fig. 1. Small Molecule Inhibitor of PARPs DNA Repair Activity.  A) Depicted is the 
inhibitory effect of a general PARP SMI which disrupts the PARP catalyzed addition of 
poly(ADP)ribose onto various substrates or PARP itself.  Disruption of this activity results 
in a decrease in DNA repair. B, C) Structural analysis of PARP- ABT-888 complex . PARP is 
colored according to secondary structure with red indicating α-helix, yellow β-sheet and 
green unstructured.  ABT-888 is colored by element. 

2.2 RPA inhibitors – targeting nucleotide excision repair, homologous recombination 
repair and DNA replication  
Replication protein A (RPA) is involved in nearly all DNA metabolic pathways. It’s 
involvement in the nucleotide excision repair (NER) pathway and the HR repair pathway is 
particularly important in the context of genome stability. RPA is the major human single 
strand DNA binding protein and participates in DNA replication at the fork, stabilizing 
single-stranded DNA (Wold, 1997). In NER RPA interacts with undamaged single strand 
DNA following the recognition of damaged nucleotides by Xeroderma Pigmentosum Group 
C (XPC), Rad23B and Centrin 2 in the initial steps of the NER pathway. RPA, together with 
the Xeroderma Pigmentosum Group A (XPA) protein and Transcription Factor II H (TFIIH), 
form the preincision complex of the NER pathway which is necessary for the proper 
functioning of the NER machinery (Araujo et al., 2000; Shuck et al., 2008). This preincision 
complex further guides the placement of downstream proteins such as Xeroderma 
Pigmentosum Group F (XPF) and Xeroderma Pigmentosum Group G (XPG) the proteins 
responsible for excising the damaged nucleotides. RPA also plays an indirect role in the HR 
repair pathway by interacting with Rad51 which initiates the HR pathway and promotes 
DNA strand exchange (Stauffer and Chazin, 2004; Sigurdsson et al., 2001). Disruption of 
RPA’s DNA binding activity via a SMI would disrupt the formation of a functional NER 
preincision complex and decrease the efficiency of the NER machinery. In relation to cancer 
therapy, a decrease in NER efficiency is beneficial since this is the main pathway utilized for 
the removal of bulky DNA adducts, such as those resulting from cisplatin treatment.  
Cisplatin is a common chemotherapeutic used as front line treatment for a number of 
cancers including those associated with the head and neck, non-small cell lung cancer 
(NSCLC), and testicular cancer. Cisplatin has a >90% cure rate for the treatment of testicular 
cancer (Einhorn, 2002); however in the case of NSCLC the response to cisplatin treatment 
varies significantly (Simon, 2008). Recurrence and resistance to cisplatin treatment are two 
significant clinical issues. In the cell, cisplatin elicits its toxic effect by forming covalent 
adducts with purine residues within the DNA. The NER preincision complex recognizes 
these bulky adducts and initiates the removal of the damaged nucleotides. Therefore, 
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inhibiting the NER machinery would result in an accumulation of cisplatin lesions on 
genomic DNA resulting in increased efficacy following treatment.  
TDRL-505 – Recently a number of putative SMIs of RPA’s DNA binding activity were 
identified and a subset of these putative inhibitors were analyzed in vitro. One inhibitor, 
TRDL-505, demonstrated an inhibitory effect on RPA’s DNA binding activity as shown by 
electrophoretic mobility shift assays (EMSA) and by fluorescence polarization assays using 
both single- and double-strand DNA substrates with an IC50 value of 12.9 µM (Shuck and 
Turchi, 2010). This reversible RPA inhibitor disrupted not only the interaction of full-length 
RPA but also of the p70 domain of RPA with DNA (Figure 2). The p70 domain of RPA 
contains two of the main OB-folds which are involved in the RPA-DNA interaction (Bochkarev 
and Bochkareva, 2004). After demonstrating that TRDL-505 reduced the formation of an RPA-
DNA complex, in vivo studies were initiated to study the cellular effect of TDRL-505. Although 
single agent treatment of lung cancer cell lines H460 and A549 with TDRL-505 resulted in a G1 
arrest and increased non-apoptotic cellular death, combination treatment with cisplatin 
resulted in a synergistic level of efficacy in both cell lines. Other in vivo analyses, such as 
immunofluorescence and foci formation demonstrated both a decrease in cellular 
concentration of RPA and foci formation following treatment with TDRL-505, suggesting that 
TDRL-505 may be affecting the NER activity and the replication activity of RPA (Shuck and 
Turchi, 2010). Although a number of in vitro and in vivo studies have demonstrated not only an 
interaction between TRDL-505 and RPA but also a synergistic effect increasing cisplatin 
efficacy, the molecule interactions between RPA and TDRL-505 have not been determined. 
Further, mouse model studies, in addition to clinical testing, are necessary to further 
characterize the inhibitory effect of TDRL-505. The initial data, however, provide substantial 
support for studies involving SMIs, which interact directly with proteins in the NER pathway, 
specifically those necessary for the preincision complex formation.  
 

 
Fig. 2. Interaction of TDRL-505 with Replication Protein A.  TDRL-505 is an in vitro 
characterized inhibitor of RPA’s DNA binding activity.  The modeled image demonstrates 
the potential interaction between TDRL-505 and RPA. 
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Fig. 1. Small Molecule Inhibitor of PARPs DNA Repair Activity.  A) Depicted is the 
inhibitory effect of a general PARP SMI which disrupts the PARP catalyzed addition of 
poly(ADP)ribose onto various substrates or PARP itself.  Disruption of this activity results 
in a decrease in DNA repair. B, C) Structural analysis of PARP- ABT-888 complex . PARP is 
colored according to secondary structure with red indicating α-helix, yellow β-sheet and 
green unstructured.  ABT-888 is colored by element. 

2.2 RPA inhibitors – targeting nucleotide excision repair, homologous recombination 
repair and DNA replication  
Replication protein A (RPA) is involved in nearly all DNA metabolic pathways. It’s 
involvement in the nucleotide excision repair (NER) pathway and the HR repair pathway is 
particularly important in the context of genome stability. RPA is the major human single 
strand DNA binding protein and participates in DNA replication at the fork, stabilizing 
single-stranded DNA (Wold, 1997). In NER RPA interacts with undamaged single strand 
DNA following the recognition of damaged nucleotides by Xeroderma Pigmentosum Group 
C (XPC), Rad23B and Centrin 2 in the initial steps of the NER pathway. RPA, together with 
the Xeroderma Pigmentosum Group A (XPA) protein and Transcription Factor II H (TFIIH), 
form the preincision complex of the NER pathway which is necessary for the proper 
functioning of the NER machinery (Araujo et al., 2000; Shuck et al., 2008). This preincision 
complex further guides the placement of downstream proteins such as Xeroderma 
Pigmentosum Group F (XPF) and Xeroderma Pigmentosum Group G (XPG) the proteins 
responsible for excising the damaged nucleotides. RPA also plays an indirect role in the HR 
repair pathway by interacting with Rad51 which initiates the HR pathway and promotes 
DNA strand exchange (Stauffer and Chazin, 2004; Sigurdsson et al., 2001). Disruption of 
RPA’s DNA binding activity via a SMI would disrupt the formation of a functional NER 
preincision complex and decrease the efficiency of the NER machinery. In relation to cancer 
therapy, a decrease in NER efficiency is beneficial since this is the main pathway utilized for 
the removal of bulky DNA adducts, such as those resulting from cisplatin treatment.  
Cisplatin is a common chemotherapeutic used as front line treatment for a number of 
cancers including those associated with the head and neck, non-small cell lung cancer 
(NSCLC), and testicular cancer. Cisplatin has a >90% cure rate for the treatment of testicular 
cancer (Einhorn, 2002); however in the case of NSCLC the response to cisplatin treatment 
varies significantly (Simon, 2008). Recurrence and resistance to cisplatin treatment are two 
significant clinical issues. In the cell, cisplatin elicits its toxic effect by forming covalent 
adducts with purine residues within the DNA. The NER preincision complex recognizes 
these bulky adducts and initiates the removal of the damaged nucleotides. Therefore, 
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inhibiting the NER machinery would result in an accumulation of cisplatin lesions on 
genomic DNA resulting in increased efficacy following treatment.  
TDRL-505 – Recently a number of putative SMIs of RPA’s DNA binding activity were 
identified and a subset of these putative inhibitors were analyzed in vitro. One inhibitor, 
TRDL-505, demonstrated an inhibitory effect on RPA’s DNA binding activity as shown by 
electrophoretic mobility shift assays (EMSA) and by fluorescence polarization assays using 
both single- and double-strand DNA substrates with an IC50 value of 12.9 µM (Shuck and 
Turchi, 2010). This reversible RPA inhibitor disrupted not only the interaction of full-length 
RPA but also of the p70 domain of RPA with DNA (Figure 2). The p70 domain of RPA 
contains two of the main OB-folds which are involved in the RPA-DNA interaction (Bochkarev 
and Bochkareva, 2004). After demonstrating that TRDL-505 reduced the formation of an RPA-
DNA complex, in vivo studies were initiated to study the cellular effect of TDRL-505. Although 
single agent treatment of lung cancer cell lines H460 and A549 with TDRL-505 resulted in a G1 
arrest and increased non-apoptotic cellular death, combination treatment with cisplatin 
resulted in a synergistic level of efficacy in both cell lines. Other in vivo analyses, such as 
immunofluorescence and foci formation demonstrated both a decrease in cellular 
concentration of RPA and foci formation following treatment with TDRL-505, suggesting that 
TDRL-505 may be affecting the NER activity and the replication activity of RPA (Shuck and 
Turchi, 2010). Although a number of in vitro and in vivo studies have demonstrated not only an 
interaction between TRDL-505 and RPA but also a synergistic effect increasing cisplatin 
efficacy, the molecule interactions between RPA and TDRL-505 have not been determined. 
Further, mouse model studies, in addition to clinical testing, are necessary to further 
characterize the inhibitory effect of TDRL-505. The initial data, however, provide substantial 
support for studies involving SMIs, which interact directly with proteins in the NER pathway, 
specifically those necessary for the preincision complex formation.  
 

 
Fig. 2. Interaction of TDRL-505 with Replication Protein A.  TDRL-505 is an in vitro 
characterized inhibitor of RPA’s DNA binding activity.  The modeled image demonstrates 
the potential interaction between TDRL-505 and RPA. 
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MCI – A second class of RPA inhibitors, containing a central isoborneol compound, 
irreversibly inhibit RPA’s DNA binding activity in vitro (Anciano Granadillo et al., 2010).  
This class of SMIs demonstrated an IC50 value below 5 µM and in some cases as low as 1 µM, 
depending on the cell line analyzed. Following single agent treatment, this class of 
compounds induced a classical apoptotic response and lengthened either G1 or S phases of 
the cell cycle. Furthermore, this class of compounds synergized with cisplatin following 
combination treatment and a sequential dosing schedule in which cisplatin was the first 
drug employed. Taken together, this data suggests that this class of isoborneol compounds 
may be employed as effective single agent chemotherapeutics or in combination with 
current chemotherapy drugs such as cisplatin. However, the MCI SMIs have potential off-
target cellular effects, which render the compounds more effective, further analyses 
studying the direct in vivo targets of the MCI SMIs is necessary to form solid conclusions as 
to the exact mechanisms of the inhibitors.  
More recently, novel SMIs of the N-terminal domain of RPA70, which is responsible for 
numerous protein-protein interactions important for DNA damage signaling and damage 
response, were identified using in silico and in vitro methodologies (Glanzer et al., 2011). 
One specific SMI, NSC15520, disrupted the RPA-p53 and RPA-Rad9 interactions but did  
not affect RPAs ability to bind to ssDNA. Although this SMI needs to be further 
characterized, this data demonstrates the feasibility of targeting protein-DNA interactions 
for therapeutic benefit.  

2.3 XPA inhibitors – targeting nucleotide excision repair 
XPA’s only known role is in the NER pathway and this protein is essential for the formation 
of the preincision complex following damage recognition. Previous studies have 
demonstrated that a decrease in XPA expression in testicular cancer cell lines leads to a 
decrease in NER capacity and an increase in cisplatin efficacy (Koberle et al., 2006; Welsh et 
al., 2004; Koberle et al., 1999). Small molecules docked against XPA’s minimal DNA binding 
domain (MBD), via in silico screening, led to the identification of a number of compounds 
with the potential to disrupt XPA’s DNA binding activity (Neher et al., 2010). Primary 
screening, consisting of fluorescence polarization using a single stranded oligonucleotide 
containing a fluorescein label, identified 1 compound TDRL-X80, which disrupted the 
formation of the XPA-DNA complex (Neher et al., 2010).  
TDRL-X80 - Fluorescence polarization and ELISA based assays were used to study the 
disruption of the XPA-DNA interaction in the presence of TDRL-X80. The assays were 
performed using single-, double-strand, and double-strand cisplatin-damaged DNA; and 
with all three substrates the XPA-DNA interaction was reduced with an IC50 value near 30 
µM. Modeling of TDRL-X80 with XPA’s MBD demonstrated that TDRL-X80 was in 
proximity to interact with Lysine 137 possibly disrupting XPA’s DNA binding ability 
(Figure 3). These data provide support for the accuracy of the novel in silico screen in 
addition to providing a SMI of XPA’s DNA binding activity. In addition, the data suggest 
the importance of Lys 137 in XPA’s DNA binding activity rendering this amino acid 
potentially important for XPA’s DNA binding function; however further analyses are 
necessary before this conclusion can be made. The possibility remains that in vivo TDRL-X80 
may reduce the formation of a stable preincision complex, involving XPA and therefore 
reduce the NER capacity. If this occurs, as seen with the testicular data provided above, 
combination treatment with TDRL-X80 and cisplatin should increase the efficacy of drug 
treatment reducing cell division and increasing apoptosis.  
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Fig. 3. Putative Interactions between TDRL-X80 and Amino Acids Localized in XPA’s 
Minimal DNA Binding Domain.  TDRL-X80 was modeled in silico in XPA’s minimal DNA 
binding domain and amino acids within proximity are highlighted and may be potentially 
important for the XPA-X80 interaction. 

2.4 DNA-PK inhibitors – targeting non-homologous end joining double strand break 
repair via ATP competitive inhibitors 
DNA-PK, a heterotrimeric protein complex consisting of Ku70/80 and DNA-PKcs, plays an 
important role in the NHEJ pathway and the repair of double strand breaks (DSBs) by 
interacting with the free ends of genomic DNA and recruiting downstream end processing 
proteins such as artemis and fill-in/ligation proteins such as the XRCC4/Ligase IV complex 
(Pawelczak et al., 2010). Inhibiting proteins involved in the NHEJ pathway would result in a 
decrease in the repair of DNA DSBs and an accumulation of DNA damage, resulting in 
cellular death or apoptosis. DNA DSBs can be caused by a number of agents, including 
ionizing radiation (IR), which is commonly used for cancer therapy. IR treatment not only 
directly causes DSBs but also induces free radicals and reactive oxygen species which in 
turn may damage the DNA, creating abasic sites. IR, therefore, results in DNA ends which 
are difficult to ligate and require significant processing, which is the function of the NHEJ 
pathway. Thus, by decreasing the efficiency of the NHEJ pathway an increase in the 
effectiveness of IR may be possible. A number of SMIs of DNA-PK have been identified and 
extensively characterized in vitro and in vivo, although none target the DNA-PK-DNA 
interaction. Most of the inhibitors identified to date are competitive with the ATP substrate 
and do not appear to impact the necessary interaction of DNA-PK with DNA.  
Wortmannin, one of the first identified DNA-PK inhibitors is an irreversible inhibitor that 
displays non-competitive kinetics, while competing with ATP (Izzard et al., 1999). The lack 
of specificity while limiting the utility of this agent as a chemical genetic probe, did provide 
key structural information used for the synthesis of analogs. Similarly other early PI-3K 
inhibitors, OK1035 and LY249002 were useful structurally but had limited utility to probe 
DNA DSB repair (Take et al., 1995, Hollick et al., 2003). Second generation ATP competitive 
inhibitor NU-7026 ((2-(morpholin-4-yl)-benzo[h]chromen-4-one) was shown to be more 
selective and more potent (Hollick et al., 2003). 2-N-morpholino-8-dibenzothiophenyl-
chromen-4-one (NU7441) also based on LY294002 (Hardcastle et al., 2005), was shown to be 
more potent and more specific for DNA-PK with an IC50 value of 14 nM as demonstrated in 
an ELISA-based assay (Leahy et al., 2004). With low nM activity and increased specificity 
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MCI – A second class of RPA inhibitors, containing a central isoborneol compound, 
irreversibly inhibit RPA’s DNA binding activity in vitro (Anciano Granadillo et al., 2010).  
This class of SMIs demonstrated an IC50 value below 5 µM and in some cases as low as 1 µM, 
depending on the cell line analyzed. Following single agent treatment, this class of 
compounds induced a classical apoptotic response and lengthened either G1 or S phases of 
the cell cycle. Furthermore, this class of compounds synergized with cisplatin following 
combination treatment and a sequential dosing schedule in which cisplatin was the first 
drug employed. Taken together, this data suggests that this class of isoborneol compounds 
may be employed as effective single agent chemotherapeutics or in combination with 
current chemotherapy drugs such as cisplatin. However, the MCI SMIs have potential off-
target cellular effects, which render the compounds more effective, further analyses 
studying the direct in vivo targets of the MCI SMIs is necessary to form solid conclusions as 
to the exact mechanisms of the inhibitors.  
More recently, novel SMIs of the N-terminal domain of RPA70, which is responsible for 
numerous protein-protein interactions important for DNA damage signaling and damage 
response, were identified using in silico and in vitro methodologies (Glanzer et al., 2011). 
One specific SMI, NSC15520, disrupted the RPA-p53 and RPA-Rad9 interactions but did  
not affect RPAs ability to bind to ssDNA. Although this SMI needs to be further 
characterized, this data demonstrates the feasibility of targeting protein-DNA interactions 
for therapeutic benefit.  

2.3 XPA inhibitors – targeting nucleotide excision repair 
XPA’s only known role is in the NER pathway and this protein is essential for the formation 
of the preincision complex following damage recognition. Previous studies have 
demonstrated that a decrease in XPA expression in testicular cancer cell lines leads to a 
decrease in NER capacity and an increase in cisplatin efficacy (Koberle et al., 2006; Welsh et 
al., 2004; Koberle et al., 1999). Small molecules docked against XPA’s minimal DNA binding 
domain (MBD), via in silico screening, led to the identification of a number of compounds 
with the potential to disrupt XPA’s DNA binding activity (Neher et al., 2010). Primary 
screening, consisting of fluorescence polarization using a single stranded oligonucleotide 
containing a fluorescein label, identified 1 compound TDRL-X80, which disrupted the 
formation of the XPA-DNA complex (Neher et al., 2010).  
TDRL-X80 - Fluorescence polarization and ELISA based assays were used to study the 
disruption of the XPA-DNA interaction in the presence of TDRL-X80. The assays were 
performed using single-, double-strand, and double-strand cisplatin-damaged DNA; and 
with all three substrates the XPA-DNA interaction was reduced with an IC50 value near 30 
µM. Modeling of TDRL-X80 with XPA’s MBD demonstrated that TDRL-X80 was in 
proximity to interact with Lysine 137 possibly disrupting XPA’s DNA binding ability 
(Figure 3). These data provide support for the accuracy of the novel in silico screen in 
addition to providing a SMI of XPA’s DNA binding activity. In addition, the data suggest 
the importance of Lys 137 in XPA’s DNA binding activity rendering this amino acid 
potentially important for XPA’s DNA binding function; however further analyses are 
necessary before this conclusion can be made. The possibility remains that in vivo TDRL-X80 
may reduce the formation of a stable preincision complex, involving XPA and therefore 
reduce the NER capacity. If this occurs, as seen with the testicular data provided above, 
combination treatment with TDRL-X80 and cisplatin should increase the efficacy of drug 
treatment reducing cell division and increasing apoptosis.  
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Fig. 3. Putative Interactions between TDRL-X80 and Amino Acids Localized in XPA’s 
Minimal DNA Binding Domain.  TDRL-X80 was modeled in silico in XPA’s minimal DNA 
binding domain and amino acids within proximity are highlighted and may be potentially 
important for the XPA-X80 interaction. 

2.4 DNA-PK inhibitors – targeting non-homologous end joining double strand break 
repair via ATP competitive inhibitors 
DNA-PK, a heterotrimeric protein complex consisting of Ku70/80 and DNA-PKcs, plays an 
important role in the NHEJ pathway and the repair of double strand breaks (DSBs) by 
interacting with the free ends of genomic DNA and recruiting downstream end processing 
proteins such as artemis and fill-in/ligation proteins such as the XRCC4/Ligase IV complex 
(Pawelczak et al., 2010). Inhibiting proteins involved in the NHEJ pathway would result in a 
decrease in the repair of DNA DSBs and an accumulation of DNA damage, resulting in 
cellular death or apoptosis. DNA DSBs can be caused by a number of agents, including 
ionizing radiation (IR), which is commonly used for cancer therapy. IR treatment not only 
directly causes DSBs but also induces free radicals and reactive oxygen species which in 
turn may damage the DNA, creating abasic sites. IR, therefore, results in DNA ends which 
are difficult to ligate and require significant processing, which is the function of the NHEJ 
pathway. Thus, by decreasing the efficiency of the NHEJ pathway an increase in the 
effectiveness of IR may be possible. A number of SMIs of DNA-PK have been identified and 
extensively characterized in vitro and in vivo, although none target the DNA-PK-DNA 
interaction. Most of the inhibitors identified to date are competitive with the ATP substrate 
and do not appear to impact the necessary interaction of DNA-PK with DNA.  
Wortmannin, one of the first identified DNA-PK inhibitors is an irreversible inhibitor that 
displays non-competitive kinetics, while competing with ATP (Izzard et al., 1999). The lack 
of specificity while limiting the utility of this agent as a chemical genetic probe, did provide 
key structural information used for the synthesis of analogs. Similarly other early PI-3K 
inhibitors, OK1035 and LY249002 were useful structurally but had limited utility to probe 
DNA DSB repair (Take et al., 1995, Hollick et al., 2003). Second generation ATP competitive 
inhibitor NU-7026 ((2-(morpholin-4-yl)-benzo[h]chromen-4-one) was shown to be more 
selective and more potent (Hollick et al., 2003). 2-N-morpholino-8-dibenzothiophenyl-
chromen-4-one (NU7441) also based on LY294002 (Hardcastle et al., 2005), was shown to be 
more potent and more specific for DNA-PK with an IC50 value of 14 nM as demonstrated in 
an ELISA-based assay (Leahy et al., 2004). With low nM activity and increased specificity 
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these agents were active as  radiosensitizers and sensitized cells to etoposide, a common 
chemotherapeutic that indirectly induces DNA DSBs (Zhao et al., 2006). These data support 
the possibility that NU7441 is an effective SMI of DNA-PK and in combination treatment 
with current chemotherapeutic regimens, such as IR or etoposide treatment, a decrease in 
repair would result in an increase in treatment efficacy. Continued development of both 
classes of inhibitors including NU7613 continue to target the ATP binding pocket of DNA-
PK and result in increased potency and selectivity while also increasing cellular activity 
(Clapham et al., 2011; Cano et al., 2010; sage-El et al., 2008; Hollick et al., 2007; Griffin et al., 
2005), however, their true utility as therapeutic agents awaits clinical assessment.  

2.5 ATM inhibitors – targeting the DSB DNA damage response  
The role of Ataxia telangiectasia mutated (ATM) in DSB repair has been studied in detail. 
This protein kinase plays an important role in the signaling cascade initiated in response to 
DNA DSBs. As mutation in ATM results in hypersensitivity to IR, similar to DNA-PK, 
chemical inhibition is a means of radiosensitizing cells to radiation treatment. Initial work  
also focused on non-specific inhibitors including wortmannin and caffeine. More recently a 
small molecule, KU-55933 (2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one), was identified 
and from a screen of a combinatorial library and characterization revealed potent  and 
specific inhibition of ATM (Hickson et al., 2004). Specificity for ATM was 100x greater than 
that for any other tested proteins in the PIKK family and demonstrated an IC50 value of 
~12.9 nM. Cells treated with KU-55933 after IR demonstrated a significant downregulation 
of the IR-induced phosphorylation of p53. Furthermore, UV-induced phosphorylation 
events were not altered by the addition of KU-55933 following UV damage, suggesting that 
KU-55933 is a specific inhibitor of ATM and not interacting indirectly with proteins in the 
NER pathway, which is used to repair UV-damaged DNA. Additional cell cycle analysis 
demonstrated that KU-55933 alone had no effect on the cell cycle; however, KU-55933 
treatment following IR results in a shift to the G2/M phase in contrast to the G2/S or G2/M 
phase with IR treatment alone and KU-55933 did not alter the cell cycle for fibroblast cells 
even after IR treatment, again suggesting specificity and direct target effects by this ATM 
inhibitor. More recently, KU-55933 was observed to induce apoptosis as a single agent and 
ATM regulation of AKT was suggested to mediate this effect (Li and Yang, 2010). A similar 
effect was also observed with KU-60019, an improved more potent inhibitor (Golding et al., 
2009). The mechanism of these inhibitors has not been described in detail however, these 
SMIs are based on the LY294002 compound (see section 2.4) and therefore one would expect 
both KU-55933 and KU-60019 to be competitive inhibitors with respect to ATP. Very similar 
results were also observed with another ATM inhibitor identified by screening a focused 
library (Rainey et al., 2008). Similar to DNA-PK inhibitors the utility of these as 
radiosensitizing agents for cancer therapy remains to be determined.  

2.6 Indirect targeting of Rad51 via receptor tyrosine kinase inhibitors  
Rad51 is a critical protein in homologous recombination (HR) and homology directed repair. 
RAD51 binds RPA coated single stranded DNA and mediates the search for homology. 
Rad51 is overexpressed in a variety of cancers and has been proposed to be a target for 
cancer therapy. Despite these intriguing data, no direct Rad51 inhibitors have been 
described to date. Rad51 however has been found to be down regulated in cells treated with 
an inhibitor of the c-Met Receptor tyrosine kinase (RTK). RTKs are involved in the 
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regulation of numerous cellular processes such as cell growth, differentiation and repair of 
damaged DNA. Additionally, overexpression and mutation of tyrosine kinases have been 
shown to be involved in the progression of many cancers. c-Met, one such RTK has been 
implicated in tumorigenesis and has recently become a target for SMIs (Eder et al., 2009; 
Welsh et al., 2009). The SMI, MP470 was designed as a general RTK inhibitor and was 
initially shown to inhibit c-Met in addition to other RTKs (Qi et al., 2009). More specifically, 
MP470 inhibits c-Met tyrosine kinase phosphorylation and has been shown to sensitize cells 
to IR and platinum-based therapies in addition to inducing apoptosis (Qi et al., 2009). Cells 
treated with MP470 were not only shown to have a reduction in c-Met but also a slight 
reduction in Akt- and IR-induced Rad51 expression, which is involved in the repair of DSB. 
Literature suggests that MP470 may impart its function by modulating Rad51 expression in 
a dose dependent manner; however, data supporting this statement remain sparse at best. 
Although MP470 has advanced to clinical trials, the plethora of indirect effects make 
determination of the contribution of HR repair to any observed activity nearly impossible to 
determine. Thus validation of Rad51 as a clinical target for cancer therapy will likely require 
an agent that directly targets this protein and its role in HR.  

3. Inhibitors of transcription factors  
Myriad of human diseases are associated with irregular transcription factor activity making 
this class of proteins and complexes highly desirable targets for therapy. Many factors 
however, have led some to consider these targets as “undruggable”. The complexity of the 
interactions involving multi-point contact over large surfaces and lack of small pockets and 
crevices in which to design SMI’s are only a few of the issues needed to be addressed. While 
not comprehensive, below we highlight a few of these efforts towards targeting the 
transcription factors and identify those with direct action blocking protein-DNA interactions 
versus indirect action.  

3.1 Stat3 transcription factor  
Signal transducer and activator of transcription 3 (Stat3) is a member of the Stat protein 
family that acts as a transcription activator. In response to cytokines and growth factors, 
Stat3 is activated by phosphorylation on tyrosine 705, and forms homo- or hetero-dimers via 
reciprocal interaction between its Src homology 2 (SH2) domain and the phosphorylated 
tyrosine residues. Stat3 dimers then translocate into the nucleus, where they bind to specific 
promoter sequences activating transcription. Stat3 target genes have been identified and 
include regulators of crucial steps in proliferation and survival, metastasis and angiogenesis, 
and immune evasion (reviewed in ref (Bowman et al., 2000; Darnell, Jr., 1997; Hsieh et al., 
2005; Ihle, 1996). Constitutive activation of Stat3 has been observed in various human 
cancers such as breast, lung, head and neck, and prostate cancers and correlates with poor 
prognosis of these diseases (Bowman et al., 2000). Subcutaneously-injected cells expressing 
constitutively-activated Stat3 also formed tumors in xenograft animal models (Bromberg et 
al., 1999). Selective inhibition of aberrant Stat3 activity has been reported to inhibit cell 
proliferation and induce apoptosis in a variety of cancer cell lines (Yue and Turkson, 2009). 
Thus, Stat3 is one of the promising targets for antineoplastic drug discovery. Indeed, 
inhibitors directed against the Stat3 pathway have recently entered into clinical trials. For 
example, a phase-1 study of OPB-31121 in patients with advanced solid tumors is currently 
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these agents were active as  radiosensitizers and sensitized cells to etoposide, a common 
chemotherapeutic that indirectly induces DNA DSBs (Zhao et al., 2006). These data support 
the possibility that NU7441 is an effective SMI of DNA-PK and in combination treatment 
with current chemotherapeutic regimens, such as IR or etoposide treatment, a decrease in 
repair would result in an increase in treatment efficacy. Continued development of both 
classes of inhibitors including NU7613 continue to target the ATP binding pocket of DNA-
PK and result in increased potency and selectivity while also increasing cellular activity 
(Clapham et al., 2011; Cano et al., 2010; sage-El et al., 2008; Hollick et al., 2007; Griffin et al., 
2005), however, their true utility as therapeutic agents awaits clinical assessment.  

2.5 ATM inhibitors – targeting the DSB DNA damage response  
The role of Ataxia telangiectasia mutated (ATM) in DSB repair has been studied in detail. 
This protein kinase plays an important role in the signaling cascade initiated in response to 
DNA DSBs. As mutation in ATM results in hypersensitivity to IR, similar to DNA-PK, 
chemical inhibition is a means of radiosensitizing cells to radiation treatment. Initial work  
also focused on non-specific inhibitors including wortmannin and caffeine. More recently a 
small molecule, KU-55933 (2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one), was identified 
and from a screen of a combinatorial library and characterization revealed potent  and 
specific inhibition of ATM (Hickson et al., 2004). Specificity for ATM was 100x greater than 
that for any other tested proteins in the PIKK family and demonstrated an IC50 value of 
~12.9 nM. Cells treated with KU-55933 after IR demonstrated a significant downregulation 
of the IR-induced phosphorylation of p53. Furthermore, UV-induced phosphorylation 
events were not altered by the addition of KU-55933 following UV damage, suggesting that 
KU-55933 is a specific inhibitor of ATM and not interacting indirectly with proteins in the 
NER pathway, which is used to repair UV-damaged DNA. Additional cell cycle analysis 
demonstrated that KU-55933 alone had no effect on the cell cycle; however, KU-55933 
treatment following IR results in a shift to the G2/M phase in contrast to the G2/S or G2/M 
phase with IR treatment alone and KU-55933 did not alter the cell cycle for fibroblast cells 
even after IR treatment, again suggesting specificity and direct target effects by this ATM 
inhibitor. More recently, KU-55933 was observed to induce apoptosis as a single agent and 
ATM regulation of AKT was suggested to mediate this effect (Li and Yang, 2010). A similar 
effect was also observed with KU-60019, an improved more potent inhibitor (Golding et al., 
2009). The mechanism of these inhibitors has not been described in detail however, these 
SMIs are based on the LY294002 compound (see section 2.4) and therefore one would expect 
both KU-55933 and KU-60019 to be competitive inhibitors with respect to ATP. Very similar 
results were also observed with another ATM inhibitor identified by screening a focused 
library (Rainey et al., 2008). Similar to DNA-PK inhibitors the utility of these as 
radiosensitizing agents for cancer therapy remains to be determined.  

2.6 Indirect targeting of Rad51 via receptor tyrosine kinase inhibitors  
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RAD51 binds RPA coated single stranded DNA and mediates the search for homology. 
Rad51 is overexpressed in a variety of cancers and has been proposed to be a target for 
cancer therapy. Despite these intriguing data, no direct Rad51 inhibitors have been 
described to date. Rad51 however has been found to be down regulated in cells treated with 
an inhibitor of the c-Met Receptor tyrosine kinase (RTK). RTKs are involved in the 
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regulation of numerous cellular processes such as cell growth, differentiation and repair of 
damaged DNA. Additionally, overexpression and mutation of tyrosine kinases have been 
shown to be involved in the progression of many cancers. c-Met, one such RTK has been 
implicated in tumorigenesis and has recently become a target for SMIs (Eder et al., 2009; 
Welsh et al., 2009). The SMI, MP470 was designed as a general RTK inhibitor and was 
initially shown to inhibit c-Met in addition to other RTKs (Qi et al., 2009). More specifically, 
MP470 inhibits c-Met tyrosine kinase phosphorylation and has been shown to sensitize cells 
to IR and platinum-based therapies in addition to inducing apoptosis (Qi et al., 2009). Cells 
treated with MP470 were not only shown to have a reduction in c-Met but also a slight 
reduction in Akt- and IR-induced Rad51 expression, which is involved in the repair of DSB. 
Literature suggests that MP470 may impart its function by modulating Rad51 expression in 
a dose dependent manner; however, data supporting this statement remain sparse at best. 
Although MP470 has advanced to clinical trials, the plethora of indirect effects make 
determination of the contribution of HR repair to any observed activity nearly impossible to 
determine. Thus validation of Rad51 as a clinical target for cancer therapy will likely require 
an agent that directly targets this protein and its role in HR.  

3. Inhibitors of transcription factors  
Myriad of human diseases are associated with irregular transcription factor activity making 
this class of proteins and complexes highly desirable targets for therapy. Many factors 
however, have led some to consider these targets as “undruggable”. The complexity of the 
interactions involving multi-point contact over large surfaces and lack of small pockets and 
crevices in which to design SMI’s are only a few of the issues needed to be addressed. While 
not comprehensive, below we highlight a few of these efforts towards targeting the 
transcription factors and identify those with direct action blocking protein-DNA interactions 
versus indirect action.  

3.1 Stat3 transcription factor  
Signal transducer and activator of transcription 3 (Stat3) is a member of the Stat protein 
family that acts as a transcription activator. In response to cytokines and growth factors, 
Stat3 is activated by phosphorylation on tyrosine 705, and forms homo- or hetero-dimers via 
reciprocal interaction between its Src homology 2 (SH2) domain and the phosphorylated 
tyrosine residues. Stat3 dimers then translocate into the nucleus, where they bind to specific 
promoter sequences activating transcription. Stat3 target genes have been identified and 
include regulators of crucial steps in proliferation and survival, metastasis and angiogenesis, 
and immune evasion (reviewed in ref (Bowman et al., 2000; Darnell, Jr., 1997; Hsieh et al., 
2005; Ihle, 1996). Constitutive activation of Stat3 has been observed in various human 
cancers such as breast, lung, head and neck, and prostate cancers and correlates with poor 
prognosis of these diseases (Bowman et al., 2000). Subcutaneously-injected cells expressing 
constitutively-activated Stat3 also formed tumors in xenograft animal models (Bromberg et 
al., 1999). Selective inhibition of aberrant Stat3 activity has been reported to inhibit cell 
proliferation and induce apoptosis in a variety of cancer cell lines (Yue and Turkson, 2009). 
Thus, Stat3 is one of the promising targets for antineoplastic drug discovery. Indeed, 
inhibitors directed against the Stat3 pathway have recently entered into clinical trials. For 
example, a phase-1 study of OPB-31121 in patients with advanced solid tumors is currently 
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recruiting participants. OPB-31121 appears to strongly inhibit Interleukin 6 (IL-6)-induced 
phosphorylation of Stat3, thereby inducing tumor cell apoptosis and regression. A variety of 
Stat3 inhibitors have been previously identified, although targeting the upstream kinases for 
Stat3 activation such as Janus kinase inhibitor AG490 (Burke et al., 2001), WP1066 (Iwamaru 
et al., 2007), TG101209 (Ramakrishnan et al., 2010) and AZD1480 (Hedvat et al., 2009) or 
upstream factors for its expression such as antisense oligonucleotides (Kunigal et al., 2009; 
Ling and Arlinghaus, 2005) have been considered and tested (Yue and Turkson, 2009). The 
following discussion focuses on the inhibitors specifically targeting protein-protein and 
protein-DNA interactions (Figure 4). For inhibitors directed against protein-protein 
interactions the first proof-of-concept approach was peptidic and peptidomimetic inhibitors 
mimicking the sequence that binds to the Stat3 SH2 domain disrupting Stat3 dimerization. 
These inhibitors include small peptides PpYLKTK (Turkson et al., 2001), pYLPQTV (Ren et 
al., 2003), certain peptide aptamers (Nagel-Wolfrum et al., 2004) and mimetics ISS610 
(Turkson et al., 2004a). However, these inhibitors face challenges in membrane permeability 
and stability. Although the mimetics such as ISS610 have improved inhibition of Stat3 and 
selectivity over Stat1 and Stat5 in in vitro DNA-binding assays, their intracellular activity 
remains low as it cannot be efficiently taken up by cells (Turkson et al., 2004a). Nevertheless, 
these studies show that targeting the SH2 domain and dimerization of Stat3 is feasible. 
Recently, computational approaches and assay-based screening have been used to identify 
several potential SMIs targeting the SH2 domain. These SMIs include S3I-M2001 (Siddiquee 
et al., 2007b), STA-21 (Song et al., 2005; Chen et al., 2007), S3I-201 (Siddiquee et al., 2007a; 
Fletcher et al., 2009; Lin et al., 2009), Stattic (Schust et al., 2006), and catechol containing 
compounds (Hao et al., 2008). Additionally, these SMIs appear to inhibit Stat3 dimerization 
and have anti-proliferative effects on cancer cells. Although these inhibitors exhibited better 
cell permeability, stability and bioavailability than the peptidic and peptidomimetics, their 
moderate activities at medium to high micromolar levels will likely limit their clinical 
development.  
Although the DNA-binding domain of transcription factors has been long considered 
undrugable, the inhibition of the DNA-binding activity of Stat3 for drug discovery has been 
tested. Galiellalactone (Weidler et al., 2000; Hellsten et al., 2008), flavopiridol (Lee et al., 
2006) and a class of platinum (IV) compounds including IS3295 (Turkson et al., 2005), CPA-
1, CPA-7 and platinum (V) tetrachloride (Turkson et al., 2004b), and decoy 
oligodeoxynucleotides (Xi et al., 2005; Zhang et al., 2007; Gu et al., 2008; Sun et al., 2008; 
Zhang et al., 2010; Barton et al., 2004) were found to interfere with Stat3 binding to DNA as 
well as induce cell growth inhibition and apoptosis of human breast, lung and prostate 
cancer cells (Hellsten et al., 2008; Barton et al., 2004; Zhang et al., 2010; Zhang et al., 2007; Xi 
et al., 2005; Sun et al., 2008; Gu et al., 2008; Turkson et al., 2004b; Turkson et al., 2005; Lee et 
al., 2006). Some of these inhibitors have been tested in animal models and they appear to 
cause regression of xenograft tumors. These findings suggest that the DNA-binding domain 
of Stat3 is likely drugable. Recently, using computation-based drug screening, targeting the 
DNA-binding site of Stat3, we identified Stat3-specific SMIs that were able to inhibit cell 
proliferation and induce cellular apoptosis of human breast and lung cancer cells at sub-
micromolar concentrations (un-published data). Further investigation of these DNA-binding 
inhibitors of Stat3 will likely result in promising candidates for therapeutic development. 
However, more studies are clearly needed to assess further the therapeutic suitability of 
these agents and establish a pharmacologic and toxicity profile. 
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Fig. 4. Inhibitors of Transcription Factor Stat3.  SMIs have been developed against Stat3’s 
protein-protein and more recently protein-DNA interactions.  Recently identified Stat3 
inhibitors have demonstrated a decrease in the Stat3-DNA interaction and are being further 
characterized.  

3.2 Direct inhibition of HOXA13-DNA interaction  
HOXA13 is a member of the homeobox family of transcription factors involved in the 
regulation of development and has been found to play a role in the progression of a number 
of cancers (bate-Shen, 2002). These characteristics, like those of many transcription factors, 
make HOXA13 a viable target for inhibition towards therapeutic treatment of human cancer. 
As mentioned above, targeting the transcription factor-DNA interaction remains difficult 
but of high importance; therefore, a number of molecules with high complexity were 
designed to inhibit general transcription factors. An inhibitor of the  HOXA13-DNA 
interaction was identified via a high-throughput screen of a library of lactam carboxamides 
(Ng et al., 2007). Researchers utilized a fluorescence polarization assay to screen the 
compounds and identified two lactam carboxamides which disrupted the HOXA13-DNA 
interaction. One identified inhibitor was further analyzed and demonstrated an IC50 value of 
~6.5 µM. In addition, using a gene reporter assay, which places the HOXA13 transcription 
factor in control of the expression of luciferase, researchers demonstrated an increase in 
luciferase experssion following the addition of the HOXA13 inhibitor (Ng et al., 2007). 
Although the data presented suggest the disruption of the HOXA13-DNA interaction, there 
is very little additional information regarding this inhibitor. Although further biochemical 
studies need to be performed to confirm the inhibitor activity of this lactam carboxamide on 
HOXA13, these data provide support for the utility of high-throughput screens and the 
importance of inhibition of transcription factor-DNA interactions.  

3.3 Targeting Notch transcription complexes 
Notch proteins are membrane bound receptors, which are expressed during organogenesis 
and throughout adult tissues. Cell communication occurs when a Notch receptor interacts 
with a Notch ligand. Once activated, Notch is cleaved and then able to translocate into the 
nucleus to activate target genes by forming a complex with the DNA-bound transcription 
factor CSL (Schwanbeck et al., 2010). The Notch-CSL-DNA complex then recruits co-
activator proteins to ultimately stimulate transcription. Notch proteins play important roles 
in a number of cellular processes such as cellular differentiation and proliferation, for 
example, increased Notch expression correlates with a predisposition for cancers (Weng et 
al., 2004; O'Neil et al., 2007). Targeting Notch transcription was achieved with an α-helical 
peptide designed to bind the Notch-CSL-DNA complex termed SAHM1. SAHM1 was able 
to compete with the co-activator MAMl1 in vitro and in cellular assays, capable of 
repressing Notch target gene expression (Moellering et al., 2009). Perhaps even more 
impressively, treatment of T-ALL cancer cells resulted in decreased proliferation in cell 
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and have anti-proliferative effects on cancer cells. Although these inhibitors exhibited better 
cell permeability, stability and bioavailability than the peptidic and peptidomimetics, their 
moderate activities at medium to high micromolar levels will likely limit their clinical 
development.  
Although the DNA-binding domain of transcription factors has been long considered 
undrugable, the inhibition of the DNA-binding activity of Stat3 for drug discovery has been 
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cancer cells (Hellsten et al., 2008; Barton et al., 2004; Zhang et al., 2010; Zhang et al., 2007; Xi 
et al., 2005; Sun et al., 2008; Gu et al., 2008; Turkson et al., 2004b; Turkson et al., 2005; Lee et 
al., 2006). Some of these inhibitors have been tested in animal models and they appear to 
cause regression of xenograft tumors. These findings suggest that the DNA-binding domain 
of Stat3 is likely drugable. Recently, using computation-based drug screening, targeting the 
DNA-binding site of Stat3, we identified Stat3-specific SMIs that were able to inhibit cell 
proliferation and induce cellular apoptosis of human breast and lung cancer cells at sub-
micromolar concentrations (un-published data). Further investigation of these DNA-binding 
inhibitors of Stat3 will likely result in promising candidates for therapeutic development. 
However, more studies are clearly needed to assess further the therapeutic suitability of 
these agents and establish a pharmacologic and toxicity profile. 
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culture models and also inhibited leukemic progression in an in vivo mouse model 
(Moellering et al., 2009). While this agent does not directly inhibit DNA binding of the 
transcription complex, the ability to target a DNA-bound factor on DNA represents a novel 
and exciting possibility of targeting other DNA bound proteins.  

3.4 NF-kB inhibitor  
Nuclear transcription factor-kappa B (NF-kB) has been shown to be activated in numerous 
tumors found in the breast, colon, prostate and skin (Amiri et al., 2004). This pleotropic 
pathway has been the subject of intense study and inhibitors of NF-kB signaling have been 
reported from numerous laboratories  (Karin et al., 2004). The vast majority of these agents 
have been identified in cell based screening using reporter assays. While inhibition of NF-kB 
DNA binding activity is reported for many of these, there is a scarcity of data supporting a 
direct interaction NF-kB with any of these compounds. Again owing to the complexity of the 
system, there are numerous up-stream cellular events that could lead to reduced NF-kB DNA 
binding activity as measured in cell extracts prepared from treated cells. A number of indirect 
NF-kB inhibitors has been identified such as pristimerin, an inhibitor of NF-kB-1 kinase 
(KINK-1)(Schon et al., 2008; Lu et al., 2010). While, the data demonstrate that cells treated with 
pristimerin had less NF-kB activation, this is an indirect effect, which, while being 
therapeutically useful, is not mediated by a direct interaction with NF-kB. Similarly, research 
has clearly demonstrated that DHMEQ, a derivative of the antibiotic epoxyquinomicin C, 
which was studied as an inhibitor of NF-kB (Matsumoto et al., 2000), does not directly disrupt 
NF-kB interactions, rather it inhibits NF-kB activation by eliminating the nuclear translocation 
of NF-kB via inhibition of the tumor necrosis factor-alpha (Yamamoto et al., 2008; Cardile et 
al., 2010). Recently, screening of a library of FDA approved compounds for their ability to 
inhibit NF-kB signaling was reported and 19 drugs were identified that inhibited NF-kB 
signaling with IC50 values near 20 µM (Miller et al., 2010). Although the 19 drugs identified as 
NF-kB inhibitors are currently approved for clinical use they were not originally identified for 
direct interaction with NF-kB. Therefore, further characterization of each of the drugs is 
necessary to gain insight into their exact biological and molecular mechanisms before any 
cellular or physiologic effects can be attributed to inhibition of NF-kB.  

4. Conclusion   
The molecular interactions between proteins and DNA have been investigated for decades 
in the context of nearly every nuclear DNA metabolic pathway. The results obtained have 
provided significant insight and advances to the scientific community and generated 
considerable biochemical, structural and physiological knowledge. In the last decade a 
researchers began the search for inhibitors of such protein-DNA interactions and have 
found a number of inhibitors, which are able to disrupt these critical interactions. While 
there is a wide range of implications, this review has focused on the potential clinical utility 
associated with the disruption of protein-DNA interactions as a means to treat cancer. 
Cancer associated deaths remain the number one cause of mortality in the US and resistance 
to current chemotherapeutics remains a major clinical hurdle. Sensitizing cancer cells to 
treatment with DNA damaging chemotherapeutics holds great value, and disruption of 
protein-DNA interactions via SMIs is one way to achieve this result. The development of 
small drug-like molecules targeting protein-DNA interactions represent a new paradigm for 
disrupting cellular processes toward clinical utility.  
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1. Introduction 
Sixty-five years ago, the term telomere was introduced by Muller to describe the terminal 
elements of linear chromosomes (McClintock 1941). In 1985, Greider and Blackburn 
discovered the telomere synthesizing enzyme telomerase in Tetrahymena (Greider and 
Blackburn 1985). Three years after, the human telomeric DNA repeat sequence, TTAGGG, 
was identified (Moyzis, Buckingham et al. 1988). Since then, it has become apparent that 
several aspects of telomere biology are relevant to human cancer, offering potential 
opportunities for clinical intervention. In the work by Blackburn, Greider and Szostak, that 
was awarded the 2009 Nobel Prize in Physiology and Medicine (Zakian 2009), the structure 
of the chromosome ends was discovered to be specialized nucleoprotein structures that 
comprise the ‘‘end zone” of chromosomes, called telomeres. 
Several recent studies have highlighted the remarkable importance of telomeres in clinical 
medicine. These advances provide an opportunity to revisit some of the concepts and data 
that provide a link between telomeres and the diverse pathology that is now linked to 
telomere dysfunction. Here, we review the telomere and telomerase biology and the 
pharmacogenomic implications in human cancer, considering the importance of telomerase 
in tumor development.  

2. Telomeres and telomerase biology 
Telomeres are terminal protein-DNA complexes forming capping structures that function to 
stabilize chromosomal ends and prevent them from being recognized by the cell as DNA 
double strand breaks. Functional telomeres require sufficient numbers of telomeric DNA 
repeats, as well as the correct assembly of telomere associated protein complexes (Blasco 
and Hahn 2003). 
Telomeres consist of tandem repeats of a DNA sequence (TTAGGG in all vertebrates) bound 
by a six-protein complex, known as shelterin. Shelterin encompasses the Pot1-TPP1 
heterodimer, the telomere-binding proteins TRF1 and TRF2, and the interacting factors Rap1 
and Tin2 (de Lange 2005). Telomeric chromatin is also enriched in epigenetic marks that are 
characteristic of constitutive heterochromatin, such as histone tri-methylation and DNA 
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opportunities for clinical intervention. In the work by Blackburn, Greider and Szostak, that 
was awarded the 2009 Nobel Prize in Physiology and Medicine (Zakian 2009), the structure 
of the chromosome ends was discovered to be specialized nucleoprotein structures that 
comprise the ‘‘end zone” of chromosomes, called telomeres. 
Several recent studies have highlighted the remarkable importance of telomeres in clinical 
medicine. These advances provide an opportunity to revisit some of the concepts and data 
that provide a link between telomeres and the diverse pathology that is now linked to 
telomere dysfunction. Here, we review the telomere and telomerase biology and the 
pharmacogenomic implications in human cancer, considering the importance of telomerase 
in tumor development.  

2. Telomeres and telomerase biology 
Telomeres are terminal protein-DNA complexes forming capping structures that function to 
stabilize chromosomal ends and prevent them from being recognized by the cell as DNA 
double strand breaks. Functional telomeres require sufficient numbers of telomeric DNA 
repeats, as well as the correct assembly of telomere associated protein complexes (Blasco 
and Hahn 2003). 
Telomeres consist of tandem repeats of a DNA sequence (TTAGGG in all vertebrates) bound 
by a six-protein complex, known as shelterin. Shelterin encompasses the Pot1-TPP1 
heterodimer, the telomere-binding proteins TRF1 and TRF2, and the interacting factors Rap1 
and Tin2 (de Lange 2005). Telomeric chromatin is also enriched in epigenetic marks that are 
characteristic of constitutive heterochromatin, such as histone tri-methylation and DNA 



 
DNA Repair and Human Health 540 

hypermethylation, which act as negative regulators of telomere length and telomere 
recombination (Blasco 2007). 
Telomere shortening below a certain threshold length or alterations in the functionality of 
the telomere-binding proteins can result in loss of telomeric protection, leading to end-to-
end chromosome fusions, cell cycle arrest and apoptosis. Telomeres also perform other 
functions, which include the transcriptional silencing of genes located close to the telomeres 
(subtelomeric silencing), as well as ensuring correct chromosome segregation during 
mitosis. Shortening of telomeres is associated with each round of cell division because of the 
inability of conventional DNA polymerases to replicate the ends of linear chromosomes, the 
so-called ‘end replication problem’. Telomerase is a cellular enzyme capable of 
compensating this progressive telomere attrition through de novo addition of TTAGGG 
repeats to the chromosome ends (Greider and Blackburn 1985). Telomerase encompasses a 
catalytic subunit with reverse transcriptase activity (Tert) and an RNA component (Terc) 
that acts as a template for DNA synthesis (Blasco 2007). 
Telomeres also solve the end protection problem. The DNA regions of the end zone are not 
blunt ended. Instead, they terminate in a long single-stranded run of the G-rich sequence on 
the 3’ strand, called the 3’ G-rich overhang. This long single-stranded tail of DNA is 
postulated to fold back onto itself to invade the duplex portion of telomeres, forming the t-
loop. The t-loop effectively sequesters the free ends of chromosomes, protecting them from 
being sensed as double strand breaks (Griffith, Comeau et al. 1999). 
High telomerase expression is a feature of pluripotent stem cells and early stages of 
embryonic development, although telomerase activity is also present in adult stem cell 
compartments (Blasco 2005). Telomerase activity in adult tissues, however, is not sufficient 
to prevent telomere shortening associated with ageing. 
The specificity of shelterin for telomeric DNA is through direct recognition of the TTAGGG 
sequence by three of its components. In particular, TRF1 and TRF2 bind to the double 
stranded region of telomeric DNA, while Pot1 binds to the TTAGGG repeats of the G-
overhang. TRF1 and TRF2 recruit the other four components of shelterin: Tin2 (a TRF1 and 
TRF2 interacting factor), Rap1, TPP1 and Pot1. These last two proteins form a heterodimer. 
Shelterin can form a stable complex in the absence of telomeric DNA (de Lange 2005). 
Mutations in the different components of telomerase (Tert, Terc and Dkc1), as well as in 
some shelterins (Tin2), have been linked to rare human genetic diseases, such as 
dyskeratosis congenita, aplastic anaemia and idiopathic pulmonary fibrosis. These diseases 
are associated with the presence of short/dysfunctional telomeres and they all exhibit a 
characteristic failure in the regenerative capacity of tissues and severe skin 
hyperpigmentation (Mitchell, Wood et al. 1999; Armanios, Chen et al. 2007).  
Adult stem cells reside at specific compartments within tissues, which are enriched in cells 
with the longest telomeres. In young or adult organisms with sufficient telomere reserve, 
adult stem cells efficiently repopulate tissues and repair lesions as needed. In old organisms, 
however, stem cell telomeres may be too short, and this could impair the mobilization of 
stem cells and the ability to repair tissues efficiently (Flores, Canela et al. 2008). 
When telomeres have shortened down to a critical length, they are recognized as DNA 
damage, activating a p53-mediated DNA damage signaling response that prevents the 
mobilization of the stem cells out of their niches. Decreased stem cell mobilization reduces 
the probability of accumulating abnormal cells in tissues, thus providing a mechanism for 
cancer protection. However, the ultimate consequence of impaired mobilization of the stem 
cells will be organ failure owing to tissue degeneration. By using mouse models over-
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expressing telomerase, some investigators showed that elevated TERT expression increases 
stem cell mobilization. Under these conditions of higher mobilization, the fitness of the 
tissues would be maintained for longer times, therefore increasing the lifespan. The 
probabilities of initiating a tumor, however, are also higher, especially if telomerase 
reactivation occurs in a context of mutations in tumor suppressor genes (Serrano and Blasco 
2007). 

3. Telomere shortening: Consequences 
Normally, cells respond to shortened or uncapped telomeres either by entering an 
irreversible cell cycle arrest, termed replicative senescence, or by undergoing apoptosis. 
Such responses involve both the Rb and p53 tumor suppressor pathways and likely evolved 
to prevent replication of mutation-prone cells harboring unstable chromosomes. If these 
checkpoints fail, chromosomal instability may occur and with it the potential for developing 
oncogenic mutations. If left unchecked, however, such instability will likely become lethal to 
the cell, thereby presenting an additional barrier to cell growth. Although some level of 
genetic instability is thought to be required for tumor initiation and progression, the vast 
majority of human cancers stabilizes their telomeres either by activating the enzyme 
telomerase or, in a minority of cases, by an alternative pathway, termed alternative 
lengthening of telomeres, or ALT, that seems to involve recombination (Reddel 2003). 
It would be advantageous in long-lived organisms for cells to be limited in the maximal 
number of cell divisions permitted, in order to ensure appropriate growth and DNA repair 
early in life, but not so many divisions that could lead to the early onset of diseases, such as 
cancer (Wright and Shay 2002). Therefore, selection for enhanced DNA repair and 
maintenance would be highly desirable during reproductive years, but this could be lost in 
later life (Kirkwood and Austad 2000). In our modern ‘protected environment’, humans are 
living on average twice as long and are dying of heart disease, cancer and 
neurodegenerative disorders. Thus, normal cells in the context of genotoxic injuries have 
innate and probably highly conserved defense mechanisms that initiate programs leading to 
growth arrest or apoptosis, perhaps in part as a mechanism to prevent cancer. 

3.1 Short telomeres activate DNA damage signals leading to cell cycle arrest in 
normal human cells 
Normal human somatic cells have a limited lifespan in vitro. This was first demonstrated in 
human fibroblasts by Hayflick and Moorhead in 1961 (Hayflick and Moorhead 1961). Since 
then, it has been demonstrated that cultured normal human fibroblasts go through finite 
numbers of population doublings. Toward the end of a cell’s lifespan, cell proliferation 
slows down and finally stops and the cell enters a state of irreversible growth arrest. The 
timing of growth arrest is determined by the number of population doublings the cells have 
undergone, not by the calendar time they have stayed in culture. In addition to fibroblasts, 
other somatic cells show replicative senescence, including epithelial cells, endothelial cells, 
lymphocytes, smooth muscle cells, and astrocytes, which serves as an intrinsic mechanism 
to prevent normal somatic cells from replicating indefinitely (Bierman 1978; Evans, Wyllie et 
al. 2003). Senescent human cells have increased p53 activity with the involvement of several 
DNA double strand break repair and checkpoint factors, such as ATM (Atadja, Wong et al. 
1995). These multiple DNA damage response factors are assembled at the short telomeres in 
senescent cells, indicating that dysfunctional short telomeres trigger the response (d'Adda di 
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hypermethylation, which act as negative regulators of telomere length and telomere 
recombination (Blasco 2007). 
Telomere shortening below a certain threshold length or alterations in the functionality of 
the telomere-binding proteins can result in loss of telomeric protection, leading to end-to-
end chromosome fusions, cell cycle arrest and apoptosis. Telomeres also perform other 
functions, which include the transcriptional silencing of genes located close to the telomeres 
(subtelomeric silencing), as well as ensuring correct chromosome segregation during 
mitosis. Shortening of telomeres is associated with each round of cell division because of the 
inability of conventional DNA polymerases to replicate the ends of linear chromosomes, the 
so-called ‘end replication problem’. Telomerase is a cellular enzyme capable of 
compensating this progressive telomere attrition through de novo addition of TTAGGG 
repeats to the chromosome ends (Greider and Blackburn 1985). Telomerase encompasses a 
catalytic subunit with reverse transcriptase activity (Tert) and an RNA component (Terc) 
that acts as a template for DNA synthesis (Blasco 2007). 
Telomeres also solve the end protection problem. The DNA regions of the end zone are not 
blunt ended. Instead, they terminate in a long single-stranded run of the G-rich sequence on 
the 3’ strand, called the 3’ G-rich overhang. This long single-stranded tail of DNA is 
postulated to fold back onto itself to invade the duplex portion of telomeres, forming the t-
loop. The t-loop effectively sequesters the free ends of chromosomes, protecting them from 
being sensed as double strand breaks (Griffith, Comeau et al. 1999). 
High telomerase expression is a feature of pluripotent stem cells and early stages of 
embryonic development, although telomerase activity is also present in adult stem cell 
compartments (Blasco 2005). Telomerase activity in adult tissues, however, is not sufficient 
to prevent telomere shortening associated with ageing. 
The specificity of shelterin for telomeric DNA is through direct recognition of the TTAGGG 
sequence by three of its components. In particular, TRF1 and TRF2 bind to the double 
stranded region of telomeric DNA, while Pot1 binds to the TTAGGG repeats of the G-
overhang. TRF1 and TRF2 recruit the other four components of shelterin: Tin2 (a TRF1 and 
TRF2 interacting factor), Rap1, TPP1 and Pot1. These last two proteins form a heterodimer. 
Shelterin can form a stable complex in the absence of telomeric DNA (de Lange 2005). 
Mutations in the different components of telomerase (Tert, Terc and Dkc1), as well as in 
some shelterins (Tin2), have been linked to rare human genetic diseases, such as 
dyskeratosis congenita, aplastic anaemia and idiopathic pulmonary fibrosis. These diseases 
are associated with the presence of short/dysfunctional telomeres and they all exhibit a 
characteristic failure in the regenerative capacity of tissues and severe skin 
hyperpigmentation (Mitchell, Wood et al. 1999; Armanios, Chen et al. 2007).  
Adult stem cells reside at specific compartments within tissues, which are enriched in cells 
with the longest telomeres. In young or adult organisms with sufficient telomere reserve, 
adult stem cells efficiently repopulate tissues and repair lesions as needed. In old organisms, 
however, stem cell telomeres may be too short, and this could impair the mobilization of 
stem cells and the ability to repair tissues efficiently (Flores, Canela et al. 2008). 
When telomeres have shortened down to a critical length, they are recognized as DNA 
damage, activating a p53-mediated DNA damage signaling response that prevents the 
mobilization of the stem cells out of their niches. Decreased stem cell mobilization reduces 
the probability of accumulating abnormal cells in tissues, thus providing a mechanism for 
cancer protection. However, the ultimate consequence of impaired mobilization of the stem 
cells will be organ failure owing to tissue degeneration. By using mouse models over-
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expressing telomerase, some investigators showed that elevated TERT expression increases 
stem cell mobilization. Under these conditions of higher mobilization, the fitness of the 
tissues would be maintained for longer times, therefore increasing the lifespan. The 
probabilities of initiating a tumor, however, are also higher, especially if telomerase 
reactivation occurs in a context of mutations in tumor suppressor genes (Serrano and Blasco 
2007). 

3. Telomere shortening: Consequences 
Normally, cells respond to shortened or uncapped telomeres either by entering an 
irreversible cell cycle arrest, termed replicative senescence, or by undergoing apoptosis. 
Such responses involve both the Rb and p53 tumor suppressor pathways and likely evolved 
to prevent replication of mutation-prone cells harboring unstable chromosomes. If these 
checkpoints fail, chromosomal instability may occur and with it the potential for developing 
oncogenic mutations. If left unchecked, however, such instability will likely become lethal to 
the cell, thereby presenting an additional barrier to cell growth. Although some level of 
genetic instability is thought to be required for tumor initiation and progression, the vast 
majority of human cancers stabilizes their telomeres either by activating the enzyme 
telomerase or, in a minority of cases, by an alternative pathway, termed alternative 
lengthening of telomeres, or ALT, that seems to involve recombination (Reddel 2003). 
It would be advantageous in long-lived organisms for cells to be limited in the maximal 
number of cell divisions permitted, in order to ensure appropriate growth and DNA repair 
early in life, but not so many divisions that could lead to the early onset of diseases, such as 
cancer (Wright and Shay 2002). Therefore, selection for enhanced DNA repair and 
maintenance would be highly desirable during reproductive years, but this could be lost in 
later life (Kirkwood and Austad 2000). In our modern ‘protected environment’, humans are 
living on average twice as long and are dying of heart disease, cancer and 
neurodegenerative disorders. Thus, normal cells in the context of genotoxic injuries have 
innate and probably highly conserved defense mechanisms that initiate programs leading to 
growth arrest or apoptosis, perhaps in part as a mechanism to prevent cancer. 

3.1 Short telomeres activate DNA damage signals leading to cell cycle arrest in 
normal human cells 
Normal human somatic cells have a limited lifespan in vitro. This was first demonstrated in 
human fibroblasts by Hayflick and Moorhead in 1961 (Hayflick and Moorhead 1961). Since 
then, it has been demonstrated that cultured normal human fibroblasts go through finite 
numbers of population doublings. Toward the end of a cell’s lifespan, cell proliferation 
slows down and finally stops and the cell enters a state of irreversible growth arrest. The 
timing of growth arrest is determined by the number of population doublings the cells have 
undergone, not by the calendar time they have stayed in culture. In addition to fibroblasts, 
other somatic cells show replicative senescence, including epithelial cells, endothelial cells, 
lymphocytes, smooth muscle cells, and astrocytes, which serves as an intrinsic mechanism 
to prevent normal somatic cells from replicating indefinitely (Bierman 1978; Evans, Wyllie et 
al. 2003). Senescent human cells have increased p53 activity with the involvement of several 
DNA double strand break repair and checkpoint factors, such as ATM (Atadja, Wong et al. 
1995). These multiple DNA damage response factors are assembled at the short telomeres in 
senescent cells, indicating that dysfunctional short telomeres trigger the response (d'Adda di 
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Fagagna, Reaper et al. 2003; Zou, Sfeir et al. 2004). The sustained DNA damage response, 
signaling through p53, can induce both G1 and G2 phase arrest. Numerous studies have also 
demonstrated that human fibroblasts or epithelial cells undergoing natural replicative 
senescence have elevated protein levels of hypophosphorylated Rb, p16INK4a, as well as 
p21CIP1, or decreased hyper-phosphorylated Rb, compared with early and proliferating 
cells (Atadja, Wong et al. 1995; Beausejour, Krtolica et al. 2003). Telomere-mediated 
senescence is therefore induced by activation of the multiple DNA damage responses, which 
then leads to cell cycle arrest in normal human cells.  
Several lines of evidence have shown that replicative senescence also occurs in vivo and is 
thought to be associated with cellular aging. An inverse correlation between donor age and 
the number of population doublings at which human cells senesce has been demonstrated 
(Martin, Sprague et al. 1970). Moreover, comparisons between different species showed that 
cells from organisms with longer lifespan in vivo achieve more population doublings in vitro 
(Rohme 1981). Furthermore, cells from humans with premature aging syndromes have 
shorter lifespan in culture than those from age-matched controls (Smith and Pereira-Smith 
1996). These data suggest that there is a genetic basis that controls the cells’ replicative 
lifespan. However, although telomere-associated senescence is apparently an intrinsic 
barrier to cellular immortalization, which represents an early first step in the multi-stage 
process of cancer development, accumulation of senescent cells during aging in vivo seems 
to create a microenvironment that predisposes to cancer (Campisi 2005). Telomere 
shortening or dysfunction, therefore, presents a close association with cancer. 

3.2 Telomere dysfunction leads to genomic instability in checkpoint defective cells 
Broken chromosome ends tend to fuse with their sister chromatids or other broken 
chromosomes, leading to formation of anaphase bridges, cycles of chromosome breaks and 
further fusions during subsequent cell divisions (McClintock 1941). Telomere dysfunction 
initiates chromosomal instability through such breakage-fusion bridge (BFB) cycles. The p53 
and Rb/p16INK4a pathways are crucial for DNA damage responses, cell cycle regulation, as 
well as apoptosis, which are indispensable for maintaining genomic stability. Most cancers 
have alterations in either or both of these pathways. Inactivation of the p53 and 
p16INK4a/Rb pathways can be accomplished in vitro by expression of viral oncogenes, such 
as HPV (human papillomavirus) E6 and E7 or adenovirus E1B and E1A (Moran 1993; Moran 
1993) to stimulate the sustained inactivation of p53 and Rb genes, observed in cancers. Such 
alterations extend the lifespan and allow the cells to override cell cycle checkpoints and 
continue to proliferate. However, as telomeres continue to shorten with further cell 
divisions, the chromosome ends are no longer protected and become unstable. At this stage, 
the cells enter a mortality barrier, termed crisis (Wright and Shay 1992), which is 
characterized by wide-spread cell death and extensive chromosomal instability (Ducray, 
Pommier et al. 1999). However, a low percentage of cells may survive the crisis period by a 
mutation or an epigenetic event that activates a telomere maintenance mechanism. This may 
involve activation of telomerase, which elongates telomeres by synthesizing telomeric DNA 
and maintaining pre-existing telomeres, or an alternative telomere lengthening (ALT) 
mechanism, which involves copying of DNA sequences from telomere to telomere by means 
of homologous recombination. The resulting telomere preservation allows the cells to 
continue their long-term proliferation to become immortalized (Figure 1) (Dunham, 
Neumann et al. 2000). 
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Fig. 1. Telomeres shorten with cell proliferation when not balanced by telomere synthesis. In 
healthy somatic cells, critically short telomeres activate a checkpoint that induces either 
apoptosis or the proliferative arrest of replicative senescence. In the absence of checkpoint 
function, telomeres may become substrates for aberrant DNA repair. Occasionally, 
spontaneous activation of telomerase during the crisis phase of genomic instability stabilizes 
and allows maintenance of the rearranged genome, conferring indefinite renewal capacity. 

Critically short telomeres are hotspots for erroneous recombination. Whereas very few 
chromosome end-to-end fusions are observed in senescent normal human cells (Benn 1976; 
Zou, Sfeir et al. 2004), the frequencies of chromosome end-to-end fusions, reach a peak 
during crisis and decrease after this period due to telomere preservation (Ducray, Pommier 
et al. 1999). This is because the two centromeres are pulled in opposite directions during 
mitotic anaphase, forming a bridge between the daughter cells. The bridge can cause cell 
death independently of p53 and Rb genes, partly because the bridge compromises the 
integrity of cellular and nuclear membranes. The broken ends trigger DNA recombination 
by rejoining to other broken or unprotected chromosome ends. This can produce additional 
aberrations, such as structurally stable translocations and unstable dicentrics, which can 
undergo another round of BFB. Repeated cycles of sister-chromatid fusion-bridge breakage 
may, therefore, generate multiple copies of the same gene on the same chromosome in the 
same cell, while causing the loss of the genes in its sister cells after several rounds of cell 
divisions (Gisselsson, Jonson et al. 2001). In summary, regardless of how telomeres become 
disrupted, when telomeres become dysfunctional and can no longer protect the 
chromosome ends, they elicit a DNA damage response to activate the p53 and 
p16INK4a/Rb pathways, which prompt the cell to undergo irreversible cell cycle arrest (if 
both p53 and pRb checkpoints are intact) or p53-mediated apoptosis (if only the p53 
checkpoint is intact) (d'Adda di Fagagna, Reaper et al. 2003). In cells defective in both p53 
and p16INK4a/Rb pathways, excessive shortening of telomeres, coupled with the freedom 
to continue proliferation, promote aberrant fusions of unprotected chromosome ends and 
trigger massive chromosomal instability, increasing the risk of malignant transformation 
(Feldser, Hackett et al. 2003). Thus, telomere shortening can be both a barrier and a 
facilitator for cancer development, depending on the integrity of checkpoint response. 
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Fig. 1. Telomeres shorten with cell proliferation when not balanced by telomere synthesis. In 
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and allows maintenance of the rearranged genome, conferring indefinite renewal capacity. 
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4. Role of telomere-mediated genomic instability in carcinogenesis 
Carcinogenesis is a multistep process, characterized by a stepwise accumulation of genetic 
and molecular abnormalities. These events generally follow exposure to carcinogens and 
result in the selection of clonal cells with uncontrolled growth capacities (Hanahan D 2000). 
Thus, cancer develops through a series of stepwise events, from preinvasive histological 
changes to invasive disease. The earliest events are mutations, deletions, or polysomy at the 
genomic level, but these do not systematically lead to changes in cell morphology or tissue 
structure. Current knowledge indicates that cancer progression from premalignancy to 
malignancy is slow and multiple mutations are required to reach a full metastatic potential 
(Schedin and Elias 2004). 
Tumor cells acquire the so-called hallmarks of cancer during this carcinogenic selection 
process (Hanahan D 2000). Cell immortality is one of the most prevalent of these major 
acquired features. Immortality involves the stabilization of telomere lengths, which is 
achieved by telomerase activation in about 80% of cases of human tumors. However, the 
specific changes in telomere length, telomeric proteins and telomerase expression that occur 
during the multistep carcinogenic process remain undetermined and thus represent a field 
of active research. 
One of the core concepts in cancer research is that genomic instability helps drive 
development of human cancer (Maser and DePinho 2002). Rapid evolution of genomic 
alterations in genetically unstable cells makes them advantageous in natural selection by 
acquiring new features. Of the two categories of genomic instability, microsatellite 
instability exists only in a small subset of solid tumors, whereas chromosomal instability is 
present in most cancers. Chromosomal instability includes numerical instability reflected by 
alterations in chromosome numbers, and structural instability, which is characterized by 
continuous generation of new structural chromosome aberrations. Regarding the role of 
chromosome aberrations in cancer development, it is well recognized that chromosome 
aberrations have oncogenic potential. First, chromosome translocations can result in the 
formation of fusion genes or deregulation of gene transcription at or near the translocation 
points, as demonstrated in most leukemia and many soft-tissue tumors. Second, gains or 
losses of chromosome elements or whole chromosomes can lead to large scale genomic 
imbalances or alterations in gene dosage in human cancers (Albertson, Collins et al. 2003). 
These abnormalities persist along with continued acquisition of additional abnormalities 
with tumor progression towards late stage malignancies. It is known that chromosomal 
instability is an important mechanism leading to genomic rearrangement and imbalances 
that provide a platform for continuous selection of aberrant cells for cellular immortalization 
and cancer development. The mouse model with the depletion of telomerase RNA 
component (mTerc) shows increased incidence of spontaneous malignancies in late 
generation animals (Rudolph, Chang et al. 1999; Maser and DePinho 2002). 
Extensive studies have shown that telomeres in normal human somatic cells shorten with 
cell divisions in vitro as well as in vivo. In cultured human fibroblasts, this progresses at a 
rate of 50-200 bp per population doubling (Harley, Futcher et al. 1990; Allsopp, Vaziri et al. 
1992). In vivo studies have also shown that the average telomere lengths in normal somatic 
cells shorten at an estimated rate of 15-40 bp per year and that telomere erosion declines 
with age (Hastie, Dempster et al. 1990). One major mechanism leading to telomere 
shortening is associated with the end-replication problem intrinsic to linear chromosomes. 
To date, numerous experiments have demonstrated that telomeric DNA is indeed 
progressively lost with cell divisions in most human somatic cells that lack telomerase 
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activity. In addition, some studies also suggest that oxidative stress contributes to telomere 
shortening. Under conditions of additional oxidative stress induced by hydrogen peroxide 
treatment, human cells show preferential accumulation of single-strand breaks within the 
telomeres. The effects of oxidative stress on telomere erosion has important significance in 
the study of telomere dynamics in aging and cancer, since numerous oxidants are produced 
in vivo due to normal metabolism and extracellular stresses and oxidative stress increases 
with the aging process in vivo (Saretzki and Von Zglinicki 2002; von Zglinicki 2002). 
Proof that telomeres shortening and cellular aging are causally related was demonstrated 
(Bodnar, Ouellette et al. 1998). The introduction of telomerase into normal telomerase silent 
cells was sufficient to bypass senescence, activate telomerase activity and lead to cell 
immortalization. It was further shown that ectopic expression of telomerase (TERT) in pre-
senescent cells or in cells between senescence and crisis could be immortalized with ectopic 
introduction of TERT, demonstrating that telomeres are mechanistically important in both 
senescence and crisis. In the absence of intact critical checkpoint pathways, genomic 
instability occurs when telomeres are short, leading to end-to-end fusions, anaphase 
bridges, the development of aneuploidy and eventually to telomerase reactivation. One 
possibility is that the re-expression or upregulation of telomerase in cancer reduces the 
ongoing chromosomal instability that occurs in cells in crisis to a level compatible with both 
viability and sufficient instability to generate mutational evolution of the malignancy. In 
summary, telomere shortening may be a common underlying cause of chromosomal 
rearrangements in cancer (Bodnar, Ouellette et al. 1998). In a recent study, DePinho and 
colleagues determined whether entrenched multi-system degeneration in adult mice with 
severe telomere dysfunction can be halted or possibly reversed by reactivation of 
endogenous telomerase activity. These authors engineered a knock-in allele encoding a 4-
hydroxytamoxifen (4-OHT)-inducible telomerase reverse transcriptase-oestrogen receptor 
(TERT-ER) under transcriptional control of the endogenous TERT promoter. Homozygous 
TERT-ER mice presented short dysfunctional telomeres and sustained increased DNA 
damage signalling and classical degenerative phenotypes upon successive generational 
matings and advancing age. Telomerase reactivation in such late generation TERT-ER mice 
extended telomeres, reduced DNA damage signalling and associated cellular checkpoint 
responses, allowing resumption of proliferation in quiescent cultures and eliminating 
degenerative phenotypes across multiple organs including testes, spleens and intestines. 
The authors demonstrated that telomere damage acts as a driver of age-associated organ 
decline and disease risk and that the marked reversal of systemic degenerative phenotypes 
in adult mice supports the development of regenerative strategies designed to restore 
telomere integrity (Jaskelioff, Muller et al. 2011). 
Since cancer cells have to bypass senescence and crisis, it is consistent to assume that the 
cancer cell that first became immortal by upregulating telomerase would have had short 
telomeres (Figure 2). For example, in most cases of preneoplasia, it has been shown that cells 
have very short telomeres. In prostate cancer for example, telomere shortening is detected in 
low grade prostatic intraepithelial neoplasia (PIN) lesions (Koeneman, Pan et al. 1998; 
Meeker, Hicks et al. 2002). This indicates that the tumor initiating cells are likely to originate 
from a subset of transient amplifying cells which may have critically shortened telomeres.  
Telomere length abnormalities are nearly universal in preinvasive stages of human 
epithelial carcinogenesis. Indeed, telomere shortening occurs in most cases of early stage 
bladder, cervix, colon, oesophagal and oral cavity cancer. Similar results were found for 
prostate cancer; the majority of high-grade PIN lesions (Prostatic intraepithelial neoplasia) 
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examined had much shorter telomeres than adjacent, apparently normal epithelial cells. This 
was also observed in fully invasive prostate carcinomas (Meeker, Hicks et al. 2002; Meeker, 
Hicks et al. 2004). Markedly or moderately shortened telomeres have also been found in 
lesions of ductal carcinoma in situ (Meeker and Argani 2004). Unlike normal breast 
epithelium, a moderate telomere shortening was observed in benign secretory cells in about 
half of histologically normal terminal duct lobular units. These findings clearly support a 
role for telomere shortening in pre-invasive stages, as well as in invasive cancer. Overall, 
these observations suggest that telomere length abnormality is one of the earliest and most 
frequently acquired genetic alterations involved in the multistep process of malignant 
transformation.  
 

 
Fig. 2. Schematic representation of telomere length associated with multistep carcinogenesis. 

As mentioned above, telomere shortening appears to be a signal for replication arrest in 
many cells. However, in some cells, rather than inducing cell cycle arrest, the substantial 
shortening of telomeres results in cycles of end-to-end fusions and BFB (Chin, de Solorzano 
et al. 2004; Lantuejoul, Soria et al. 2005). In most cells, damage-surveillance mechanisms 
detect genomic instability and induce cell death. Occasionally, however, one or a few cells 
escape this protective mechanism, leading to accumulation of multiple genomic and 
epigenomic aberrations and thus acquisition of additional cancer hallmark features (Chin, 
de Solorzano et al. 2004). 
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5. Heterogenity in telomere lengths - impact on cancer development and 
prognosis 
It is known that telomere length varies considerably among individuals. To date, the 
major conclusions on human telomere lengths include that there are large differences in 
telomere lengths between the arms of the same chromosomes, as well as between the 
same arms of homologous chromosomes in the cells of the same individual; different 
individuals have different profiles of telomere length heterogeneity, which seem to be 
largely inherited; and different tissues of the same individual have similar telomere 
length heterogeneity (Lansdorp, Verwoerd et al. 1996; Graakjaer, Bischoff et al. 2003; 
Nordfjall, Larefalk et al. 2005). 
There is growing evidence that TL (Telomere Length) carries information that may be of 
clinical importance for cancer patients. It is well established that TL is important for 
senescence in normal cells. Malignant cells in general have shorter telomeres than their 
normal counterparts and there seems to be a connection between telomere shortening, 
genetic aberrations and risk of transformation (Hackett and Greider 2002). The interest of 
investigating TL as a potential clinical biomarker in cancer has grown considerably in recent 
years (Ohyashiki, Sashida et al. 2002; Bisoffi, Heaphy et al. 2006).  
The vast majority of studies in the field have been performed on tumor samples, but there 
are also investigations on blood cell TL and its possible relation to cancer risk and prognosis. 
When tumor DNA is studied, TL reflects the cumulative result of a variety of tumor-
associated factors with impact on telomere homeostasis. TL in peripheral blood is often used 
as a surrogate for TL in other healthy tissues. The fact that TL in peripheral blood may carry 
clinical information for cancer patients has been indicated by a growing number of studies. 
One question to be solved, however, is whether altered blood TL can contribute to disease 
development, or whether the TL alterations arise as a consequence of the disease. The latter 
case would suggest that an altered blood TL is the result of unknown mechanisms 
associated with the presence of a malignant tumor in the body. Previous data indicate that 
blood TL may serve both as a marker for cancer risk and as an independent prognostic 
marker for survival. Thus, both tumor TL and TL in peripheral blood may carry information 
with important clinical implications. 
In hematological malignancies, there are convincing data suggesting that short telomeres in 
malignant hematopoietic cell populations indicate progressive disease and poor survival 
[reviewed in (Ohyashiki, Sashida et al. 2002; Bisoffi, Heaphy et al. 2006)]. 
A number of studies have reported that TL in solid tumors has potential to be used as a 
prognostic indicator. Several different tumor types have been investigated regarding tumor 
TL and clinical outcome. The majority of studies have found associations between altered 
tumor TL, i.e. attrition or elongation, and a poor outcome. Several studies have reported 
associations between reduced telomere content and poorer survival in both breast and 
prostate carcinomas. Similarly, in sarcoma, short TL was linked to genomic instability and 
poor survival (Bisoffi, Heaphy et al. 2006). A number of studies indicated that telomere 
alterations are associated with parameters of clinical outcome in patients with lung cancer 
(Shirotani, Hiyama et al. 1994; Hirashima, Komiya et al. 2000; Frias, Garcia-Aranda et al. 
2008). A study (Frias, Garcia-Aranda et al. 2008) indicated a significant poor clinical 
outcome in lung patients presenting telomere shortening, a finding that emerged as an 
independent prognostic marker in multivariate analysis. In other tumor types, such as 
prostate cancer, it has been suggested that reduced telomere content is associated with poor 
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clinical outcome and markers of disease progression. Thus, reduced telomere content values 
conferred a relative hazard of 5.02 compared with tumors with greater telomere content 
(Fordyce, Heaphy et al. 2005). Also, studies in breast cancer have shown that telomere 
attrition is associated with parameters of increased risk and poor outcome, with low 
telomere content conferring an adjusted relative hazard of 4.43 (Bisoffi, Heaphy et al. 2006; 
Fordyce, Heaphy et al. 2006).  
In contrast, long telomeres, or a high tumor to non-tumor TL ratio, have been coupled to 
tumors of more advanced stages and a worse prognosis in colorectal carcinoma, Barrett 
carcinoma and head and neck tumors (Patel, Parekh et al. 2002; Gertler, Rosenberg et al. 
2004; Garcia-Aranda, de Juan et al. 2006; Gertler, Doll et al. 2008). Although not entirely 
consistent, most studies have indicated that tumor TL alterations are associated with a 
worse clinical outcome. The type of alteration linked to a poorer survival (short vs. long TL) 
might depend on the tumor type. At the present time, the underlying mechanisms remain 
unclear. As for short TL and its association to a poorer outcome, it is logical to consider the 
relation between short TL and genomic instability.  

5.1 Blood telomere length as a potential predictor for cancer risk and prognosis 
There is a need for reliable, easily measurable biological markers for risk and prognosis 
assessment of malignancies. In recent years, a growing number of studies have focused on 
analyzing telomeres in peripheral blood cells in relation to cancer risk. Since blood is an 
easily accessible biological sample, blood TL is an interesting candidate as a biological 
marker. However, previous reports from this research area are not unambiguous. In renal, 
lung, bladder, head and neck and oesophagus carcinomas, short TL in peripheral blood 
have been associated with increased cancer risk (Wu, Amos et al. 2003; McGrath, Wong et al. 
2007; Risques, Vaughan et al. 2007; Jang, Choi et al. 2008). Similar data have been reported 
for malignant lymphoma (Widmann, Herrmann et al. 2007). Regarding breast cancer, a 
study in sister sets found a non-significant association between short TL and increased 
cancer risk (Shen, Terry et al. 2007). In contrast, in newly diagnosed women with 
spontaneous breast tumors, cancer risk increased with increasing TL (Svenson, Nordfjall et 
al. 2008). Hence, the majority of studies have found blood TL alterations in cancer patients 
when compared to healthy controls. It might be that the type of TL alteration differs 
depending on the tumor type. Differences in the methodology of measuring TL might also 
contribute to the discrepancy. In addition, the type of blood cells that are analyzed can vary 
between different studies.  
The biological mechanisms behind the reported association between blood TL alterations 
and increased cancer risk are not clear. It is not evident whether the TL alterations observed 
in peripheral blood reflect a secondary event caused by the cancer disease, or if the 
alterations are in fact part of the cancer etiology, or both. Oxidative stress has been 
associated with tissue aging, as well as telomere shortening, and it has been proposed that 
the cumulative burden of oxidative stress through life is registered in the telomeres of 
leukocytes (von Zglinicki 2002; Balaban, Nemoto et al. 2005). Accordingly, it has been 
speculated that blood TL may act as a surrogate marker of tissue dysfunctions. In 2003, Wu 
et al. measured TL in peripheral lymphocytes and found an association between short TL 
and increased risk of bladder, head and neck, lung and renal cell cancers (Wu, Amos et al. 
2003). The authors proposed telomere dysfunction as a potential predisposition factor for 
cancer development. It cannot be excluded that the disease itself, or responses to the disease, 
can originate a systemic effect which directly or indirectly affects the telomere length of 
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peripheral blood cells. The immune response to the tumor might need to be considered. 
Some inflammatory molecules, such as cytokines and reactive oxygen species, may have an 
impact on leukocyte TL. A number of cytokines have shown potential to activate telomerase, 
whereas oxidative stress, as mentioned above, might increase telomere attrition (Akiyama, 
Hideshima et al. 2002; von Zglinicki 2002). The proliferation rate of immune cells, and hence 
the telomere attrition rate, may also differ depending of the state of the immune system, 
which in turn might be altered due to the presence of a tumor. 
It was previously reported that the inter-individual TL variation was reduced in the healthy 
aged individuals (≥85 years) (Halaschek-Wiener, Vulto et al. 2008). The authors had 
hypothesized that healthy old individuals without age-related diseases, such as cancer or 
cardiovascular disease, would have unusually long telomeres. The study, however, showed 
that telomere length in the “normal range” may be most protective against tumor 
development, since long telomeres may favor escape from senescence, whereas short TL 
may cause genomic instability. 
Studies investigating blood telomere length as a prognostic indicator in malignancies are 
sparse (Svenson, Ljungberg et al. 2009; Svenson and Roos 2009; Willeit, Willeit et al. 2010).  
A recent prospective, population-based study estimated the impact of peripheral blood 
leukocyte telomere length on overall cancer manifestation and mortality (Willeit, Willeit et 
al. 2010). This study demonstrated significant inverse correlations between baseline 
leukocyte telomere length and both cancer incidence and mortality, which emerged as 
independent of standard cancer risk factors. The authors found evidence of heterogeneous 
effects according to cancer type, whereby tumors with a high fatality rate tended to exhibit 
more prominent relationships with telomere length and tumors with a more favorable 
prognosis showed modest or no associations. These results corroborate  with previous 
evaluations demonstrating a link between short telomere length and lung cancer, bladder 
cancer, renal cell carcinoma, non-Hodgkin lymphoma and head and neck tumors (Wu, 
Amos et al. 2003; Broberg, Bjork et al. 2005; McGrath, Wong et al. 2007; Shao, Wood et al. 
2007; Jang, Choi et al. 2008; Lan, Cawthon et al. 2009),  but failed to obtain significant 
correlations between short telomere length and colorectal and breast cancer (De Vivo, 
Prescott et al. 2009; Shen, Gammon et al. 2009; Zee, Castonguay et al. 2009). A variety of 
experimental and genetic studies support the hypothesis that telomere attrition contributes 
to the manifestation and dissemination of malignancies. While fully functional telomeres 
confer protection of the genome, shortened telomeres facilitate chromosomal instability 
(Calado and Young 2009). 
In fibroblast cultures, accruing senescent cells were shown to produce and release high 
amounts of growth factors, causing an overwhelming proliferation of the surrounding tissue 
and to secrete metalloproteinase, diminishing intercellular adhesions and potentially 
favoring metastatic spread of tumors (Krtolica, Parrinello et al. 2001; Liu and Hornsby 2007). 
Moreover, a significantly higher production of vascular endothelial growth factor in 
senescent cells may stimulate tumor growth and dissemination by promoting 
neovascularization (Coppe, Kauser et al. 2006). The association between short leukocyte 
telomere length and cancer formation may be partially mediated by the aging of the 
immune system itself. Aging of leukocytes reflected by short telomere length may impair 
immune surveillance and reduce the clearance of tumor cells.  
A study demonstrated that patients with multiple myeloma with high telomerase activity 
and short telomere length presented a poor prognosis (Wu, Orme et al. 2003). Accordingly, 
another study reports the same results in adult T-cell leukemia, suggesting that telomerase 
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clinical outcome and markers of disease progression. Thus, reduced telomere content values 
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might depend on the tumor type. At the present time, the underlying mechanisms remain 
unclear. As for short TL and its association to a poorer outcome, it is logical to consider the 
relation between short TL and genomic instability.  

5.1 Blood telomere length as a potential predictor for cancer risk and prognosis 
There is a need for reliable, easily measurable biological markers for risk and prognosis 
assessment of malignancies. In recent years, a growing number of studies have focused on 
analyzing telomeres in peripheral blood cells in relation to cancer risk. Since blood is an 
easily accessible biological sample, blood TL is an interesting candidate as a biological 
marker. However, previous reports from this research area are not unambiguous. In renal, 
lung, bladder, head and neck and oesophagus carcinomas, short TL in peripheral blood 
have been associated with increased cancer risk (Wu, Amos et al. 2003; McGrath, Wong et al. 
2007; Risques, Vaughan et al. 2007; Jang, Choi et al. 2008). Similar data have been reported 
for malignant lymphoma (Widmann, Herrmann et al. 2007). Regarding breast cancer, a 
study in sister sets found a non-significant association between short TL and increased 
cancer risk (Shen, Terry et al. 2007). In contrast, in newly diagnosed women with 
spontaneous breast tumors, cancer risk increased with increasing TL (Svenson, Nordfjall et 
al. 2008). Hence, the majority of studies have found blood TL alterations in cancer patients 
when compared to healthy controls. It might be that the type of TL alteration differs 
depending on the tumor type. Differences in the methodology of measuring TL might also 
contribute to the discrepancy. In addition, the type of blood cells that are analyzed can vary 
between different studies.  
The biological mechanisms behind the reported association between blood TL alterations 
and increased cancer risk are not clear. It is not evident whether the TL alterations observed 
in peripheral blood reflect a secondary event caused by the cancer disease, or if the 
alterations are in fact part of the cancer etiology, or both. Oxidative stress has been 
associated with tissue aging, as well as telomere shortening, and it has been proposed that 
the cumulative burden of oxidative stress through life is registered in the telomeres of 
leukocytes (von Zglinicki 2002; Balaban, Nemoto et al. 2005). Accordingly, it has been 
speculated that blood TL may act as a surrogate marker of tissue dysfunctions. In 2003, Wu 
et al. measured TL in peripheral lymphocytes and found an association between short TL 
and increased risk of bladder, head and neck, lung and renal cell cancers (Wu, Amos et al. 
2003). The authors proposed telomere dysfunction as a potential predisposition factor for 
cancer development. It cannot be excluded that the disease itself, or responses to the disease, 
can originate a systemic effect which directly or indirectly affects the telomere length of 
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peripheral blood cells. The immune response to the tumor might need to be considered. 
Some inflammatory molecules, such as cytokines and reactive oxygen species, may have an 
impact on leukocyte TL. A number of cytokines have shown potential to activate telomerase, 
whereas oxidative stress, as mentioned above, might increase telomere attrition (Akiyama, 
Hideshima et al. 2002; von Zglinicki 2002). The proliferation rate of immune cells, and hence 
the telomere attrition rate, may also differ depending of the state of the immune system, 
which in turn might be altered due to the presence of a tumor. 
It was previously reported that the inter-individual TL variation was reduced in the healthy 
aged individuals (≥85 years) (Halaschek-Wiener, Vulto et al. 2008). The authors had 
hypothesized that healthy old individuals without age-related diseases, such as cancer or 
cardiovascular disease, would have unusually long telomeres. The study, however, showed 
that telomere length in the “normal range” may be most protective against tumor 
development, since long telomeres may favor escape from senescence, whereas short TL 
may cause genomic instability. 
Studies investigating blood telomere length as a prognostic indicator in malignancies are 
sparse (Svenson, Ljungberg et al. 2009; Svenson and Roos 2009; Willeit, Willeit et al. 2010).  
A recent prospective, population-based study estimated the impact of peripheral blood 
leukocyte telomere length on overall cancer manifestation and mortality (Willeit, Willeit et 
al. 2010). This study demonstrated significant inverse correlations between baseline 
leukocyte telomere length and both cancer incidence and mortality, which emerged as 
independent of standard cancer risk factors. The authors found evidence of heterogeneous 
effects according to cancer type, whereby tumors with a high fatality rate tended to exhibit 
more prominent relationships with telomere length and tumors with a more favorable 
prognosis showed modest or no associations. These results corroborate  with previous 
evaluations demonstrating a link between short telomere length and lung cancer, bladder 
cancer, renal cell carcinoma, non-Hodgkin lymphoma and head and neck tumors (Wu, 
Amos et al. 2003; Broberg, Bjork et al. 2005; McGrath, Wong et al. 2007; Shao, Wood et al. 
2007; Jang, Choi et al. 2008; Lan, Cawthon et al. 2009),  but failed to obtain significant 
correlations between short telomere length and colorectal and breast cancer (De Vivo, 
Prescott et al. 2009; Shen, Gammon et al. 2009; Zee, Castonguay et al. 2009). A variety of 
experimental and genetic studies support the hypothesis that telomere attrition contributes 
to the manifestation and dissemination of malignancies. While fully functional telomeres 
confer protection of the genome, shortened telomeres facilitate chromosomal instability 
(Calado and Young 2009). 
In fibroblast cultures, accruing senescent cells were shown to produce and release high 
amounts of growth factors, causing an overwhelming proliferation of the surrounding tissue 
and to secrete metalloproteinase, diminishing intercellular adhesions and potentially 
favoring metastatic spread of tumors (Krtolica, Parrinello et al. 2001; Liu and Hornsby 2007). 
Moreover, a significantly higher production of vascular endothelial growth factor in 
senescent cells may stimulate tumor growth and dissemination by promoting 
neovascularization (Coppe, Kauser et al. 2006). The association between short leukocyte 
telomere length and cancer formation may be partially mediated by the aging of the 
immune system itself. Aging of leukocytes reflected by short telomere length may impair 
immune surveillance and reduce the clearance of tumor cells.  
A study demonstrated that patients with multiple myeloma with high telomerase activity 
and short telomere length presented a poor prognosis (Wu, Orme et al. 2003). Accordingly, 
another study reports the same results in adult T-cell leukemia, suggesting that telomerase 
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activity and low telomere content may be novel markers for the prognosis of these diseases 
(Kubuki, Suzuki et al. 2005). 

5.2 Telomerase genetic variants 
In recent years, a growing number of studies have focused on genetic polymorphisms 
influencing cancer risk and prognosis (Araujo, Ribeiro et al. 2007; Nogal, Coelho et al. 2007; 
Teixeira, Ribeiro et al. 2009; Nogueira, Catarino et al. 2010). 
Although telomere shortening is inversely associated with age, telomere length has been 
found to vary considerably in human peripheral blood lymphocytes from individuals of the 
same age (Graakjaer, Pascoe et al. 2004; Londono-Vallejo 2004).  
Rafnar et al (Rafnar, Sulem et al. 2009) demonstrated that polymorphisms in the gene 
encoding TERT, the catalytic subunit of telomerase, were associated with an increased risk 
for cancer of the lung, urinary bladder, prostate and cervix.  
Matsubara and colleagues (Matsubara, Murata et al. 2006) screened the promoter region of 
hTERT for functional polymorphisms and a frequent T to C transition was found 1327 bp 
upstream the transcription starting site (-1327T/C). Individuals homozygous for the -
1327C/C genotype showed lower telomerase activity and shorter telomere length in their 
peripheral leukocytes compared to the -1327T/T and -1327T/C genotypes. 
Matsubara and co-workers (Matsubara, Murata et al. 2006; Matsubara, Murata et al. 2006) 
demonstrated that the -1327T/C polymorphism within the hTERT promoter region has 
functional roles: the -1327T sequence is associated with higher transcriptional activity, lack 
of age-dependent telomere shortening, longer telomere length, and telomerase activity. The 
relationship of the -1327T/C polymorphism to telomere shortening, telomere length, and 
telomerase activity was found in normal peripheral leukocytes. Transcriptional regulation of 
hTERT has a key role in telomerase activity and telomere shortening. Approximately 25% 
higher promoter activity in the -1327T-sequence was found compared the -1327C-sequence 
and the T allele was strongly associated with longer telomere length. Thus, hTERT T allele 
with higher hTERT transcriptional activity is associated with more effective extension of the 
telomeric end during cell division. Another study found an overrepresentation of the -
1327C/C genotype in patients with coronary artery disease compared to controls, 
presenting shorter telomeres compared to other patients with alternative genotypes, 
indicating that a subgroup of patients is more prone to telomere shortening (Matsubara, 
Murata et al. 2006). 
A previous study performed by our group indicates an influence of the telomerase genetic 
variants in overall survival of NSCLC patients. Multivariate Cox regression analysis 
indicated an increased overall survival for T carrier patients, when compared with CC 
genotype, after adjustment for tumor histological type, stage, smoking status, age and 
gender (hazard ratio, HR=0.52). The median estimated cumulative survival was 
significantly higher in T carrier patients, of 26.5 months, comparing with CC patients, of 19.3 
months (Catarino, Araujo et al. 2010). 
Tumors with excessive telomere alterations are therefore likely to possess the most extensive 
phenotypic variability and have the greatest probability of containing cells capable of 
invasion, extravasation and metastasis, i.e., an aggressive tumor phenotype. It has been 
hypothesized that altered telomere length could predispose cells to gain the necessary 
properties to metastasize and cause recurrent disease, and thereby be a predictor of clinical 
outcome (Bisoffi, Heaphy et al. 2006; Willeit, Willeit et al. 2010). 
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6. Concluding remarks 
Cancer remains an important public health problem in developed countries. Therapeutic 
failure and side effects of anticancer therapy are essential issues requiring future research. 
One of the main aims of clinical or translational research in cancer is the search for genetic 
factors that could foresee treatment outcomes, in biologic activity and toxic effects. 
Therefore, the study of tumor and patient genetic profiles, relative to drug-related genes, 
may offer new opportunities for tailoring treatments. 
The assessment of telomere length and telomerase genetic variants could supplement 
prognosis of survival in the course of cancer and may be a promising molecular marker of 
treatment response in cancer patients. Furthermore, a better knowledge of the underlying 
molecular profile of the host and the tumor could facilitate screening for cancer 
susceptibility and tailoring of chemotherapy in individual patients, choosing those most 
likely to respond, adjusting doses more precisely in order to reduce adverse effects, and 
establishing safety profiles based on individual genetic analyses. 
Most cancer cells have strong telomerase activity to maintain telomere lengths for long-term 
cell proliferation. It has been proposed that cancer cells can be killed by inducing critical 
shortening of telomeres, and hence senescence or apoptosis, through inhibition of 
telomerase.  
In most cancers (80%) unlimited replicative potential is achieved through telomerase 
reactivation, allowing telomere lengthening. This major feature of cancer cell biology is 
observed from the earliest stages in most tissues. Early telomerase activation gives a clear 
advantage to established tumor cells, but also contributes to cancer development. Moreover, 
the role of telomeres in carcinogenesis could partly underlie individual, tissue-specific 
predisposition. Indeed, telomere length varies between individuals in the population; some 
studies suggest that hereditary factors are involved in determining telomere length. Thus, 
individual telomere length heterogeneity and telomere-driven instability may be central 
events in early carcinogenesis. 
Overall, these observations highlight the need for improved understanding of telomere-
driven senescence and of the mechanisms involved in the failure of this process to protect 
against cancer progression in the early stages of disease onset. In particular, improved 
understanding of the role and mechanism of action of telomerase in preneoplasia and 
established tumors is essential for current and future developments of accurate and 
individually adapted anti-telomerase anti-cancer therapy. Thus, improvement of the 
methods used to measure telomerase expression and activity will be required. Finally, a 
combination of techniques – each one adapted for studying telomerase, telomere associated 
proteins, DNA damage proteins and telomere length and structure – will be necessary for 
use in future studies, to fully elucidate the molecular mechanisms underpinning telomere-
related biology. 
A possible prognostic impact of TL abnormalities seems to be tumor type dependent and 
more data on well characterized tumor materials are required. It is evident that the 
appearance of a malignancy affects the whole body, and it is possible that the alterations in 
blood TL seen at diagnosis reflect responses to the tumor. Of most interest is perhaps the 
fact that blood TL appears to constitute a significant prognostic indicator, but additional 
studies on different patient cohorts are needed in order to further substantiate this 
indication. Large longitudinal studies and improved standardized protocols are needed for 
the future, to fully be able to evaluate TL as a marker in malignancies. 
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activity and low telomere content may be novel markers for the prognosis of these diseases 
(Kubuki, Suzuki et al. 2005). 

5.2 Telomerase genetic variants 
In recent years, a growing number of studies have focused on genetic polymorphisms 
influencing cancer risk and prognosis (Araujo, Ribeiro et al. 2007; Nogal, Coelho et al. 2007; 
Teixeira, Ribeiro et al. 2009; Nogueira, Catarino et al. 2010). 
Although telomere shortening is inversely associated with age, telomere length has been 
found to vary considerably in human peripheral blood lymphocytes from individuals of the 
same age (Graakjaer, Pascoe et al. 2004; Londono-Vallejo 2004).  
Rafnar et al (Rafnar, Sulem et al. 2009) demonstrated that polymorphisms in the gene 
encoding TERT, the catalytic subunit of telomerase, were associated with an increased risk 
for cancer of the lung, urinary bladder, prostate and cervix.  
Matsubara and colleagues (Matsubara, Murata et al. 2006) screened the promoter region of 
hTERT for functional polymorphisms and a frequent T to C transition was found 1327 bp 
upstream the transcription starting site (-1327T/C). Individuals homozygous for the -
1327C/C genotype showed lower telomerase activity and shorter telomere length in their 
peripheral leukocytes compared to the -1327T/T and -1327T/C genotypes. 
Matsubara and co-workers (Matsubara, Murata et al. 2006; Matsubara, Murata et al. 2006) 
demonstrated that the -1327T/C polymorphism within the hTERT promoter region has 
functional roles: the -1327T sequence is associated with higher transcriptional activity, lack 
of age-dependent telomere shortening, longer telomere length, and telomerase activity. The 
relationship of the -1327T/C polymorphism to telomere shortening, telomere length, and 
telomerase activity was found in normal peripheral leukocytes. Transcriptional regulation of 
hTERT has a key role in telomerase activity and telomere shortening. Approximately 25% 
higher promoter activity in the -1327T-sequence was found compared the -1327C-sequence 
and the T allele was strongly associated with longer telomere length. Thus, hTERT T allele 
with higher hTERT transcriptional activity is associated with more effective extension of the 
telomeric end during cell division. Another study found an overrepresentation of the -
1327C/C genotype in patients with coronary artery disease compared to controls, 
presenting shorter telomeres compared to other patients with alternative genotypes, 
indicating that a subgroup of patients is more prone to telomere shortening (Matsubara, 
Murata et al. 2006). 
A previous study performed by our group indicates an influence of the telomerase genetic 
variants in overall survival of NSCLC patients. Multivariate Cox regression analysis 
indicated an increased overall survival for T carrier patients, when compared with CC 
genotype, after adjustment for tumor histological type, stage, smoking status, age and 
gender (hazard ratio, HR=0.52). The median estimated cumulative survival was 
significantly higher in T carrier patients, of 26.5 months, comparing with CC patients, of 19.3 
months (Catarino, Araujo et al. 2010). 
Tumors with excessive telomere alterations are therefore likely to possess the most extensive 
phenotypic variability and have the greatest probability of containing cells capable of 
invasion, extravasation and metastasis, i.e., an aggressive tumor phenotype. It has been 
hypothesized that altered telomere length could predispose cells to gain the necessary 
properties to metastasize and cause recurrent disease, and thereby be a predictor of clinical 
outcome (Bisoffi, Heaphy et al. 2006; Willeit, Willeit et al. 2010). 

 
Pharmacogenomic Approach of Telomerase in Cancer: Importance of End Zone Variability 551 

6. Concluding remarks 
Cancer remains an important public health problem in developed countries. Therapeutic 
failure and side effects of anticancer therapy are essential issues requiring future research. 
One of the main aims of clinical or translational research in cancer is the search for genetic 
factors that could foresee treatment outcomes, in biologic activity and toxic effects. 
Therefore, the study of tumor and patient genetic profiles, relative to drug-related genes, 
may offer new opportunities for tailoring treatments. 
The assessment of telomere length and telomerase genetic variants could supplement 
prognosis of survival in the course of cancer and may be a promising molecular marker of 
treatment response in cancer patients. Furthermore, a better knowledge of the underlying 
molecular profile of the host and the tumor could facilitate screening for cancer 
susceptibility and tailoring of chemotherapy in individual patients, choosing those most 
likely to respond, adjusting doses more precisely in order to reduce adverse effects, and 
establishing safety profiles based on individual genetic analyses. 
Most cancer cells have strong telomerase activity to maintain telomere lengths for long-term 
cell proliferation. It has been proposed that cancer cells can be killed by inducing critical 
shortening of telomeres, and hence senescence or apoptosis, through inhibition of 
telomerase.  
In most cancers (80%) unlimited replicative potential is achieved through telomerase 
reactivation, allowing telomere lengthening. This major feature of cancer cell biology is 
observed from the earliest stages in most tissues. Early telomerase activation gives a clear 
advantage to established tumor cells, but also contributes to cancer development. Moreover, 
the role of telomeres in carcinogenesis could partly underlie individual, tissue-specific 
predisposition. Indeed, telomere length varies between individuals in the population; some 
studies suggest that hereditary factors are involved in determining telomere length. Thus, 
individual telomere length heterogeneity and telomere-driven instability may be central 
events in early carcinogenesis. 
Overall, these observations highlight the need for improved understanding of telomere-
driven senescence and of the mechanisms involved in the failure of this process to protect 
against cancer progression in the early stages of disease onset. In particular, improved 
understanding of the role and mechanism of action of telomerase in preneoplasia and 
established tumors is essential for current and future developments of accurate and 
individually adapted anti-telomerase anti-cancer therapy. Thus, improvement of the 
methods used to measure telomerase expression and activity will be required. Finally, a 
combination of techniques – each one adapted for studying telomerase, telomere associated 
proteins, DNA damage proteins and telomere length and structure – will be necessary for 
use in future studies, to fully elucidate the molecular mechanisms underpinning telomere-
related biology. 
A possible prognostic impact of TL abnormalities seems to be tumor type dependent and 
more data on well characterized tumor materials are required. It is evident that the 
appearance of a malignancy affects the whole body, and it is possible that the alterations in 
blood TL seen at diagnosis reflect responses to the tumor. Of most interest is perhaps the 
fact that blood TL appears to constitute a significant prognostic indicator, but additional 
studies on different patient cohorts are needed in order to further substantiate this 
indication. Large longitudinal studies and improved standardized protocols are needed for 
the future, to fully be able to evaluate TL as a marker in malignancies. 
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New discoveries pertaining to telomere structure and telomere homeostasis that shed light 
on the complex relationship between telomeres, telomerase, chromosomal instability and 
cancer will undoubtedly have an important impact in cancer therapeutics. 
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New discoveries pertaining to telomere structure and telomere homeostasis that shed light 
on the complex relationship between telomeres, telomerase, chromosomal instability and 
cancer will undoubtedly have an important impact in cancer therapeutics. 
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1. Introduction 
Telomeres are essential for chromosome replication and genome integrity. The 3’ single-
stranded overhang of human telomere may adopt particular conformations such as T-loops 
and G-quadruplexes. Reactivated in most tumors, telomerase, a specific reverse 
transcriptase that elongates the telomeres, is thought to enable cancer cells to proliferate in 
an unlimited manner, thereby correcting the normal telomere erosion that occurs during cell 
division. The level of interest in G-quadruplex has increased due to their ability to inhibit 
telomerase activity. We have investigated chromosomal binding and the cellular effects 
induced by pyridine derivative G-quadruplex ligand in human normal and tumour cells. 
We show from our analysis that this G-quadruplex ligand preferentially binds the terminal 
regions of chromosomes in both normal and tumour cells. This compound also induces 
DNA damage signals in a strictly ATM-dependent manner, inhibits cell proliferation and 
induces apoptosis. We further observed by telo-FISH and Chromosome Orientation-FISH 
that this compound induces specific telomere aberrations either during or after replication 
and mainly consisting of sister telomere fusions and recombination events principally 
involving the lagging strand telomeres. We have also observed that ATM (Ataxia 
Telangiectasia Mutated) and ATR (Ataxia Telangiectasia Related) reduce telomere instability 
independently of apoptosis suggesting its direct role in preventing inappropriate DNA 
repair at the telomeres. We have further demonstrated that, even at elevated concentrations, 
G-quadruplex ligand has limited effects on proliferation of normal cells, and does not 
induce apoptosis or telomere aberrations. Interestingly, we observed induction of reversible 
premature senescence in primary fibroblasts. Taken together, our results suggest that the 
protein composition and/or organization of the telomeres differ markedly between normal 
and cancer cells, and provide higher telomere stability to normal cells. 

1.1 Structure of telomeres  
Telomeres are nucleoprotein structures located at the ends of chromosomes (Figure 1A). 
Human telomeric DNA contains double-stranded repeats of the motif TTAGGG (5 – 20 Kb) 
followed by a G-rich 3’-overhang (Makarov et al., 1997) (Figure 1B). In human 
chromosomes, the long terminal protrusions of single-stranded G-rich sequence have been 
reported to vary from 50 to more than 500 nucleotides (Makarov et al., 1997; Stewart et al., 
2003). Telomeres have also been considered to be transcriptionally silent, but mammalian 
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1. Introduction 
Telomeres are essential for chromosome replication and genome integrity. The 3’ single-
stranded overhang of human telomere may adopt particular conformations such as T-loops 
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transcriptase that elongates the telomeres, is thought to enable cancer cells to proliferate in 
an unlimited manner, thereby correcting the normal telomere erosion that occurs during cell 
division. The level of interest in G-quadruplex has increased due to their ability to inhibit 
telomerase activity. We have investigated chromosomal binding and the cellular effects 
induced by pyridine derivative G-quadruplex ligand in human normal and tumour cells. 
We show from our analysis that this G-quadruplex ligand preferentially binds the terminal 
regions of chromosomes in both normal and tumour cells. This compound also induces 
DNA damage signals in a strictly ATM-dependent manner, inhibits cell proliferation and 
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induce apoptosis or telomere aberrations. Interestingly, we observed induction of reversible 
premature senescence in primary fibroblasts. Taken together, our results suggest that the 
protein composition and/or organization of the telomeres differ markedly between normal 
and cancer cells, and provide higher telomere stability to normal cells. 

1.1 Structure of telomeres  
Telomeres are nucleoprotein structures located at the ends of chromosomes (Figure 1A). 
Human telomeric DNA contains double-stranded repeats of the motif TTAGGG (5 – 20 Kb) 
followed by a G-rich 3’-overhang (Makarov et al., 1997) (Figure 1B). In human 
chromosomes, the long terminal protrusions of single-stranded G-rich sequence have been 
reported to vary from 50 to more than 500 nucleotides (Makarov et al., 1997; Stewart et al., 
2003). Telomeres have also been considered to be transcriptionally silent, but mammalian 
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telomeres are transcribed into telomeric repeat-containing RNA (Azzalin et al., 2007; 
Schoeftner & Blasco, 2008; Ho et al., 2008) (Figure 1B).  
Telomeric DNA is capped by shelterin, a telomere-specific multiprotein complex (de Lange, 
2005). Three shelterin subunits, TRF1 (Telomeric Repeat Factor 1) (Zhong et al., 1992; 
Broccoli et al., 1997), TRF2 (Telomeric Repeat Factor 2) (Broccoli et al., 1997; Bilaud et al., 
1997) and POT1 (Protection Of Telomere 1) (Baumann & Cech, 2001; Loyza et al., 2004; 
Hockemeyer et al., 2005) directly recognize TTAGGG repeats and are interconnected by 
three additional shelterin proteins, TIN2 (TRF1 Interacting Nuclear Protein 1) (Kim et al., 
1999; O’Connor et al., 2006), TPP1 (TINT1-PIP1-PTOP1) (Hockmeyer et al., 2007; Ye et al., 
2004; O’Connor et al., 2006; Chen et al., 2007; Xin et al., 2007) and Rap1 (Repressor activator 
protein 1) (Li et al., 2000; Li & de Lange, 2003; O’Connor et al., 2006), forming a complex that 
allows cells to distinguish telomeres from sites of DNA damage. 
 

 
Fig. 1. Human telomeres evidenced by hybridization with a PNA-Cy3 (Peptide Nucleic  
Acid – Cyanine 3) probe on chromosome counterstained with DAPI (A) and schematic 
representation of shelterin on telomeric DNA in the presence of telomeric repeat-containing 
RNA (B). 

Telomeres can adopt a protective conformation, the T-loop structure, in which the telomeric 
3’-overhang is incorporated into the proximal double stranded telomeres (Griffith et al., 
1999) (Figure 2A). Junction-specific binding would also allow TRF2 to stabilize a strand 
invasion structure that is thought to exist at the strand invasion site of the T-loop (Stansel et 
al., 2001; Fouche et al., 2006). The T-loop has been proposed to prevent telomeres from being 
recognized as a DNA double strand breaks (DSBs) and thus from activating cell cycle 
checkpoints, inappropriate DNA repair and cell death (Smogrozewska & de Lange, 2004). 
Nevertheless, the DNA damage machinery recognizes functional telomeres during 
replication (Verdun et al., 2005). At the telomeres, a localized DNA damage response (DDR) 
seems to be required for processing and the formation of protective structures such as the T-
loop after replication.  
The guanine-rich sequences of telomeric DNA are susceptible to form in vitro G-quadruplex 
as a consequence of the propensity of guanine to associate with each other in a stable 
hydrogen-bonded arrangement, the G-quartet (Neidle & Parkinson, 2003) (Figure 2B and 
2C). G-quartet is stabilized by a monovalent cation (Na+ or K+) localized in the centre of the 
structure (Figure 2B) (Williamson et al., 1989; Sen & Gilbert, 1990). A three-dimensional 
arrangement of three G-quartets (Figure 2D) can result in a variety of G-quadruplex 
structures. The four-stranded quadruplex structural types depend on the number and the 
orientation of the DNA strands. Indeed, intramolecular G-quadruplexes comprise one DNA 
strand whereas dimeric and tetrameric intermolecular quadruplex involve 2 and 4 DNA 
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strands respectively. G-quadruplex heterogeneity also depends on the orientation of the 
DNA strands (parallel or anti-parallel) and the guanine conformation (syn or anti).  
 

 
Fig. 2. Structure of the telomere. Schematic representation of T-loop structure (A). Chemical 
structure of guanine (B), of a G-quartet (C) and depiction of a G-quadruplex (D). 

1.2 Telomerase 
The maintenance of telomeric repeats in most eukaryotic organisms requires telomerase, 
which consists of a reverse transcriptase and an RNA template that dictates the synthesis of 
the G-rich strand of telomere terminal repeats (Greider & Blackburn, 1987; Autexier & Lue, 
2006). The catalytic function of this enzyme depends minimally on two components: TERT 
(Telomerase Reverse Transcriptase) protein (Kilian et al., 1997) and telomerase RNA (TR: 
Telomerase RNA template) (Feng et al., 1995; Blasco et al., 1995). However, other proteins 
(dyskerin, Ku70, Ku80, nucleolin, hsp23, hsp90) have also been proposed to associate with 
human telomerase (Mitchell et al., 1999; Chai et al., 2002; Ting et al., 2005; Khurts et al., 2004; 
Forsyhthe et al., 2001; Cohen et al., 2007). By copying a short template sequences within its 
intrinsic RNA moiety, telomerase synthesizes the telomeric DNA strand running 5’ to 3’ 
toward the distal end of the chromosome, thereby extending it. Regulated extension of the 
chromosomal DNA termini occurs to compensate for the shortening that results from 
nuclease action and incomplete terminal DNA replication (Makarov et al., 1997; Blackburn, 
2005; de Lange, 2005). Telomerase gene expression is active only in germ cells and stem cells 
and is repressed in most somatic cells, although limited expression is found in normal 
cycling cells (Masutomi et al., 2003). The expression of telomerase is reactivated in most 
tumours and is thought to enable cancer cells to proliferate in an unlimited manner by 
maintaining and protecting telomeres. Telomerase has therefore become a target for the 
development of new cancer drugs. In addition to telomerase however, other mechanisms to 
maintain telomere length have been identified in human tumours. Indeed, telomere 
lengthening is achieved in some cancer cells by recombination events between telomeres, 
known as alternative lengthening of telomeres (ALT) (Muntoni & Reddel, 2005).  

1.3 Functions of telomeres  
1.3.1 Telomeres protect chromosome ends 
Telomeres are nucleoprotein structures essential for chromosome replication and genome 
integrity because they protect against instability-promoting events (degradation of the 
terminal regions of chromosomes, fusion of a telomere either with another telomere or with 
a broken DNA end, or inappropriate recombination) (Zakian, 1995). Telomeres allow cells to 
distinguish natural chromosome ends from damaged DNA by inhibiting the canonical DNA 
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telomeres are transcribed into telomeric repeat-containing RNA (Azzalin et al., 2007; 
Schoeftner & Blasco, 2008; Ho et al., 2008) (Figure 1B).  
Telomeric DNA is capped by shelterin, a telomere-specific multiprotein complex (de Lange, 
2005). Three shelterin subunits, TRF1 (Telomeric Repeat Factor 1) (Zhong et al., 1992; 
Broccoli et al., 1997), TRF2 (Telomeric Repeat Factor 2) (Broccoli et al., 1997; Bilaud et al., 
1997) and POT1 (Protection Of Telomere 1) (Baumann & Cech, 2001; Loyza et al., 2004; 
Hockemeyer et al., 2005) directly recognize TTAGGG repeats and are interconnected by 
three additional shelterin proteins, TIN2 (TRF1 Interacting Nuclear Protein 1) (Kim et al., 
1999; O’Connor et al., 2006), TPP1 (TINT1-PIP1-PTOP1) (Hockmeyer et al., 2007; Ye et al., 
2004; O’Connor et al., 2006; Chen et al., 2007; Xin et al., 2007) and Rap1 (Repressor activator 
protein 1) (Li et al., 2000; Li & de Lange, 2003; O’Connor et al., 2006), forming a complex that 
allows cells to distinguish telomeres from sites of DNA damage. 
 

 
Fig. 1. Human telomeres evidenced by hybridization with a PNA-Cy3 (Peptide Nucleic  
Acid – Cyanine 3) probe on chromosome counterstained with DAPI (A) and schematic 
representation of shelterin on telomeric DNA in the presence of telomeric repeat-containing 
RNA (B). 

Telomeres can adopt a protective conformation, the T-loop structure, in which the telomeric 
3’-overhang is incorporated into the proximal double stranded telomeres (Griffith et al., 
1999) (Figure 2A). Junction-specific binding would also allow TRF2 to stabilize a strand 
invasion structure that is thought to exist at the strand invasion site of the T-loop (Stansel et 
al., 2001; Fouche et al., 2006). The T-loop has been proposed to prevent telomeres from being 
recognized as a DNA double strand breaks (DSBs) and thus from activating cell cycle 
checkpoints, inappropriate DNA repair and cell death (Smogrozewska & de Lange, 2004). 
Nevertheless, the DNA damage machinery recognizes functional telomeres during 
replication (Verdun et al., 2005). At the telomeres, a localized DNA damage response (DDR) 
seems to be required for processing and the formation of protective structures such as the T-
loop after replication.  
The guanine-rich sequences of telomeric DNA are susceptible to form in vitro G-quadruplex 
as a consequence of the propensity of guanine to associate with each other in a stable 
hydrogen-bonded arrangement, the G-quartet (Neidle & Parkinson, 2003) (Figure 2B and 
2C). G-quartet is stabilized by a monovalent cation (Na+ or K+) localized in the centre of the 
structure (Figure 2B) (Williamson et al., 1989; Sen & Gilbert, 1990). A three-dimensional 
arrangement of three G-quartets (Figure 2D) can result in a variety of G-quadruplex 
structures. The four-stranded quadruplex structural types depend on the number and the 
orientation of the DNA strands. Indeed, intramolecular G-quadruplexes comprise one DNA 
strand whereas dimeric and tetrameric intermolecular quadruplex involve 2 and 4 DNA 
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strands respectively. G-quadruplex heterogeneity also depends on the orientation of the 
DNA strands (parallel or anti-parallel) and the guanine conformation (syn or anti).  
 

 
Fig. 2. Structure of the telomere. Schematic representation of T-loop structure (A). Chemical 
structure of guanine (B), of a G-quartet (C) and depiction of a G-quadruplex (D). 

1.2 Telomerase 
The maintenance of telomeric repeats in most eukaryotic organisms requires telomerase, 
which consists of a reverse transcriptase and an RNA template that dictates the synthesis of 
the G-rich strand of telomere terminal repeats (Greider & Blackburn, 1987; Autexier & Lue, 
2006). The catalytic function of this enzyme depends minimally on two components: TERT 
(Telomerase Reverse Transcriptase) protein (Kilian et al., 1997) and telomerase RNA (TR: 
Telomerase RNA template) (Feng et al., 1995; Blasco et al., 1995). However, other proteins 
(dyskerin, Ku70, Ku80, nucleolin, hsp23, hsp90) have also been proposed to associate with 
human telomerase (Mitchell et al., 1999; Chai et al., 2002; Ting et al., 2005; Khurts et al., 2004; 
Forsyhthe et al., 2001; Cohen et al., 2007). By copying a short template sequences within its 
intrinsic RNA moiety, telomerase synthesizes the telomeric DNA strand running 5’ to 3’ 
toward the distal end of the chromosome, thereby extending it. Regulated extension of the 
chromosomal DNA termini occurs to compensate for the shortening that results from 
nuclease action and incomplete terminal DNA replication (Makarov et al., 1997; Blackburn, 
2005; de Lange, 2005). Telomerase gene expression is active only in germ cells and stem cells 
and is repressed in most somatic cells, although limited expression is found in normal 
cycling cells (Masutomi et al., 2003). The expression of telomerase is reactivated in most 
tumours and is thought to enable cancer cells to proliferate in an unlimited manner by 
maintaining and protecting telomeres. Telomerase has therefore become a target for the 
development of new cancer drugs. In addition to telomerase however, other mechanisms to 
maintain telomere length have been identified in human tumours. Indeed, telomere 
lengthening is achieved in some cancer cells by recombination events between telomeres, 
known as alternative lengthening of telomeres (ALT) (Muntoni & Reddel, 2005).  

1.3 Functions of telomeres  
1.3.1 Telomeres protect chromosome ends 
Telomeres are nucleoprotein structures essential for chromosome replication and genome 
integrity because they protect against instability-promoting events (degradation of the 
terminal regions of chromosomes, fusion of a telomere either with another telomere or with 
a broken DNA end, or inappropriate recombination) (Zakian, 1995). Telomeres allow cells to 
distinguish natural chromosome ends from damaged DNA by inhibiting the canonical DNA 
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damage response (NHEJ and HR). Telomerase, the T-loop and the shelterin complex serve 
to prevent telomeres from being recognized as DNA damage. Indeed, TRF2 can inhibit the 
ATM-dependent DNA damage response (Celli & de Lange, 2006; Karlseder et al., 2004; 
Denchi & de Lange, 2007, Bae & Baumann, 2007) whereas POT1 can inhibit inappropriate 
recombination at the telomeres (He 2006) and NHEJ (Denchi & de Lange, 2007). However, 
functional human telomeres are recognized by proteins involved in the DNA damage 
response, highlighting that a localized DNA damage response at the telomeres after 
replication is essential for recruiting the processing machinery that promotes formation of a 
chromosome end protection complex (Verdun et al., 2005). Without the protective activity of 
shelterin or when they shorten, telomeres are no longer hidden from the DNA damage 
surveillance and DNA repair pathways that may inappropriately process chromosome ends 
(Palm & de Lange, 2008).  

1.3.2 Telomere shortening and replicative senescence 
The replication of telomeres by conventional mechanisms is inevitably incomplete, leading 
to telomere shortening at each round of cell division (the end-replication problem) 
(Olovnikov, 1973). On the other hand, the processing reactions required to re-create a 3’ end 
also lead to telomere shortening after replication (Dionne & Wellinger, 1998). Telomerase, 
the unique enzyme in the cell that can add telomeric repeats de novo to the 3’ end, 
counteracts these losses. In humans, however the expression of the telomerase is highly 
regulated and most somatic cells do not possess any telomerase activity, and as a result 
telomere shortening is prevalent in proliferating cells. Because end-replication results in 
telomere shortening with each round of replication, the telomeres of human somatic cells act 
as a mitotic clock, shortening with age both in vitro and in vivo in a replication dependent 
manner (Olovnikov, 1973; Makarov et al., 1997). When telomeres reach a critical length 
(Hayflick & Moorhead, 1961), dysfunctional telomeres trigger a damage response leading to 
growth arrest (cellular senescence) or cell death (apoptosis) (Figure 3).  
Indeed, uncapping of one telomere, because of damage or loss of telomere sequences or 
because of destabilization of the protein complex, triggers a DNA damage response and an 
attempt by the cell to repair the unprotected extremity (Takai et al., 2003; d’Adda di Fagagna 
et al., 2003). Dysfunctional telomeres are sensed as double strand DNA breaks, activating 
the DNA damage response checkpoints, including ATM and ATR (Karlseder et al., 1999; 
d’Adda di Fagagna et al., 2003). Hence, dysfunctional telomeres became associated with 
DNA damage response factors such as γ-H2AX, 53BP1, Rad17 and Mre11 leading to the 
formation of TIFs (Telomere dysfunction-Induced Foci) in an ATM- and ATR-dependent 
manner (Takai et al., 2003; Konishi & de Lange, 2008) and to the induction of replicative 
senescence. Cellular senescence is a cell-cycle arrest event in which cells show characteristic 
morphological changes and stain positively for senescence-associated β-galactosidase (SA-β-
gal) activity (Hayflick & Moorhead, 1961; Dimri et al., 1995; Cosme-Blanco et al., 2007), and 
proceed through central signalling pathways leading to the activation of the p53 and 
retinoblastoma tumour suppressor proteins (pRb). Therefore, telomere shortening is 
considered to be the main causal mechanism underlying replicative senescence, but 
telomere deprotection, DNA damage, numerous stresses and/or signalling imbalance can 
also induce senescence (d’Adda di Fagagna et al., 2003; Cosme-Blanco et al., 2007). Other 
sources of telomere damage (exogenous events, such as UV irradiation, or endogenous 
factors, such as reactive oxygen species) may lead to sudden telomere shortening and 
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uncapping presumably with very similar consequences (von Zglinicki, 2000; Oikawa et al., 
2001). Owing to its anti-proliferative effects, cellular senescence triggered by telomere 
dysfunction and/or erosion is considered to be a strong protective mechanism against 
unlimited proliferation (Harley et al., 1991) and an efficient tumour suppressor mechanism 
(Sedivy, 2007; Feldser & Greider, 2007). 
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Fig. 3. Induction of replicative senescence and cellular immortalization. 

1.4 Replication of telomeres 
Bidirectional replication initiates at defined origins but telomeric chromatin that has the 
ability to form unusual structures might be a source of difficulties for the passage of the 
replication fork (Fouche et al., 2006). Leading strand replication occurs continuously 
whereas lagging strand replication is discontinuous and the DNA is synthesized via Okazaki 
fragments. Telomere replication occurs in two phases, S-phase and G2/M phase (Verdun & 
Karlseder, 2006 and 2007) which implicate specific mechanisms to initiate, control and 
coordinate the synthesis of leading and lagging strands at the telomeres and to allow G-tail 
formation and recapping of the telomeres after their replication.  
The telomere structure, T-loop, G-quadruplex and D-loop, cause fork progression problems 
(Fouche et al., 2006; Verdun & Karlseder, 2006). During the G1 phase, the T-loop structure 
prevents telomeres from being recognized as DSBs. During S-phase however, T-loop 
opening and/or difficulties during the passage of the replication fork induce a localized 
DNA damage response (Verdun et al., 2005) but do not engage the downstream elements of 
the cascade that would lead to cell cycle checkpoint enforcement. Naturally, stalling of the 
replication fork at the telomeres induces an ATM/ATR-dependent DNA damage response. 
Proteins involved in the DNA damage response such as MRE11/RAD50/NBS, RPA, 
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damage response (NHEJ and HR). Telomerase, the T-loop and the shelterin complex serve 
to prevent telomeres from being recognized as DNA damage. Indeed, TRF2 can inhibit the 
ATM-dependent DNA damage response (Celli & de Lange, 2006; Karlseder et al., 2004; 
Denchi & de Lange, 2007, Bae & Baumann, 2007) whereas POT1 can inhibit inappropriate 
recombination at the telomeres (He 2006) and NHEJ (Denchi & de Lange, 2007). However, 
functional human telomeres are recognized by proteins involved in the DNA damage 
response, highlighting that a localized DNA damage response at the telomeres after 
replication is essential for recruiting the processing machinery that promotes formation of a 
chromosome end protection complex (Verdun et al., 2005). Without the protective activity of 
shelterin or when they shorten, telomeres are no longer hidden from the DNA damage 
surveillance and DNA repair pathways that may inappropriately process chromosome ends 
(Palm & de Lange, 2008).  

1.3.2 Telomere shortening and replicative senescence 
The replication of telomeres by conventional mechanisms is inevitably incomplete, leading 
to telomere shortening at each round of cell division (the end-replication problem) 
(Olovnikov, 1973). On the other hand, the processing reactions required to re-create a 3’ end 
also lead to telomere shortening after replication (Dionne & Wellinger, 1998). Telomerase, 
the unique enzyme in the cell that can add telomeric repeats de novo to the 3’ end, 
counteracts these losses. In humans, however the expression of the telomerase is highly 
regulated and most somatic cells do not possess any telomerase activity, and as a result 
telomere shortening is prevalent in proliferating cells. Because end-replication results in 
telomere shortening with each round of replication, the telomeres of human somatic cells act 
as a mitotic clock, shortening with age both in vitro and in vivo in a replication dependent 
manner (Olovnikov, 1973; Makarov et al., 1997). When telomeres reach a critical length 
(Hayflick & Moorhead, 1961), dysfunctional telomeres trigger a damage response leading to 
growth arrest (cellular senescence) or cell death (apoptosis) (Figure 3).  
Indeed, uncapping of one telomere, because of damage or loss of telomere sequences or 
because of destabilization of the protein complex, triggers a DNA damage response and an 
attempt by the cell to repair the unprotected extremity (Takai et al., 2003; d’Adda di Fagagna 
et al., 2003). Dysfunctional telomeres are sensed as double strand DNA breaks, activating 
the DNA damage response checkpoints, including ATM and ATR (Karlseder et al., 1999; 
d’Adda di Fagagna et al., 2003). Hence, dysfunctional telomeres became associated with 
DNA damage response factors such as γ-H2AX, 53BP1, Rad17 and Mre11 leading to the 
formation of TIFs (Telomere dysfunction-Induced Foci) in an ATM- and ATR-dependent 
manner (Takai et al., 2003; Konishi & de Lange, 2008) and to the induction of replicative 
senescence. Cellular senescence is a cell-cycle arrest event in which cells show characteristic 
morphological changes and stain positively for senescence-associated β-galactosidase (SA-β-
gal) activity (Hayflick & Moorhead, 1961; Dimri et al., 1995; Cosme-Blanco et al., 2007), and 
proceed through central signalling pathways leading to the activation of the p53 and 
retinoblastoma tumour suppressor proteins (pRb). Therefore, telomere shortening is 
considered to be the main causal mechanism underlying replicative senescence, but 
telomere deprotection, DNA damage, numerous stresses and/or signalling imbalance can 
also induce senescence (d’Adda di Fagagna et al., 2003; Cosme-Blanco et al., 2007). Other 
sources of telomere damage (exogenous events, such as UV irradiation, or endogenous 
factors, such as reactive oxygen species) may lead to sudden telomere shortening and 
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uncapping presumably with very similar consequences (von Zglinicki, 2000; Oikawa et al., 
2001). Owing to its anti-proliferative effects, cellular senescence triggered by telomere 
dysfunction and/or erosion is considered to be a strong protective mechanism against 
unlimited proliferation (Harley et al., 1991) and an efficient tumour suppressor mechanism 
(Sedivy, 2007; Feldser & Greider, 2007). 
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Fig. 3. Induction of replicative senescence and cellular immortalization. 

1.4 Replication of telomeres 
Bidirectional replication initiates at defined origins but telomeric chromatin that has the 
ability to form unusual structures might be a source of difficulties for the passage of the 
replication fork (Fouche et al., 2006). Leading strand replication occurs continuously 
whereas lagging strand replication is discontinuous and the DNA is synthesized via Okazaki 
fragments. Telomere replication occurs in two phases, S-phase and G2/M phase (Verdun & 
Karlseder, 2006 and 2007) which implicate specific mechanisms to initiate, control and 
coordinate the synthesis of leading and lagging strands at the telomeres and to allow G-tail 
formation and recapping of the telomeres after their replication.  
The telomere structure, T-loop, G-quadruplex and D-loop, cause fork progression problems 
(Fouche et al., 2006; Verdun & Karlseder, 2006). During the G1 phase, the T-loop structure 
prevents telomeres from being recognized as DSBs. During S-phase however, T-loop 
opening and/or difficulties during the passage of the replication fork induce a localized 
DNA damage response (Verdun et al., 2005) but do not engage the downstream elements of 
the cascade that would lead to cell cycle checkpoint enforcement. Naturally, stalling of the 
replication fork at the telomeres induces an ATM/ATR-dependent DNA damage response. 
Proteins involved in the DNA damage response such as MRE11/RAD50/NBS, RPA, 
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trimeric complex of Rad9/Rad1/Hus1 and β DNA polymerase are detected at telomeres at 
the end of S phase (Verdun et al., 2005; Verdun & Karlseder, 2006 and 2007; Jazayeri et al., 
2006; Gilson & Geli, 2007). RPA, POT1 and helicases from the RecQ family (BLM and WRN) 
regulated by TRF2 and POT1 could be implicated in the resolution of unusual DNA 
structure and G-quadruplexes on the G-rich strand (Crabbe et al., 2004; Shen & Loeb, 2001; 
Opresko et al., 2004 and 2005) to facilitate progression of the replication fork. ATM and 
MRE11 located at telomeres during G2/M phase suggest that ATM-dependent damage is 
required for generation of the 3’ overhang at the leading telomere (Verdun & Karlseder, 
2006) implicating Apollo through its 5’ resection activity (Lenain et al., 2006; van Overbeek 
& de Lange, 2006 ; Dimitrova & de Lange, 2009). Apollo, a member of the SNM1/PSO2 
family of nucleases, contributes to the repair of interstrand crosslink and the cleavage of 
hairpins during V(D)J recombination and is recruited to chromosome ends via interaction 
with TRF2 (Ye et al., 2010 ; Wu et al., 2010). Sfeir et al. have reported that 80% of the C-rich 
strands terminate in CCCAATC-5’ (Sfeir et al., 2005), suggesting the actions of a specific 
nuclease that is POT1-dependent. Indeed POT1 is implicated in the generation of the correct 
sequence at chromosome ends (Hockmeyer et al., 2005). ATM-dependent signalling at 
telomeres in G2 is required for T-loop re-formation (Verdun et al., 2005; Verdun & 
Karlseder, 2006). Proteins implicated in homologous recombination (RAD51, RAD52 and 
XRCC3) and telomeric proteins (TRF2, TRF1 and TIN2) are recruited at telomeres to 
facilitate T-loop formation after replication (Stansel et al., 2001; de Lange, 2005; Verdun et 
al., 2005; Verdun & Karlseder, 2006; Amiard et al., 2007, Fouche et al., 2006).  

1.5 Telomeres, telomerase and cancer 
1.5.1 Telomere stabilization  
When human cells bypass replicative senescence via the inactivation of p53 or Rb, they 
continue to divide in spite of very short telomeres leading to the deprotection of 
chromosome ends (Counter et al., 1994; Stewart & Weinberg, 2000; Kim et al., 2002; 
Londono-Vallejo, 2008). As the substrates of repair mechanisms, critically shortened 
telomeres are highly recombinogenic leading to the formation of dicentric chromosomes by 
NHEJ, anaphase bridges, engagement of the breakage-fusion-breakage (BFB) cycle 
(Murname, 2006; Bailey & Murname, 2006), and the generation of novel chromosomal 
variants that could lead to the emergence of a pro-cancer genome. Indeed, genomic 
instability driven by dysfunctional telomeres is associated with the transition from benign 
lesions to malignant cancer. Eventually, the number of unstable chromosomes being too 
high, cells cannot divide further without losing vital genetic material and thus they initiate 
mitotic catastrophe and die (crisis) (Figure 3). Consequently, crisis represents another 
powerful barrier to uncontrolled cell proliferation. To escape from death, cells that enter 
crisis must acquire a mechanism of telomere maintenance that is most often achieved by the 
re-expression of telomerase (Counter et al., 1992 and 1994) (Figure 3). In stabilizing telomere 
length, telomerase reactivation facilitates an indefinite replication potential, which is a 
hallmark of tumour cells. The reactivation of telomerase thus allows cells to stabilize their 
genome and divide indefinitely. Amplification of the hTERT locus and 
duplication/translocation of this locus has been linked to the reactivation of telomerase. In 
addition, the promoter of the hTERT gene is a target for numerous oncogenes (such as c-
myc) or tumour suppressors (e.g. p53). The telomerase ribonucleoprotein recognizes 
telomeric DNA during S phase (Jady et al., 2006; Tomlinson et al., 2006) and sequentially 
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adds telomeric repeats to the 3’ end. Telomerase then undergoes a translocation reaction to 
enable another round of nucleotide addition (Morin, 1989; Autexier & Lue, 2006; Hug & 
Lingner, 2006).  
Transformed cells may also acquire alternative mechanisms of telomere maintenance (ALT) 
based on homologous recombination between telomeres (Figure 3) (Bryan et al., 1997; 
Muntoni & Reddel, 2005; Stewart, 2005). ALT cells are characterized by high level of 
telomeric exchange (Londono-Vallejo et al., 2004; Bailey et al., 2004; Dunham et al., 2000), 
highly heterogeneous telomeres and ALT-associated PML bodies colocalized with telomeres 
(Muntoni & Reddel, 2005; Dunham et al., 2000).  

1.5.2 Telomere recombination and chromosomal instability 
Dysfunctional telomeres are sensed as double strand DNA breaks which activates the DNA 
damage response checkpoints, including the ATM and ATR pathways (Karlseder et al., 
1999; d’Adda di Fagagna et al., 2003). In human cells, the activation of ATM and ATR, 
members of the phosphatidylinositol 3-kinase-like kinase family, leads to the 
phosphorylation and activation of the central cell cycle regulator p53, CHK1 (checkpoint 
kinase 1) and CHK2 (checkpoint kinase 2), which in turn facilitates G1 and G2 arrest (Shiloh, 
2003; Khanna et al., 2001). ATM responds to DSBs (Shiloh, 2003) whereas ATR responds to 
lesions after they have been processed to single-stranded DNA intermediates (Zhou et al., 
2003). Two main pathways, HR (homologous recombination) or NHEJ (non-homologous 
end joining), can repair DNA damage. The HR pathway is a very accurate repair mechanism 
because sister chromatid serves as a template to guide repair of the broken strand during the 
S and G2 phases of the cell cycle. NHEJ, which is potentially less accurate because two 
termini of broken DNA are ligated, is the prevailing repair pathway during the G1 and M 
phases. 
The loss of telomere function can result in telomere fusion events in an NHEJ-dependent 
manner (Smogorzewska et al., 2002; Celli & de Lange, 2005) containing telomeric repeat 
DNA. Prior to replication, telomere fusion results from the linkage of the G-strand of one 
chromosome end to the C-strand of another chromosome (van Steensel et al., 1998; Bailey et 
al., 2001). These telomere fusions induce the formation of dicentric chromosome with 
telomere sequences at the fusion point and anaphase bridge. In contrast, after replication, 
telomere fusion can result from the linkage of two chromatids of different chromosomes 
resulting from C-strand synthesis with blunt ends or two sister chromatids leading to the 
propagation of the breakage/fusion/breakage (B/F/B) cycle (Fouladi et al., 2000). The 
B/F/B cycle is a well-established mechanism that causes genome instability leading to 
complex chromosomal rearrangements and cancer genome amplification. Indeed, deficiency 
of several proteins such as ATM, TRF2, POT1 and DNA-PKcs result in telomere fusion 
events that are dependent on factors involved in NHEJ (van Steensel et al., 1998; Veldman et 
al., 2004; Yang et al., 2005; Bailey et al., 2001; Bailey & Murnane, 2006; Gilley et al., 2001; 
Metcalfe et al., 1996). In addition, CO-FISH (Chromosome Orientation-Fluorescence In Situ 
Hybridization) analysis has shown the existence of telomere-DSB fusion (Crabbe et al., 2004; 
Bailey & Murnane, 2006). 
Homologous recombination has been observed at dysfunctional telomeres. Indeed, 
recombination can occur within the T-loop structure (T-loop HR or telomere rapid deletion) 
(Wang et al., 2004; de Lange & Petrini, 2000), between sister telomeres (Telomere Sister 
Chromatid Exchange or T-SCE) (Rudd et al., 2007; Baird, 2008; Bailey et al., 2004) and 
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trimeric complex of Rad9/Rad1/Hus1 and β DNA polymerase are detected at telomeres at 
the end of S phase (Verdun et al., 2005; Verdun & Karlseder, 2006 and 2007; Jazayeri et al., 
2006; Gilson & Geli, 2007). RPA, POT1 and helicases from the RecQ family (BLM and WRN) 
regulated by TRF2 and POT1 could be implicated in the resolution of unusual DNA 
structure and G-quadruplexes on the G-rich strand (Crabbe et al., 2004; Shen & Loeb, 2001; 
Opresko et al., 2004 and 2005) to facilitate progression of the replication fork. ATM and 
MRE11 located at telomeres during G2/M phase suggest that ATM-dependent damage is 
required for generation of the 3’ overhang at the leading telomere (Verdun & Karlseder, 
2006) implicating Apollo through its 5’ resection activity (Lenain et al., 2006; van Overbeek 
& de Lange, 2006 ; Dimitrova & de Lange, 2009). Apollo, a member of the SNM1/PSO2 
family of nucleases, contributes to the repair of interstrand crosslink and the cleavage of 
hairpins during V(D)J recombination and is recruited to chromosome ends via interaction 
with TRF2 (Ye et al., 2010 ; Wu et al., 2010). Sfeir et al. have reported that 80% of the C-rich 
strands terminate in CCCAATC-5’ (Sfeir et al., 2005), suggesting the actions of a specific 
nuclease that is POT1-dependent. Indeed POT1 is implicated in the generation of the correct 
sequence at chromosome ends (Hockmeyer et al., 2005). ATM-dependent signalling at 
telomeres in G2 is required for T-loop re-formation (Verdun et al., 2005; Verdun & 
Karlseder, 2006). Proteins implicated in homologous recombination (RAD51, RAD52 and 
XRCC3) and telomeric proteins (TRF2, TRF1 and TIN2) are recruited at telomeres to 
facilitate T-loop formation after replication (Stansel et al., 2001; de Lange, 2005; Verdun et 
al., 2005; Verdun & Karlseder, 2006; Amiard et al., 2007, Fouche et al., 2006).  

1.5 Telomeres, telomerase and cancer 
1.5.1 Telomere stabilization  
When human cells bypass replicative senescence via the inactivation of p53 or Rb, they 
continue to divide in spite of very short telomeres leading to the deprotection of 
chromosome ends (Counter et al., 1994; Stewart & Weinberg, 2000; Kim et al., 2002; 
Londono-Vallejo, 2008). As the substrates of repair mechanisms, critically shortened 
telomeres are highly recombinogenic leading to the formation of dicentric chromosomes by 
NHEJ, anaphase bridges, engagement of the breakage-fusion-breakage (BFB) cycle 
(Murname, 2006; Bailey & Murname, 2006), and the generation of novel chromosomal 
variants that could lead to the emergence of a pro-cancer genome. Indeed, genomic 
instability driven by dysfunctional telomeres is associated with the transition from benign 
lesions to malignant cancer. Eventually, the number of unstable chromosomes being too 
high, cells cannot divide further without losing vital genetic material and thus they initiate 
mitotic catastrophe and die (crisis) (Figure 3). Consequently, crisis represents another 
powerful barrier to uncontrolled cell proliferation. To escape from death, cells that enter 
crisis must acquire a mechanism of telomere maintenance that is most often achieved by the 
re-expression of telomerase (Counter et al., 1992 and 1994) (Figure 3). In stabilizing telomere 
length, telomerase reactivation facilitates an indefinite replication potential, which is a 
hallmark of tumour cells. The reactivation of telomerase thus allows cells to stabilize their 
genome and divide indefinitely. Amplification of the hTERT locus and 
duplication/translocation of this locus has been linked to the reactivation of telomerase. In 
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adds telomeric repeats to the 3’ end. Telomerase then undergoes a translocation reaction to 
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between telomere and chromosome-internal telomeric sequences leading to the formation of 
TDM (Telomeric DNA-containing Double Minute Chromosomes) (Zhu et al., 2003, Palm & 
de Lange, 2008). 
Another source of telomere-driven instability is the modification of the telomere 
nucleoprotein complex. The best characterized of these modifications is the inactivation of 
TRF2 in cells, which leads to rampant uncapping and chromosome fusions in the presence 
of telomere repeats (van Steensel et al., 1998).  

1.6 Telomeric G-quadruplexes are new targets for cancer therapy  
Because telomerase is reactivated in most human tumours but not in normal human cells, it 
is regarded as a potential drug target. Several classes of telomerase inhibitors have now 
been developed and inhibit this enzyme through the targeting of its RNA (Asia et al., 2003; 
Herbert et al., 2005; Jackson et al., 2007; Gomez-Millan et al., 2007; Gryanov et al., 2007) or 
catalytic components (Ward & Autexier, 2005; El-Daly et al., 2005). However compounds 
that stabilize the telomeric G-quadruplex have been shown to inhibit the activity of 
telomerase and disrupt telomere capping and maintenance, making the human telomeric 
DNA G-quadruplex also an attractive target for cancer therapeutic intervention (Mergny & 
Helene, 1998; Riou et al., 2002; Gowan et al., 2001; de Cian et al., 2008).  
Indeed, the intramolecular telomeric G-quadruplex (Neidle & Parkinson, 2003; Dai et al., 
2008) has been considered to be an attractive target for anticancer drug design since 
quadruplex ligands were found to inhibit telomerase (Sun et al., 1997; Zahler et al., 1991; 
Zaug et al., 2005). However genomic analyses using several algorithms have revealed that 
more than 370 000 sequences have the potential to form G-quadruplex structure in the 
human genome (Huppert & Balasubramanian, 2005; Huppert, 2008). Indeed, many G-rich 
sequences in the human genome are susceptible to the formation of a G-quadruplex (e.g. 
ribosomal RNA, repetitive G-rich microsatellites and the promoters of several proto-
oncogenes including c-MYC and c-KIT) (Maizels, 2006; Eddy & Maizels, 2008; Huppert & 
Balasubramanian, 2005 and 2007; Todd et al., 2005 and 2007; Qin & Hurley, 2008; Siddiqui-
Jain et al., 2002; Phan et al., 2004; Yang & Hurley, 2006; Rankin et al., 2005; Fernando et al., 
2006; Shirude et al., 2006). Several proteins have been reported to interact and/or resolve 
such unusual DNA conformations (Hurley, 2002; Bates et al., 2007; Oganesian & Bryan, 
2007; Fry, 2007) supporting the existence of a G-quadruplex. Thus, G-quadruplex ligands 
have to selectively bind to and stabilize telomeric G-quadruplexes to inhibit telomerase 
activity. Many quadruplex ligands have now been identified such as telomestatin, 
BRACO19, TMPyP4 and RHSP4 (Monchaud et al., 2008; Gowan et al., 2002; Han et al., 2001; 
Gavathiotis et al., 2003; Shin Ya et al., 2001; de Cian et al., 2008), all selected in vitro for their 
ability to interact with telomeric G-quadruplex. However, many new compounds are likely 
to be discovered in the future (Bates et al., 2007). In this context, we have investigated 
chromosomal binding and the cellular effects induced by new pyridine-derived G-
quadruplex ligands of the 2,6 pyridine-dicarboxamide series in human normal and tumour 
cells, and also in ATM- and ATR- (Ataxia Telangiectasia-mutated and Rad3-related) 
deficient cells. Pyridine derivatives that function as G-quadruplex ligands were selected in 
vitro on the basis of their ability to interact with a telomeric G-quadruplex (ΔTm values of 21 
– 26 °C) and to inhibit telomerase (IC50 values of 0,22 - 0,45 µM) (Pennarun et al., 2005). 
Among these new compounds, 307A and 360A (Figure 4) displayed the best compromise 
between activity and selectivity in vitro. Finally, we chose 360A as it is the most toxic G-
quadruplex ligand in human normal cells (Pennarun et al., 2005). 
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Fig. 4. Chemical formula of the G-quadruplex ligands, 307A and 360A. 

2. In vivo binding of G-quadruplex ligand 360A  
The existence of G-quadruplexes was shown in vitro many years ago (Wang & Patel, 1993; 
Parkinson et al., 2002; Neidle & Parkinson, 2003), but it has not yet been definitively 
demonstrated that G-quadruplexes exist in vivo, apart from Escherichia coli (Duquette et al., 
2004) by electron microscopy and ciliates (Schaffitzel et al., 2001 and 2010) using an 
antibodies specific for telomeric guanine-quadruplex DNA. The replication band, which is 
the region where replication and telomere elongation take place, is not stained suggesting 
that G-quadruplexes are resolved during replication. In human cells, G-quadruplex-
interacting proteins (Oganesian & Bryan, 2007), the physiological relevance of G-
quadruplexes at the telomere (Phatak & Burger, 2007; Qin & Hurley, 2008), and in vitro 
studies (Su et al., 2010; Yang et al., 2009) strongly support the in vivo existence of such 
structures at the telomere. BMVC (3,6-bis(&-methyl-4-vinylpyridinium)carbazole diiodide) 
has a high sensitivity and binding preference for quadruplex d(TTAGGG)4 over duplex 
DNA (Chang et al., 2004). By analyzing BMVC fluorescence at the ends of metaphase 
chromosomes and other regions of chromosomes, Chang et al. have shown the presence of 
G-quadruplexes in the human genome and in telomere-proximal regions (Chang et al., 
2004). G-quadruplex ligands were selected in vitro on the basis of their highly selective 
interactions with telomeric G-quadruplexes and for their potent inhibitory effects on 
telomerase.  
Because the in vivo existence of G-quadruplex is still unresolved, we investigated the 
targeting in human normal and cancer cells by the G-quadruplex ligand using tritiated-360A 
(3H-360A) (Granotier et al., 2005). The selectivity of 3H-360A for G-quadruplex was first 
checked in vitro using competitive equilibrium dialysis (Granotier et al., 2005). The binding 
of 3H-360A to purified genomic DNA was then determined by competition experiments 
with various oligonucleotides and the results highlighted that 3H-360A has a preference for 
G-quadruplex. Interestingly, the addition of oligonucleotide that hybridized to the telomeric 
G-overhang decreased the binding of 3H-360A, suggesting that at least 35% of 3H-360A 
bound to genomic DNA at the telomeric G-overhang (Granotier et al., 2005). G-quadruplex 
formation would be more likely on the 3’ telomeric overhang because the Watson-Crick 
double helix is the predominant DNA form under physiological conditions. Interaction of G-
quadruplex ligand and the telomeric single-strand overhang have been reported for 
telomestatin (Gomez et al., 2004). In agreement with this, DMS footprinting and exonuclease 
hydrolysis has revealed that G-quadruplex preferentially forms at the very 3’ end of the 
telomeric DNA (Tang et al., 2008). Using this method, it will be interesting in the future to 
analyze the position of the G-quadruplex stabilized by 360A. Indeed, G-quadruplex 
formation at the very 3’ end of the chromosome may be a regulatory mechanism at the 
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telomeric overhang that mediates T-loop formation, DNA repair and telomere maintenance 
by telomerase and/or ALT.  
Autoradiography has been used previously to investigate the distribution of tritium using a 
liquid emulsion, NTB2. Charged particles from tritium (β-rays) interact with a silver halide 
crystal of the autoradiography emulsion. This interaction induces the formation of a latent 
image within the crystal, initiating the formation of silver grains during subsequent 
photographic development of the emulsion (Boren et al., 1975). Thus, by autoradiography of 
cancer cells cultured with 3H-360A, we were able to show previously in our laboratory that 
the G-quadruplex ligand enters the cells within six hours of the start of treatment and 
progressively accumulate in the nuclei of living cells (Figure 5A and Granotier et al., 2005). 
Autoradiography of metaphase spreads from cancer cells treated with 3H-360A (T98G cells 
with short telomeres and CEM1301 cells with long telomeres) demonstrated that the silver 
grain density was significantly higher at the ends of the chromosomes than at the interstitial 
regions, thus highlighting that the G-quadruplex ligand preferentially bound to the terminal 
regions of the chromosomes (Figure 5B and 5C and Granotier et al., 2005). Interestingly, 
autoradiographs of the CEM1301 cells that have very long telomeres did not show a greater 
silver grain density at the ends of chromosomes compared with T98G cells (Figure 5C) 
revealing that the frequency of binding of 3H-360A to chromosome ends does not appear to 
depend on telomere length and supporting the idea that 3H-360A might be bound to 
telomeric overhangs (Granotier et al., 2005). The G-quadruplex ligand specifically interacts 
with the terminal regions of chromosomes but we cannot rule out the possibility of specific 
binding sites located in interstitial sequences. Indeed G-quadruplexes have been shown to 
exist in other physiologically important G-rich regions (Siddiquin-Jain et al., 2002; Xu et al., 
2006; Sun et al., 2005; de Armond et al., 2005; Todd et al., 2007, Huppert, 2008). 
RNase treatment of metaphase spreads decreased the number of silver grains (data not 
shown) suggesting that 360A also binds RNA, in accordance with the existence of an RNA 
G-quadruplex (Phan & Patel, 2003; Kumari et al., 2007; Huppert, 2008). Nevertheless, 
autoradiography analysis of metaphase spreads treated with RNase provided evidence that 
3H-360A binds to telomeric DNA quadruplex at the ends of chromosomes, but not to 
telomeric repeat-containing RNA (TERRA) (Azzalin et al., 2007; Azzalin & Lingner, 2008; Ho 
et al., 2008). Indeed, Azzalin et al. have shown previously that UUAGGG-containing RNA 
exists in cells at higher levels than complementary CCCUAA-containing RNA. High levels 
of UUUAGGG-containing RNA might result from the strong RNA resistance induced by G-
quadruplex formation (Xu et al., 2008). Using a light-switching pyrene probe, Xu et al. have 
now demonstrated that human TERRA RNA forms a G-quadruplex structure in living cells 
(Xu et al., 2010) and hence we cannot exclude the possibility that 3H-360A binds to the RNA 
G-quadruplexes located at the telomeres. 
Autoradiography has revealed G-quadruplexes in interphase nuclei and in metaphase 
spreads, suggesting that their existence is not restricted to only one phase of the cell cycle. 
Telomere replication and T-loop resolution also do not seem to interfere with the formation 
and/or the stabilization of G-quadruplex but it is presently unclear whether a T-loop and G-
quadruplex can form on the same telomere.  
Silver grain densities were found again to be significantly higher at the ends of 
chromosomes in PHA-activated PBL cells from a healthy donor (Figure 5C), indicating the 
preferential binding of 3H-360A to terminal regions of chromosomes from normal as well as 
cancer cells (Granotier et al., 2005).  
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Fig. 5. Detection of 3H-360A by autoradiography in human cancer and normal cells. A: 
Autoradiographs of T98G glioblastoma cells cultured without (Control) or with 3H-360A for 
24h and showing accumulation of the radioactive compound in the nuclei stained with 
Mayer’s hemalun solution. B: Autoradiography of metaphase chromosomes from T98G cells 
cultured with 3H-360A for 48 h. Black arrows indicate silver grains on the terminal regions 
and red arrows indicate silver grains on the interstitial regions. C: Densities of silver grains 
on ternimal (T) and interstitial (I) regions of chromosomes from T98G (short telomeres) and 
CEM1301 (long telomeres) and normal cells (PBL, peripheral blood lymphocytes PHA-p 
stimulated). Silver grains were counted in 25 metaphases/group for the untreated control 
and in 50 metaphases/group for cultures incubated with 3H-360A. I values were normalized 
to areas of terminal regions by dividing the total numbers of grains on the interstitial 
regions in each metaphase by the mean ratio of the interstitial and terminal areas estimated 
by Metamorph software (T98G: 2.93 ± 0.44 at 24 h, n = 20; 3.52 ± 0.48 at 48 h, n = 20 and 3.34 
± 0.29 at 72 h, n = 20 ; CEM1301: 3.03 ± 0.44, n = 12 ; PBL: 3.64 ± 0.87, n = 20). Boxes include 
50% of the values centred on the median (the horizontal line through the box). The vertical 
lines begin at the 10th percentile and end at the 90th percentile. T values were significantly 
greater than I values: *t-test P < 0.0001. 

Overall, autoradiography analysis of metaphase spreads has revealed that 3H-360A binds to 
telomeres, indicating G-quadruplex formation. However, this result might be an under-
estimation of this binding because not all the decays can be detected by this method. In vitro 
studies have indicated the polymorphic nature of the telomeric G-quadruplex (Dai et al., 
2008), and the 3H-360A ligand may therefore be unable to bind all the G-quadruplex 
structural conformations. In addition, 3H-360A is naturally unstable due to progressive 
radiolysis, so we cannot totally exclude a partial degradation of this G-quadruplex ligand. 
We have shown elsewhere that tritium induces DNA damage and/or cell cycle alterations 
so that the metaphase spreads analyzed could be from the cells less affected by the G-
quadruplex ligand. G-quadruplex elimination by the DNA repair machinery might also 
explain that not all telomeres are detected with silver grains. 
Previous findings from our laboratory revealed that a specific G-quadruplex ligand interacts 
with the terminal ends of human chromosomes and support the hypothesis that G-
quadruplex ligands induce and/or stabilize G-quadruplex structures at the telomeres in 
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telomeric overhang that mediates T-loop formation, DNA repair and telomere maintenance 
by telomerase and/or ALT.  
Autoradiography has been used previously to investigate the distribution of tritium using a 
liquid emulsion, NTB2. Charged particles from tritium (β-rays) interact with a silver halide 
crystal of the autoradiography emulsion. This interaction induces the formation of a latent 
image within the crystal, initiating the formation of silver grains during subsequent 
photographic development of the emulsion (Boren et al., 1975). Thus, by autoradiography of 
cancer cells cultured with 3H-360A, we were able to show previously in our laboratory that 
the G-quadruplex ligand enters the cells within six hours of the start of treatment and 
progressively accumulate in the nuclei of living cells (Figure 5A and Granotier et al., 2005). 
Autoradiography of metaphase spreads from cancer cells treated with 3H-360A (T98G cells 
with short telomeres and CEM1301 cells with long telomeres) demonstrated that the silver 
grain density was significantly higher at the ends of the chromosomes than at the interstitial 
regions, thus highlighting that the G-quadruplex ligand preferentially bound to the terminal 
regions of the chromosomes (Figure 5B and 5C and Granotier et al., 2005). Interestingly, 
autoradiographs of the CEM1301 cells that have very long telomeres did not show a greater 
silver grain density at the ends of chromosomes compared with T98G cells (Figure 5C) 
revealing that the frequency of binding of 3H-360A to chromosome ends does not appear to 
depend on telomere length and supporting the idea that 3H-360A might be bound to 
telomeric overhangs (Granotier et al., 2005). The G-quadruplex ligand specifically interacts 
with the terminal regions of chromosomes but we cannot rule out the possibility of specific 
binding sites located in interstitial sequences. Indeed G-quadruplexes have been shown to 
exist in other physiologically important G-rich regions (Siddiquin-Jain et al., 2002; Xu et al., 
2006; Sun et al., 2005; de Armond et al., 2005; Todd et al., 2007, Huppert, 2008). 
RNase treatment of metaphase spreads decreased the number of silver grains (data not 
shown) suggesting that 360A also binds RNA, in accordance with the existence of an RNA 
G-quadruplex (Phan & Patel, 2003; Kumari et al., 2007; Huppert, 2008). Nevertheless, 
autoradiography analysis of metaphase spreads treated with RNase provided evidence that 
3H-360A binds to telomeric DNA quadruplex at the ends of chromosomes, but not to 
telomeric repeat-containing RNA (TERRA) (Azzalin et al., 2007; Azzalin & Lingner, 2008; Ho 
et al., 2008). Indeed, Azzalin et al. have shown previously that UUAGGG-containing RNA 
exists in cells at higher levels than complementary CCCUAA-containing RNA. High levels 
of UUUAGGG-containing RNA might result from the strong RNA resistance induced by G-
quadruplex formation (Xu et al., 2008). Using a light-switching pyrene probe, Xu et al. have 
now demonstrated that human TERRA RNA forms a G-quadruplex structure in living cells 
(Xu et al., 2010) and hence we cannot exclude the possibility that 3H-360A binds to the RNA 
G-quadruplexes located at the telomeres. 
Autoradiography has revealed G-quadruplexes in interphase nuclei and in metaphase 
spreads, suggesting that their existence is not restricted to only one phase of the cell cycle. 
Telomere replication and T-loop resolution also do not seem to interfere with the formation 
and/or the stabilization of G-quadruplex but it is presently unclear whether a T-loop and G-
quadruplex can form on the same telomere.  
Silver grain densities were found again to be significantly higher at the ends of 
chromosomes in PHA-activated PBL cells from a healthy donor (Figure 5C), indicating the 
preferential binding of 3H-360A to terminal regions of chromosomes from normal as well as 
cancer cells (Granotier et al., 2005).  

 
Differential Effects of the G-Quadruplex Ligand 360A in Human Normal and Cancer Cells 

 

569 

 
Fig. 5. Detection of 3H-360A by autoradiography in human cancer and normal cells. A: 
Autoradiographs of T98G glioblastoma cells cultured without (Control) or with 3H-360A for 
24h and showing accumulation of the radioactive compound in the nuclei stained with 
Mayer’s hemalun solution. B: Autoradiography of metaphase chromosomes from T98G cells 
cultured with 3H-360A for 48 h. Black arrows indicate silver grains on the terminal regions 
and red arrows indicate silver grains on the interstitial regions. C: Densities of silver grains 
on ternimal (T) and interstitial (I) regions of chromosomes from T98G (short telomeres) and 
CEM1301 (long telomeres) and normal cells (PBL, peripheral blood lymphocytes PHA-p 
stimulated). Silver grains were counted in 25 metaphases/group for the untreated control 
and in 50 metaphases/group for cultures incubated with 3H-360A. I values were normalized 
to areas of terminal regions by dividing the total numbers of grains on the interstitial 
regions in each metaphase by the mean ratio of the interstitial and terminal areas estimated 
by Metamorph software (T98G: 2.93 ± 0.44 at 24 h, n = 20; 3.52 ± 0.48 at 48 h, n = 20 and 3.34 
± 0.29 at 72 h, n = 20 ; CEM1301: 3.03 ± 0.44, n = 12 ; PBL: 3.64 ± 0.87, n = 20). Boxes include 
50% of the values centred on the median (the horizontal line through the box). The vertical 
lines begin at the 10th percentile and end at the 90th percentile. T values were significantly 
greater than I values: *t-test P < 0.0001. 

Overall, autoradiography analysis of metaphase spreads has revealed that 3H-360A binds to 
telomeres, indicating G-quadruplex formation. However, this result might be an under-
estimation of this binding because not all the decays can be detected by this method. In vitro 
studies have indicated the polymorphic nature of the telomeric G-quadruplex (Dai et al., 
2008), and the 3H-360A ligand may therefore be unable to bind all the G-quadruplex 
structural conformations. In addition, 3H-360A is naturally unstable due to progressive 
radiolysis, so we cannot totally exclude a partial degradation of this G-quadruplex ligand. 
We have shown elsewhere that tritium induces DNA damage and/or cell cycle alterations 
so that the metaphase spreads analyzed could be from the cells less affected by the G-
quadruplex ligand. G-quadruplex elimination by the DNA repair machinery might also 
explain that not all telomeres are detected with silver grains. 
Previous findings from our laboratory revealed that a specific G-quadruplex ligand interacts 
with the terminal ends of human chromosomes and support the hypothesis that G-
quadruplex ligands induce and/or stabilize G-quadruplex structures at the telomeres in 
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both human normal and cancer cells. Fluorescence titration experiments with 
oligonucleotides have demonstrated that 360A might actively induce the formation of a 
tetramolecular quadruplex, acting as a chaperone for the association of the four strands (de 
Cian & Mergny, 2007), therefore highlighting that 360A triggers G-quadruplex formation 
and locks it into a preformed structure. We have also shown by autoradiography that the G-
quadruplex ligand (360A) binds preferentially to the terminal regions of chromosomes in 
tumour and normal cells (Granotier et al., 2005). This led us to investigate the cellular effects 
induced by 360A in cancer cells. 

3. Cellular effects induced by the G-quadruplex ligand 360A in human cancer 
cells 
3.1 G-quadruplex ligands reduce viability and induce apoptosis in both telomerase-
positive and ALT cancer cells 
We have reported previously that pyridine derivatives displaying strong selectivity for G-
quadruplex structures inhibit cell proliferation in telomerase-positive tumour cells and 
induce apoptosis after more than three population doublings (Pennarun et al., 2005 and 
2008). This is similar to the effects of other G-quadruplex ligands (telomestatin, TMPyP4, 
RHSP4 and BRACO19) (Phatak & Burger, 2007; Tahara et al., 2006; Gomez et al., 2004; Incles 
et al., 2004; Gowan et al., 2002). In these earlier studies, cancer cells were treated with several 
doses of G-quadruplex ligands (ranging from 1 to 5 µM for telomestatin, RHSP4 and 
BRACO19 and from 50 to 100 µM for TMPyP4). Comparisions of the effects of these ligands 
is problematic however as they were evaluated in different cancer cell lines. It will be 
important therefore to compare the inhibition of cell proliferation by various G-quadruplex 
ligands in the same cancer cell types. 

3.1.1 The action of the G-quadruplex ligands is independent of telomerase inhibition 
We have shown that 360A blocks cell proliferation and induces apoptosis in ALT tumour 
cells, suggesting that this G-quadruplex ligand does not only inhibit telomerase activity 
(Pennarun et al., 2005). Consistently, other G-quadruplex ligands (TMPyP4, RHSP4, 
BRACO19) have also been shown to inhibit cell proliferation in ALT cells (Kim et al., 2003; 
Gowan et al., 2001; Incles et al., 2004; de Cian et al., 2008), although telomestatin does not do 
so (Kim et al., 2003). Moreover, the overexpression of hTERT or a dominant-negative of 
hTERT in telomerase-positive cell lines does not modify the anti-proliferative effects of the 
triazine derivative, 12459, (de Cian et al., 2008) indicating that the suppression of cell growth 
by G-quadruplex ligands is independent of its function in telomerase inhibition. Consistent 
with this, we have further shown that active pyridine derivatives require several rounds of 
replication to induce cell growth arrest.  
Flow cytometry analysis have shown that the treatment of cancer cells with a G-quadruplex 
ligand induces a marked decrease in the percentage of cells in G0/G1 phase, dramatically 
increases the percentage of cells in S phase and also in sub-G1, indicating that 360A induces 
cell death in cancer cells. The detection of TUNEL-positive cells (Pennarun et al. 2005) in 
360A-treated telomerase positive- and ALT cells confirmed that this G-quadruplex ligand 
induces apotosis in human cancer cells regardless of the status of their telomere 
maintenance mechanism.  
The effectiveness of the G-quadruplex ligand depends more on its specificity for the G-
quadruplex structure. In vitro studies have found that 360A more actively induces the G-
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quadruplex structure compared with other G-quadruplex ligands tested (telomestatin, 
TMPyP4 and BRACO19) (de Cian & Mergny, 2007). G-quadruplex ligands lock into the G-
quadruplex structure but this situation is complicated by the existence of a number of 
different G-quadruplex structures (dimeric, tetrameric, intra- or inter-molecular). TMPyP4, 
that facilitates the formation of intermolecular G-quadruplex structures, suppresses the 
proliferation of ALT cells and telomerase-positive cells whereas telomestatin, which 
promotes the formation of intramolecular G-quadruplex, only suppresses the proliferation 
of telomerase-positive cells (Kim et al., 2003). TMPyP4 induces anaphase bridges in sea 
urchin embryos whereas telomestatin does not have this effect (Kim 2003) suggesting that 
the selectivity of G-quadruplex ligands for intra- or inter-molecular structures is important 
for their biological effects. It will be interesting in the future to analyze the selectivity of 
360A by electrophoretic mobility shift assay (Kim et al., 2003) or by fluorescent screening 
method (Paramasivan & Bolton, 2008) using multiple reporter molecules that bind to 
different features of quadruplex DNA. 

3.1.2 360A does not induce telomere shortening but provokes telomeric overhang 
degradation 
360A was found not to induce telomere shortening in our previous analysis (Pennarun et al., 
2005). Indeed, Southern blot analysis has revealed no significant change in the mean TRF 
(Telomere Restriction Fragment) lengths in cells treated with this G-quadruplex ligand, 
although the possibility that this treatment may have caused slight telomere erosion could 
not be excluded. In contrast, BRACO19 and TMPyP4 treatments shorten telomeres whereas 
telomestatin and RHPS4 do not do so. In highlighting that G-quadruplex ligands do not act 
as telomerase inhibitors these data suggest that they induce telomere deprotection. The 
inhibition of cell proliferation induced by G-quadruplex ligands in ALT cells and in 
CEM1301 cells with long telomeres (data not shown) confirms that G-quadruplex ligand 
targets telomeres independently of any effects upon telomerase activity.  
In any case, the inhibition of cancer cell proliferation is not due to telomere shortening induced 
by G-quadruplex stabilization but could be triggered by telomeric overhang degradation. 
Indeed, non-denaturing hybridization assays have revealed that a pyridine derivative induces 
an alteration of the length of telomeric G-overhang in cancer cells (Pennarun et al., 2005) in a 
manner similar to G-quadruplex ligands. Taken together, these data suggest that G-
quadruplex ligands destabilize telomere structures in human cancer cells. 

3.2 G-quadruplex ligands induce telomere deprotection and telomere aberrations in 
cancer cells involving lagging strand telomeres 
Giemsa staining of metaphase spreads from 360A-treated cancer cells has shown that G-
quadruplex ligands induce the formation of dicentric or ring chromosomes and anaphase 
bridges in telomerase-positive cancer cell lines (Pennarun et al., 2005). This confirms that 
pyridine derivatives acts at the telomeres and induce telomeric instabibility that is 
comparable to deprotected telomeres. Detection of chromosome dicentrics in 360A-treated 
CEM1301 cells with long telomeres has further indicated that genetic instability is not 
provoked by critically short telomeres providing new evidence that G-quadruplex ligands 
modify telomere structures.  
Indeed, we have shown by Telomere-Fluorescence in situ hybridization (Telo-FISH) and 
Chromosome Orientation-FISH (Bailey et al., 2004; Crabbe et al., 2004), that the G-
quadruplex ligands induce specific telomere aberrations (sister telomere fusions, sister 



 
DNA Repair and Human Health 

 

570 

both human normal and cancer cells. Fluorescence titration experiments with 
oligonucleotides have demonstrated that 360A might actively induce the formation of a 
tetramolecular quadruplex, acting as a chaperone for the association of the four strands (de 
Cian & Mergny, 2007), therefore highlighting that 360A triggers G-quadruplex formation 
and locks it into a preformed structure. We have also shown by autoradiography that the G-
quadruplex ligand (360A) binds preferentially to the terminal regions of chromosomes in 
tumour and normal cells (Granotier et al., 2005). This led us to investigate the cellular effects 
induced by 360A in cancer cells. 

3. Cellular effects induced by the G-quadruplex ligand 360A in human cancer 
cells 
3.1 G-quadruplex ligands reduce viability and induce apoptosis in both telomerase-
positive and ALT cancer cells 
We have reported previously that pyridine derivatives displaying strong selectivity for G-
quadruplex structures inhibit cell proliferation in telomerase-positive tumour cells and 
induce apoptosis after more than three population doublings (Pennarun et al., 2005 and 
2008). This is similar to the effects of other G-quadruplex ligands (telomestatin, TMPyP4, 
RHSP4 and BRACO19) (Phatak & Burger, 2007; Tahara et al., 2006; Gomez et al., 2004; Incles 
et al., 2004; Gowan et al., 2002). In these earlier studies, cancer cells were treated with several 
doses of G-quadruplex ligands (ranging from 1 to 5 µM for telomestatin, RHSP4 and 
BRACO19 and from 50 to 100 µM for TMPyP4). Comparisions of the effects of these ligands 
is problematic however as they were evaluated in different cancer cell lines. It will be 
important therefore to compare the inhibition of cell proliferation by various G-quadruplex 
ligands in the same cancer cell types. 

3.1.1 The action of the G-quadruplex ligands is independent of telomerase inhibition 
We have shown that 360A blocks cell proliferation and induces apoptosis in ALT tumour 
cells, suggesting that this G-quadruplex ligand does not only inhibit telomerase activity 
(Pennarun et al., 2005). Consistently, other G-quadruplex ligands (TMPyP4, RHSP4, 
BRACO19) have also been shown to inhibit cell proliferation in ALT cells (Kim et al., 2003; 
Gowan et al., 2001; Incles et al., 2004; de Cian et al., 2008), although telomestatin does not do 
so (Kim et al., 2003). Moreover, the overexpression of hTERT or a dominant-negative of 
hTERT in telomerase-positive cell lines does not modify the anti-proliferative effects of the 
triazine derivative, 12459, (de Cian et al., 2008) indicating that the suppression of cell growth 
by G-quadruplex ligands is independent of its function in telomerase inhibition. Consistent 
with this, we have further shown that active pyridine derivatives require several rounds of 
replication to induce cell growth arrest.  
Flow cytometry analysis have shown that the treatment of cancer cells with a G-quadruplex 
ligand induces a marked decrease in the percentage of cells in G0/G1 phase, dramatically 
increases the percentage of cells in S phase and also in sub-G1, indicating that 360A induces 
cell death in cancer cells. The detection of TUNEL-positive cells (Pennarun et al. 2005) in 
360A-treated telomerase positive- and ALT cells confirmed that this G-quadruplex ligand 
induces apotosis in human cancer cells regardless of the status of their telomere 
maintenance mechanism.  
The effectiveness of the G-quadruplex ligand depends more on its specificity for the G-
quadruplex structure. In vitro studies have found that 360A more actively induces the G-

 
Differential Effects of the G-Quadruplex Ligand 360A in Human Normal and Cancer Cells 

 

571 

quadruplex structure compared with other G-quadruplex ligands tested (telomestatin, 
TMPyP4 and BRACO19) (de Cian & Mergny, 2007). G-quadruplex ligands lock into the G-
quadruplex structure but this situation is complicated by the existence of a number of 
different G-quadruplex structures (dimeric, tetrameric, intra- or inter-molecular). TMPyP4, 
that facilitates the formation of intermolecular G-quadruplex structures, suppresses the 
proliferation of ALT cells and telomerase-positive cells whereas telomestatin, which 
promotes the formation of intramolecular G-quadruplex, only suppresses the proliferation 
of telomerase-positive cells (Kim et al., 2003). TMPyP4 induces anaphase bridges in sea 
urchin embryos whereas telomestatin does not have this effect (Kim 2003) suggesting that 
the selectivity of G-quadruplex ligands for intra- or inter-molecular structures is important 
for their biological effects. It will be interesting in the future to analyze the selectivity of 
360A by electrophoretic mobility shift assay (Kim et al., 2003) or by fluorescent screening 
method (Paramasivan & Bolton, 2008) using multiple reporter molecules that bind to 
different features of quadruplex DNA. 

3.1.2 360A does not induce telomere shortening but provokes telomeric overhang 
degradation 
360A was found not to induce telomere shortening in our previous analysis (Pennarun et al., 
2005). Indeed, Southern blot analysis has revealed no significant change in the mean TRF 
(Telomere Restriction Fragment) lengths in cells treated with this G-quadruplex ligand, 
although the possibility that this treatment may have caused slight telomere erosion could 
not be excluded. In contrast, BRACO19 and TMPyP4 treatments shorten telomeres whereas 
telomestatin and RHPS4 do not do so. In highlighting that G-quadruplex ligands do not act 
as telomerase inhibitors these data suggest that they induce telomere deprotection. The 
inhibition of cell proliferation induced by G-quadruplex ligands in ALT cells and in 
CEM1301 cells with long telomeres (data not shown) confirms that G-quadruplex ligand 
targets telomeres independently of any effects upon telomerase activity.  
In any case, the inhibition of cancer cell proliferation is not due to telomere shortening induced 
by G-quadruplex stabilization but could be triggered by telomeric overhang degradation. 
Indeed, non-denaturing hybridization assays have revealed that a pyridine derivative induces 
an alteration of the length of telomeric G-overhang in cancer cells (Pennarun et al., 2005) in a 
manner similar to G-quadruplex ligands. Taken together, these data suggest that G-
quadruplex ligands destabilize telomere structures in human cancer cells. 

3.2 G-quadruplex ligands induce telomere deprotection and telomere aberrations in 
cancer cells involving lagging strand telomeres 
Giemsa staining of metaphase spreads from 360A-treated cancer cells has shown that G-
quadruplex ligands induce the formation of dicentric or ring chromosomes and anaphase 
bridges in telomerase-positive cancer cell lines (Pennarun et al., 2005). This confirms that 
pyridine derivatives acts at the telomeres and induce telomeric instabibility that is 
comparable to deprotected telomeres. Detection of chromosome dicentrics in 360A-treated 
CEM1301 cells with long telomeres has further indicated that genetic instability is not 
provoked by critically short telomeres providing new evidence that G-quadruplex ligands 
modify telomere structures.  
Indeed, we have shown by Telomere-Fluorescence in situ hybridization (Telo-FISH) and 
Chromosome Orientation-FISH (Bailey et al., 2004; Crabbe et al., 2004), that the G-
quadruplex ligands induce specific telomere aberrations (sister telomere fusions, sister 



 
DNA Repair and Human Health 

 

572 

telomere losses and telomere doublets) either during or after replication (Figure 6) 
(Pennarun et al., 2008 and 2010). Telomere aberrations induced by a G-quadruplex ligand 
mainly consist of sister telomere fusions and also recombination preferentially involving the 
lagging strand telomeres (Pennarun et al., 2008).  
 

 
Fig. 6. Telomere aberrations revealed by CO-FISH in human cancer cells. Lagging strand 
telomeres are labelled in red and leading strand telomeres in green. Representative 
examples of a control chromosome (A), a sister telomere fusion (B), a sister telomere loss 
involving the lagging strand (C) and a telomere doublet involving the lagging strand (D) are 
shown.  

Delocalization of telomeric proteins (for example POT1 and TRF2) from the telomere 
induced by 360A (Figure 7A and 7B) and other G-quadruplex ligands (Tahara et al., 2006; 
Gomez et al., 2006; Salvati et al., 2007; Rizzo et al., 2009) and telomere aberrations induced 
by 360A in cancer cells confirmed that those compounds provoke telomere deprotection 
events and not just the inhibition of telomerase. Rizzo et al. have provided evidence that 
RHSP4 damages telomeric chromatin during replication (Rizzo et al., 2009), confirming the 
results from our laboratory. 
 

 
Fig. 7. TRF2 delocalization from the telomere revealed by immunostaining with anti-TRF2 
antibody (green) in CEM1301 cancer cells treated for 8 days with 5 µM 360A or 0.05% 
DMSO. Nuclei and metaphase chromosomes were counterstained with DAPI (blue). 
Histograms show the mean number of TFR2 foci per nucleus (A) and the mean number of 
telomeres on metaphase chromosomes with TRF2 foci ± SE (B). 
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360A has been shown to stabilize the G4 structure within the TRF2 mRNA thereby 
repressing the expression of this telomeric protein (Gomez et al., 2010). By interacting with 
supercoiled DNA and participating to the formation and to the dissolution of the T-loop, 
TRF2 is essential for telomere replication. Therefore the decrease of TRF2 may reduce the 
presence of this telomeric protein at telomeres leading to dysfunctional telomeres. 
Taken together, these data reveal that G-quadruplex ligands inhibit cell proliferation and 
stimulate apoptosis by inducing a broad spectrum of telomere aberrations and telomere 
deprotection in human cancer cells.  

3.3 Increase in telomere aberrations in 360A-treated ATM- or ATR-deficient cells 
Deprotection of the telomere is known to induce DNA damage response pathways leading 
to cell cycle arrest, genomic instability, apoptosis or senescence. In addition, several DNA 
damage response factors (e.g. ATM) are involved in telomere replication and in the 
formation of a T-loop in the S and G2 phases. ATR, another key protein involved in the 
DNA damage response, is essential for maintenance of genomic stability. ATR belongs to a 
family of phosphatidyl-linosisitide 3-kinase-like kinases, which includes ATM (Cimprich & 
Cortez, 2008). ATM is primarily activated by DNA double-stranded breaks, whereas ATR 
responds to a broad spectrum of DNA damage events, in particular those interfering with 
DNA replication. In that context, we investigated the cellular effects of 360A in ATM- and 
ATR-deficient cells. In cancer cells, immunofluorescence staining showed that 360A induces 
DNA damage signals (γ-H2AX foci) in a strictly ATM-dependent manner (Pennarun et al., 
2008) similar to telomestatin (Tauchi et al., 2003), thus showing that G-quadruplex 
stabilization induces telomere deprotection. However, in cells treated with 360A, nuclear 
foci of 53BP1 only partly co-localize with PNA telomeric signals, indicating that G-
quadruplex ligands, such as telomestatin (Bates et al., 2007), induce other DNA damage 
events at interstitial sites.  
We have further characterized the biological effects of 360A in stable cells expressing siRNA 
molecules that target ATM or ATR. We have found that ATM, which is involved in the cellular 
response to DNA damage, strongly suppresses 360A-induced telomere instability (Pennarun 
et al., 2008). The increase in telomere aberrations in 360A-treated ATM deficient cells were 
found not to be related to defects in cell cycle checkpoints or to apoptosis induction, 
suggesting a direct role of ATM in preventing inappropriate DNA repair at the telomeres.  
We have further reported that an ATR deficiency causes telomere instability both in primary 
human fibroblasts from Seckel syndrome patients and in HeLa cells (Pennarun et al., 2010). 
Telomere aberrations resulting from an ATR deficiency are mainly generated during and/or 
after telomere replication and involve both leading and lagging strand telomeres. Moreover, 
we have demonstrated that an ATR deficiency strongly sensitizes cells to the effects of the 
G-quadruplex ligand 360A, leading to enhanced sister fusions and chromatid-type telomere 
aberrations involving specifically the lagging strand telomere. RHSP4 has also been found to 
induce an ATR dependent ATM signalling (Rizzo et al., 2009) consistent with our results. 
These data emphasize that ATR also plays a critical role in telomere maintenance during 
and/or after telomere replication in human cells.  
The increase in telomere instability that we observed in ATM- and in ATR-deficient cells 
treated with G-quadruplex ligand indicates the importance of ATM and ATR and suggests 
that key proteins implicated in the DNA damage response also contribute to telomere 
stability during and/or after replication, thus playing an important role in human telomere 
maintenance.  
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4. Effects of the G-quadruplex ligand 360A in human normal cells 
G-quadruplex ligands inhibit cellular proliferation, and provoke cell cycle arrest and apoptosis 
by inducing telomere aberrations and telomere deprotection, i.e. they do not only function as a 
telomerase inhibitor. We previously observed that after seven days of treatment, no effects of 
G-quadruplex ligands could be found in primary astrocyte cultures (Pennarun et al., 2005), 
suggesting a differential effect of these factors in cancer and normal cells. In most somatic cells, 
telomerase activity is not detectable whereas telomerase is expressed in highly proliferative 
cells such as germ cells and stem cells. In this context, we investigated the cellular effects 
induced by 360A in human telomerase-positive (PBL, peripheral blood lymphocytes PHA-p 
stimulated) and telomerase-negative normal cells (NHF27 fibroblasts). It is noteworthy 
however that in normal fibroblasts, a transient expression of hTERT and very low telomerase 
activity can be detected during S phase (Masutomi et al., 2003). The telomerase activity 
detected in primary fibroblasts during S phase is considerably lower than that in cancer cells 
and other normal cells (such as activated lymphocytes). In normal cells, telomere maintenance 
by telomerase activity impedes replicative senescence but telomerase activity decreases with 
age, thereby inducing a telomere shortening.  

4.1 The G-quadruplex ligand 360A marginally represses the proliferation of normal 
cells and can induce premature senescence 
We previously observed that after seven days of treatment, no effect of G-quadruplex 
ligands was evident in primary astrocyte cultures (Pennarun et al., 2005). This result was 
confirmed by assessing the effects of this treatment on the population doublings in long-
term cultures. Peripheral blood lymphocytes isolated from 15 healthy volunteers, and 
stimulated with PHA-p and IL2 (Interleukine 2) were treated with 360A. For long-term 
exposure studies, these cells were grown in flasks and exposed to 360A at various 
concentrations (1, 5 and 10 µM). Control cells were treated with the corresponding 
concentrations of DMSO (0.01, 0.05 and 0.1%). Every 3-4 days, the cells were counted using 
trypan blue, and then reseeded with fresh medium containing a new dose of compound. 
Indeed, the 1 µM dose of 360A was found not to decrease the rate of PBL proliferation 
(Figure 8), whereas this concentration dramatically reduced proliferation and induced cell 
death in cancer cells (Pennarun et al., 2005; 2008 and 2010). Higher concentrations of 360A (5 
and 10 µM) slightly decreased PBL proliferation in a donor-dependent manner (Figure 8).  
 

 
Fig. 8. Cell growth curves for PBLs isolated from the fresh blood samples of normal 
volunteers (one colour per donor) and cultured with 1, 5 and 10 µM 360A () or the 
corresponding concentrations of DMSO (). 
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In telomerase-positive cancer cells, 360A induces apoptosis after 12-14 days, (2-5 population 
doublings) (Pennarun et al., 2005; 2008 and 2010). After 14 days of treatment, DMSO had no 
effect on the mean population doubling time of PBLs (4.94 ± 0.55 for 0.01% – 4.96 ± 0.46 for 
0.05% and 4.77 ± 0.33 for 0.1%), whereas 360A slightly decreased this rate (4.52 ± 0.36 for 1 
µM, 3.31 ± 0.31 for 5 µM and 2.90 ± 0.59 for 10 µM). This result emphasizes that the lack of 
apoptosis in 360A-treated normal cells is not linked to their reduced cell proliferation 
compared with cancer cells. Autoradiography analysis have previously demonstrated the 
preferential binding of the G-quadruplex ligand to the chromosome ends of PBLs (Granotier 
et al., 2005), thus providing evidence that the differential effects of the G-quadruplex ligand 
in human normal cells is not linked to the lack of binding of 360A.  
We found that 360A slightly decreases the rate of PBL proliferation without inducing cell 
cycle arrest (analyzed by propidium iodide staining and FACS, Figure 9). Determination of 
the cellular DNA content by flow cytometry shows that the G-quadruplex ligand induces a 
gradual increase in the percentage of cells in G1 phase over time in treated populations of 
PBLs (Figure 4). By TUNEL staining and sub-G1 quantification by FACS we have further 
found that 360A does not induce cell death in PBLs. Indeed, our TUNEL assay results reveal 
less than 5% of PBLs treated with 1, 5 and 10 µM 360A or the corresponding concentrations 
of DMSO for 13 days are apoptotic (data not shown). 
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Fig. 9. Cell cycle analysis of PBLs cultured with 1, 5 and 10 µM 360A or 0.1% DMSO for 7, 10, 
14 and 17 days. The percentages of cells in different phases of the cell cycle are expressed 
with respect to the total number of viable cells (corresponding to an analysis of 105 cells). 
Histograms are representative of two independent experiments. 

In telomerase-negative normal cells, a WST assay revealed a reduced effect of 360A in primary 
NHF27 fibroblasts (IC50 > 16 µM) so we further characterized the biological effects of 360A by 
assessing population doublings in long-term cultures. Primary fibroblasts were treated with 1 
and 5 µM 360A or the corresponding concentrations of DMSO (Figure 10A). A 20 day 
treatment with 1 and 5 µM of 360A slightly reduced the proliferation of primary fibroblasts in 
a dose-dependent manner without inducing cell death. After 50 days of treatment, 360A 
reduced the mean doubling population of primary fibroblasts (6 and 18 population doublings 
for 360A- and DMSO-treated NHF27 respectively). Moreover, telomerase-negative primary 
fibroblasts treated with 1 µM of 360A can be maintained in culture for 50 days without cell 
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4. Effects of the G-quadruplex ligand 360A in human normal cells 
G-quadruplex ligands inhibit cellular proliferation, and provoke cell cycle arrest and apoptosis 
by inducing telomere aberrations and telomere deprotection, i.e. they do not only function as a 
telomerase inhibitor. We previously observed that after seven days of treatment, no effects of 
G-quadruplex ligands could be found in primary astrocyte cultures (Pennarun et al., 2005), 
suggesting a differential effect of these factors in cancer and normal cells. In most somatic cells, 
telomerase activity is not detectable whereas telomerase is expressed in highly proliferative 
cells such as germ cells and stem cells. In this context, we investigated the cellular effects 
induced by 360A in human telomerase-positive (PBL, peripheral blood lymphocytes PHA-p 
stimulated) and telomerase-negative normal cells (NHF27 fibroblasts). It is noteworthy 
however that in normal fibroblasts, a transient expression of hTERT and very low telomerase 
activity can be detected during S phase (Masutomi et al., 2003). The telomerase activity 
detected in primary fibroblasts during S phase is considerably lower than that in cancer cells 
and other normal cells (such as activated lymphocytes). In normal cells, telomere maintenance 
by telomerase activity impedes replicative senescence but telomerase activity decreases with 
age, thereby inducing a telomere shortening.  

4.1 The G-quadruplex ligand 360A marginally represses the proliferation of normal 
cells and can induce premature senescence 
We previously observed that after seven days of treatment, no effect of G-quadruplex 
ligands was evident in primary astrocyte cultures (Pennarun et al., 2005). This result was 
confirmed by assessing the effects of this treatment on the population doublings in long-
term cultures. Peripheral blood lymphocytes isolated from 15 healthy volunteers, and 
stimulated with PHA-p and IL2 (Interleukine 2) were treated with 360A. For long-term 
exposure studies, these cells were grown in flasks and exposed to 360A at various 
concentrations (1, 5 and 10 µM). Control cells were treated with the corresponding 
concentrations of DMSO (0.01, 0.05 and 0.1%). Every 3-4 days, the cells were counted using 
trypan blue, and then reseeded with fresh medium containing a new dose of compound. 
Indeed, the 1 µM dose of 360A was found not to decrease the rate of PBL proliferation 
(Figure 8), whereas this concentration dramatically reduced proliferation and induced cell 
death in cancer cells (Pennarun et al., 2005; 2008 and 2010). Higher concentrations of 360A (5 
and 10 µM) slightly decreased PBL proliferation in a donor-dependent manner (Figure 8).  
 

 
Fig. 8. Cell growth curves for PBLs isolated from the fresh blood samples of normal 
volunteers (one colour per donor) and cultured with 1, 5 and 10 µM 360A () or the 
corresponding concentrations of DMSO (). 
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In telomerase-positive cancer cells, 360A induces apoptosis after 12-14 days, (2-5 population 
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0.05% and 4.77 ± 0.33 for 0.1%), whereas 360A slightly decreased this rate (4.52 ± 0.36 for 1 
µM, 3.31 ± 0.31 for 5 µM and 2.90 ± 0.59 for 10 µM). This result emphasizes that the lack of 
apoptosis in 360A-treated normal cells is not linked to their reduced cell proliferation 
compared with cancer cells. Autoradiography analysis have previously demonstrated the 
preferential binding of the G-quadruplex ligand to the chromosome ends of PBLs (Granotier 
et al., 2005), thus providing evidence that the differential effects of the G-quadruplex ligand 
in human normal cells is not linked to the lack of binding of 360A.  
We found that 360A slightly decreases the rate of PBL proliferation without inducing cell 
cycle arrest (analyzed by propidium iodide staining and FACS, Figure 9). Determination of 
the cellular DNA content by flow cytometry shows that the G-quadruplex ligand induces a 
gradual increase in the percentage of cells in G1 phase over time in treated populations of 
PBLs (Figure 4). By TUNEL staining and sub-G1 quantification by FACS we have further 
found that 360A does not induce cell death in PBLs. Indeed, our TUNEL assay results reveal 
less than 5% of PBLs treated with 1, 5 and 10 µM 360A or the corresponding concentrations 
of DMSO for 13 days are apoptotic (data not shown). 
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Fig. 9. Cell cycle analysis of PBLs cultured with 1, 5 and 10 µM 360A or 0.1% DMSO for 7, 10, 
14 and 17 days. The percentages of cells in different phases of the cell cycle are expressed 
with respect to the total number of viable cells (corresponding to an analysis of 105 cells). 
Histograms are representative of two independent experiments. 

In telomerase-negative normal cells, a WST assay revealed a reduced effect of 360A in primary 
NHF27 fibroblasts (IC50 > 16 µM) so we further characterized the biological effects of 360A by 
assessing population doublings in long-term cultures. Primary fibroblasts were treated with 1 
and 5 µM 360A or the corresponding concentrations of DMSO (Figure 10A). A 20 day 
treatment with 1 and 5 µM of 360A slightly reduced the proliferation of primary fibroblasts in 
a dose-dependent manner without inducing cell death. After 50 days of treatment, 360A 
reduced the mean doubling population of primary fibroblasts (6 and 18 population doublings 
for 360A- and DMSO-treated NHF27 respectively). Moreover, telomerase-negative primary 
fibroblasts treated with 1 µM of 360A can be maintained in culture for 50 days without cell 
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death, highlighting the fact that 360A decreases cell viability and/or cell proliferation in 
telomerase-positive cancer cell lines, whereas telomerase-positive and telomerase-negative 
human normal cells are more resistant to G-quadruplex ligand treatment. 
 

 
Fig. 10. Proliferation and morphology of primary fibroblasts treated with G-quadruplex 
ligand 360A or DMSO. A: Representative cell growth curves for primary fibroblasts cultured 
with various concentrations of 360A (1 and 5 µM) or the corresponding concentrations of 
DMSO (0.01% and 0.05%). Mean population doublings from duplicate cultures ± standard 
deviation, are representative of four independent experiments. B: Phase-contrast 
micrographs showing the cellular morphology of primary fibroblasts treated with 0.05% 
DMSO (left, *10 objective) or 5 µM 360A (middle, *10 objective and right, *20 objective). 

Light microscopy revealed a decrease in the cell density and morphological changes that 
became detectable after about 20 days of treatment. Indeed, treated primary fibroblasts 
exhibited a typical senescent phenotype with a flattened and enlarged cell shape (Figure 10B). 
By propidium iodide staining and FACS analysis, we analysed the progression of primary 
fibroblasts treated with 1 and 5 µM of 360A or the corresponding concentrations of DMSO 
for 10, 14, 22 and 29 days. The G-quadruplex ligand was found not to increase the 
percentage of cells in S-phase as in cancer cells populations, or the percentage of cells in G1-
phase such as in PBLs but did increase the percentage of cells in G2/M phase (Figure 11) 
without increasing the percentage of cells in sub-G1 phase. This confirmed the lack of a cell 
death in 360A-treated primary fibroblasts.  
The induction of senescence was confirmed by the detection of senescent associated β–
galactosidase-positive cells at pH6.0, an established senescence marker (Dimri et al., 1995) 
(Figure 12A). 
At day 19, we detected 35.4 ± 15.2 and 61.7 ± 2.3% of senescent cells in primary fibroblast 
cultures treated with 1 and 5 µM 360A, respectively, and a 1.8 ± 0.6% of senescent cells in 
DMSO-treated primary fibroblasts (Figure 12B), thus showing that G-quadruplex ligand 
does not induce apoptosis but premature senescence in normal cells in a dose-dependent 
manner. Some G-quadruplex ligands (e.g. telomestatin, BRACO19, RHPS4) but nor all 
(TMPyP4) show selective toxicity towards cancer cells (Gomez et al., 2006; Cheng et al., 
2007; Salvati et al., 2007; Rha et al., 2000). Indeed TMPyP4 inhibits the cell proliferation of 
normal cells (fibroblasts, adult keratinocytes and epithelial cells) and cancer cells 
(neuroblastoma, breast cancer, cervical cancer, pancreatic cancer, colon cancer and a prostate 
cancer cell line) (Rha et al., 2000). The slow growth of normal cells versus the rapid 
proliferation of tumour cells may be involved in the selective toxicity of G-quadruplex 
ligand. But we have found that 360A does not induce cell death in normal cells and Salvati 
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et al, have further reported that highly proliferating human peripheral blood lymphocytes 
are resistant to RHPS4 suggesting that growth rate is not the main cause of G-quadruplex 
ligand tumour selectivity (Salvati et al., 2007).  
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Fig. 11. Cell cycle analysis of primary fibroblasts cultured with 1 and 5 µM 360A or 0.05% 
DMSO for 10, 14, 22 and 29 days. The percentages of cells in different phases of the cell cycle 
are expressed with the respect to the total number of viable cells (corresponding to an 
analysis of 105 cells). Histograms show the mean of duplicate cultures and are representative 
of three independent experiments. 
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Fig. 12. Premature senescence induced by G-quadruplex ligand in primary fibroblasts 
cultured with 1 or 5 µM 360A or the corresponding concentration of DMSO for 19 days. A: 
Senescent associated-β galactosidase staining (blue) of senescent cells. Nuclei were stained 
with propidium iodide (red). B: Histograms showing the percentage of senescent cells (150-
550 nuclei analyzed per condition). 
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death, highlighting the fact that 360A decreases cell viability and/or cell proliferation in 
telomerase-positive cancer cell lines, whereas telomerase-positive and telomerase-negative 
human normal cells are more resistant to G-quadruplex ligand treatment. 
 

 
Fig. 10. Proliferation and morphology of primary fibroblasts treated with G-quadruplex 
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with various concentrations of 360A (1 and 5 µM) or the corresponding concentrations of 
DMSO (0.01% and 0.05%). Mean population doublings from duplicate cultures ± standard 
deviation, are representative of four independent experiments. B: Phase-contrast 
micrographs showing the cellular morphology of primary fibroblasts treated with 0.05% 
DMSO (left, *10 objective) or 5 µM 360A (middle, *10 objective and right, *20 objective). 

Light microscopy revealed a decrease in the cell density and morphological changes that 
became detectable after about 20 days of treatment. Indeed, treated primary fibroblasts 
exhibited a typical senescent phenotype with a flattened and enlarged cell shape (Figure 10B). 
By propidium iodide staining and FACS analysis, we analysed the progression of primary 
fibroblasts treated with 1 and 5 µM of 360A or the corresponding concentrations of DMSO 
for 10, 14, 22 and 29 days. The G-quadruplex ligand was found not to increase the 
percentage of cells in S-phase as in cancer cells populations, or the percentage of cells in G1-
phase such as in PBLs but did increase the percentage of cells in G2/M phase (Figure 11) 
without increasing the percentage of cells in sub-G1 phase. This confirmed the lack of a cell 
death in 360A-treated primary fibroblasts.  
The induction of senescence was confirmed by the detection of senescent associated β–
galactosidase-positive cells at pH6.0, an established senescence marker (Dimri et al., 1995) 
(Figure 12A). 
At day 19, we detected 35.4 ± 15.2 and 61.7 ± 2.3% of senescent cells in primary fibroblast 
cultures treated with 1 and 5 µM 360A, respectively, and a 1.8 ± 0.6% of senescent cells in 
DMSO-treated primary fibroblasts (Figure 12B), thus showing that G-quadruplex ligand 
does not induce apoptosis but premature senescence in normal cells in a dose-dependent 
manner. Some G-quadruplex ligands (e.g. telomestatin, BRACO19, RHPS4) but nor all 
(TMPyP4) show selective toxicity towards cancer cells (Gomez et al., 2006; Cheng et al., 
2007; Salvati et al., 2007; Rha et al., 2000). Indeed TMPyP4 inhibits the cell proliferation of 
normal cells (fibroblasts, adult keratinocytes and epithelial cells) and cancer cells 
(neuroblastoma, breast cancer, cervical cancer, pancreatic cancer, colon cancer and a prostate 
cancer cell line) (Rha et al., 2000). The slow growth of normal cells versus the rapid 
proliferation of tumour cells may be involved in the selective toxicity of G-quadruplex 
ligand. But we have found that 360A does not induce cell death in normal cells and Salvati 
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et al, have further reported that highly proliferating human peripheral blood lymphocytes 
are resistant to RHPS4 suggesting that growth rate is not the main cause of G-quadruplex 
ligand tumour selectivity (Salvati et al., 2007).  
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Fig. 11. Cell cycle analysis of primary fibroblasts cultured with 1 and 5 µM 360A or 0.05% 
DMSO for 10, 14, 22 and 29 days. The percentages of cells in different phases of the cell cycle 
are expressed with the respect to the total number of viable cells (corresponding to an 
analysis of 105 cells). Histograms show the mean of duplicate cultures and are representative 
of three independent experiments. 

 

A

0

10

20

30

40

50

60

70

DMSO
1 µM 5 µM  0.05 %

360A

0.05 % DMSO 5 µM 360A

PI
SA

-β
G

al

B

SA
-β

 g
al

ac
to

si
da

se
 p

os
iti

ve
 c

el
ls

 (%
)

 
Fig. 12. Premature senescence induced by G-quadruplex ligand in primary fibroblasts 
cultured with 1 or 5 µM 360A or the corresponding concentration of DMSO for 19 days. A: 
Senescent associated-β galactosidase staining (blue) of senescent cells. Nuclei were stained 
with propidium iodide (red). B: Histograms showing the percentage of senescent cells (150-
550 nuclei analyzed per condition). 



 
DNA Repair and Human Health 

 

578 

G-quadruplex ligands induced premature senescence in primary fibroblasts but no cell death. 
Masutomi et al. have detected low levels of telomerase activity in primary fibroblasts during S 
phase. The disruption of telomerase activity in human primary fibroblasts slows down 
proliferation, alters the maintenance of the 3’ single-stranded telomeric overhangs and induces 
senescence without cell death (Masutomi et al., 2003) suggesting that the periodic expression 
of hTERT benefits cell proliferation and delays the onset of replicative senescence. Because 
360A induces a premature senescence, this G-quadruplex ligand may inhibit transient 
telomerase activity in normal cells. It was therefore of interest to evaluate the transient 
telomerase activity levels in 360A-treated primary fibroblasts during S phase. To this end, we 
analyzed BJ-TERT cells, primary human fibroblasts with long telomeres immortalized through 
the stable expression of the catalytic component of human telomerase (Jiang et al., 1999). Our 
results showed that 360A-treated BJ-TERT cells are more resistant to this ligand than primary 
fibroblasts. Indeed, BJ-TERT cells treated with 5 µM of 360A can be maintained in culture for 
34 days without any evidence of premature senescence (<5% of senescent cells) confirming the 
link between telomerase activity and G-quadruplex resistance in normal cells. 
We have previously shown by autoradiography that 360A binds preferentially to the 
terminal regions of chromosomes in human cancer and normal cells (Granotier et al., 2005), 
supporting the hypothesis for the in vivo formation of G-quadruplexes at the telomeres of 
these cells. The differential effects of 360A in normal and cancer cells are not linked to the 
lack of a G-quadruplex and/or the lack of 360A binding in normal cells. Nevertheless, we 
cannot at this stage exclude G-quadruplex structure variation and/or the differential 
regulation of G-quadruplexes during cell cycle progression between normal and cancer cells 
In vitro studies using oligonucleotides have given some insights into the structural 
polymorphisms of the G-quadruplex. (Hurley, 2002; Bates et al., 2007; Oganesian & Bryan, 
2007; Dai et al., 2008). These polymorphisms and the dynamic equilibrium of telomeric G-
quadruplexes, between human normal and cancer cells, may be important for 
considerations for the design of future therapeutic interventions. 
Finally, we analyzed the proliferation of cancer cells (human glioblastoma, T98G) and 
normal cells (primary fibroblasts, NH27) at the end of a 360A treatment. T98G cells and 
primary fibroblasts were cultured with 1 and 5 µM 360A or the corresponding concentration 
of DMSO for several days (4 and 7 days for T98G, 15 and 22 days for NHF27). After the 
treatment period had ended, T98G and NHF27 cells were cultured in medium without G-
quadruplex ligand until day 20 for T98G and day 50 for NHF27 (Figure 13).  
After treatment with 1 µM 360A, we observed a resumption of proliferation in T98G cells 
treated for 4 and 7 days (Figure 13A) and in NH27 cells treated for 15 and 22 days (Figure 
13B). After a treatment with 5 µM 360A, elimination of the G-quadruplex ligand at day 4 
provoked a resumption of proliferation in cancer cells, but elimination of 360A at day 7 did 
not do so (Figure 13C). However, elimination of this G-quadruplex ligand at the 5µM dose 
did induce the resumption of proliferation, even after 15 days of treatment (Figure 13D). In 
primary fibroblasts, the percentage of senescent cells decreased after the end of treatment, 
when we detected the resumption of proliferation (data not shown). We found that 360A 
also induced reversible premature senescence in primary fibroblasts but provoked apoptosis 
in cancer cells. Replicative senescence is thought to be an essentially irreversible growth 
arrest phenomenon but a p53-dependent reversible senescence pathway has been identified 
in normal cells as a response to dysfunctional telomeres (Beausejour et al., 2003; Dirac & 
Bernards, 2003). It will be of interest to study the implications of p53 function in normal cells 
treated with G-quadruplex ligand. 
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Fig. 13. Cell growth curves for T98G glioblastoma cells (A and C) and NHF27 primary 
fibroblasts (B and D) cultured with 1µM 360A (top), 5µM 360A (bottom) or the 
corresponding concentrations of DMSO. Cells were analyzed after the end of treatment at 
day 4 (stop D4) or day 7 (stop D7) for T98G cells and day 15 (stop D15) or day 22 (stop D22) 
for NHF27 cells. Mean population doublings from duplicate populations ± standard 
deviation are shown. 

4.2 The G-quadruplex ligand 360A does not induce telomere instability in normal 
human cells 
To gain further insight into the cellular effects of 360A in primary human normal cells, we 
analyzed genetic stability as an endpoint. We have previously shown that G-quadruplex 
ligands induce dicentric and ring chromosomes in telomerase-positive cancer cell lines 
(Pennarun et al., 2005). However, Giemsa staining of PBL chromosomes did not reveal 
chromatid breaks or dicentric chromosomes, suggesting that 360A does not induce 
chromosome instability in PBLs at a 1, 5 or 10 µM dose for 7, 10 and 15 days. Giemsa 
staining of primary fibroblasts chromosomes treated with 5 µM 360A for 7 days confirmed 
that this G-quadruplex ligand does not induce chromosome instability in normal cells.  
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G-quadruplex ligands induced premature senescence in primary fibroblasts but no cell death. 
Masutomi et al. have detected low levels of telomerase activity in primary fibroblasts during S 
phase. The disruption of telomerase activity in human primary fibroblasts slows down 
proliferation, alters the maintenance of the 3’ single-stranded telomeric overhangs and induces 
senescence without cell death (Masutomi et al., 2003) suggesting that the periodic expression 
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2007; Dai et al., 2008). These polymorphisms and the dynamic equilibrium of telomeric G-
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considerations for the design of future therapeutic interventions. 
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normal cells (primary fibroblasts, NH27) at the end of a 360A treatment. T98G cells and 
primary fibroblasts were cultured with 1 and 5 µM 360A or the corresponding concentration 
of DMSO for several days (4 and 7 days for T98G, 15 and 22 days for NHF27). After the 
treatment period had ended, T98G and NHF27 cells were cultured in medium without G-
quadruplex ligand until day 20 for T98G and day 50 for NHF27 (Figure 13).  
After treatment with 1 µM 360A, we observed a resumption of proliferation in T98G cells 
treated for 4 and 7 days (Figure 13A) and in NH27 cells treated for 15 and 22 days (Figure 
13B). After a treatment with 5 µM 360A, elimination of the G-quadruplex ligand at day 4 
provoked a resumption of proliferation in cancer cells, but elimination of 360A at day 7 did 
not do so (Figure 13C). However, elimination of this G-quadruplex ligand at the 5µM dose 
did induce the resumption of proliferation, even after 15 days of treatment (Figure 13D). In 
primary fibroblasts, the percentage of senescent cells decreased after the end of treatment, 
when we detected the resumption of proliferation (data not shown). We found that 360A 
also induced reversible premature senescence in primary fibroblasts but provoked apoptosis 
in cancer cells. Replicative senescence is thought to be an essentially irreversible growth 
arrest phenomenon but a p53-dependent reversible senescence pathway has been identified 
in normal cells as a response to dysfunctional telomeres (Beausejour et al., 2003; Dirac & 
Bernards, 2003). It will be of interest to study the implications of p53 function in normal cells 
treated with G-quadruplex ligand. 
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Fig. 13. Cell growth curves for T98G glioblastoma cells (A and C) and NHF27 primary 
fibroblasts (B and D) cultured with 1µM 360A (top), 5µM 360A (bottom) or the 
corresponding concentrations of DMSO. Cells were analyzed after the end of treatment at 
day 4 (stop D4) or day 7 (stop D7) for T98G cells and day 15 (stop D15) or day 22 (stop D22) 
for NHF27 cells. Mean population doublings from duplicate populations ± standard 
deviation are shown. 

4.2 The G-quadruplex ligand 360A does not induce telomere instability in normal 
human cells 
To gain further insight into the cellular effects of 360A in primary human normal cells, we 
analyzed genetic stability as an endpoint. We have previously shown that G-quadruplex 
ligands induce dicentric and ring chromosomes in telomerase-positive cancer cell lines 
(Pennarun et al., 2005). However, Giemsa staining of PBL chromosomes did not reveal 
chromatid breaks or dicentric chromosomes, suggesting that 360A does not induce 
chromosome instability in PBLs at a 1, 5 or 10 µM dose for 7, 10 and 15 days. Giemsa 
staining of primary fibroblasts chromosomes treated with 5 µM 360A for 7 days confirmed 
that this G-quadruplex ligand does not induce chromosome instability in normal cells.  
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We further characterized telomere stability in 360A-treated PBL and primary fibroblasts by 
telo-FISH after a 7 day treatment. In PBLs, we detected telomere aberrations (sister telomere 
fusions, sister telomere losses and telomere doublets) but their frequency remained stable in 
G-quadruplex ligand-treated normal cells (Figure 14A). We detected 9.1% ± 1.3 
chromosomes with telomere aberrations in 360A-treated PBLs (n=1387 chromosomes) and 
9.9% ± 1.1 chromosomes with abnormal telomeres in DMSO-treated PBL (n=1385 
chromosomes), indicating that 360A does not induce telomere instability in normal cells but 
does so in cancer cells (Pennarun et al., 2008 and 2010). It is noteworthy that the frequency of 
telomere aberrations in normal cells was found substantially lower than that in cancer cells. 
Indeed, Telo-FISH analysis revealed 2.98 ± 0.36 damaged telomere in 360-treated PBLs and 
2.98 ± 0.34 in DMSO-treated PBLs (Figure 14B), highlighting that this G-quadruplex ligand 
does not induce telomere aberrations in human primary peripheral cells. Autoradiography 
analysis of metaphase spreads of PBLs treated with 3H-360A further demonstrated the 
preferential binding of this G-quadruplex ligand to the terminal regions of chromosomes 
(Granotier et al., 2005) suggesting that the selective toxicity of 360A is not due to its lack of 
binding to telomeres in normal cells. 
Telo-FISH of primary fibroblast cultures treated with 360A for seven days (data not shown) 
further confirmed that this G-quadruplex ligand does not induce telomere instability in 
human normal cells, in contrast with the cancer cells. RHPS4, is another G-quadruplex 
ligand that does not induce telomere aberration in normal fibroblasts (Salvati et al., 2007) 
further suggesting that the telomere organization and the cellular response to damaged 
telomeres is substantially different between normal and cancer cells.  
 

 
Fig. 14. The G-quadruplex ligand 360A does not induce telomere aberrations in primary 
blood lymphocytes at a 5 µM 360A dose in a 7 day culture. A: Example of telomere 
evidenced by Telo-FISH in normal cells (a-d): control chromosome (a), sister telomere fusion 
(b), telomere doublet (c) and sister telomere loss (d). B: Histograms showing the percentage 
of chromosomes with telomere aberrations (sister telomere fusions, sister telomere losses, 
and telomere doublets) ± standard error (n=32-34 metaphases analyzed per condition). C: 
Box graphs showing the percentage distribution of damaged telomeres in DMSO- and in 
360A-treated PBLs for seven days. Boxes include 50% of the values centred on the median 
(the horizontal line through the box). The vertical lines begin at the 10th percentile and end 
at the 90th percentile.  

 
Differential Effects of the G-Quadruplex Ligand 360A in Human Normal and Cancer Cells 

 

581 

5. Discussion 
Taken together, our results demonstrate that even at elevated concentrations, the G-
quadruplex ligand 360A has limited effects on the proliferation of normal cells, in which 
they do not induce apoptosis. Interestingly, we found that 360A induces reversible 
premature senescence in primary human fibroblasts. We mainly observed that this G-
quadruplex ligand does not induce telomere aberrations in normal human telomerase-
positive and telomerase-negative cells, highlighting the differential effects of this ligand in 
human normal and cancer cells (Table 1).  
The cellular effects induced by this G-quadruplex ligand suggest that the organization 
and/or cellular responses activated by damaged telomeres differ significantly between 
human normal and cancer cells. 

5.1 Telomere organization in the nucleus  
Telomere organization is cell cycle dependent, with the assembly of telomeres into a 
telomeric disk in the centre of the nucleus occurring in G2 phase in normal cells (primary 
human lymphocytes, primary human fibroblasts and normal human epithelial tissue) 
(Chuang et al., 2004). Telomeres are widely distributed throughout the nucleus in the 
G0/G1 and S phases. Moreover, the three dimensional telomere organization is distorted in 
tumour cells and telomeric aggregates are thus formed. Transient telomeric aggregations 
that potentially cause irreversible chromosomal rearrangements are suggestive of genomic 
instability. The spatial organization and distribution of telomeres in the nucleus, and during 
the cell cycle, are important for genomic stability. On the other hand the telomere 
organization in the nucleus of cancer cells could promote the chromosome instability 
induced by G-quadruplex ligands. Hence, it will be very interesting in the future to 
investigate telomere organization in normal and cancer cells treated with G-quadruplex 
ligands to evaluate whether G-quadruplex stabilization disrupts the three dimensional 
arrangement of the telomere organization in the nucleus. 

5.2 Telomeric 3’ overhang length 
At the very ends of the chromosomes, the telomeric 3’ overhang is critical for telomere 
elongation by telomerase, for forming the T-loop structure, and therefore for normal 
telomere function and genome stability (Rahman et al., 2008). Most cancer cell lines possess 
shorter overhangs whereas most normal cells have longer 3’ overhangs (Lee 2008). The size 
difference of the telomeric 3’ overhang between normal and cancer cells could explain the 
differential effects of the G-quadruplex ligand. Stabilization of G-quadruplexes by specific 
ligands along a long 3’ overhang in normal cells would not prevent the formation of the T-
loop. We can also speculate that G-quadruplex resolution by endonucleases and/or 
helicases would leave a sufficiently long overhang for normal telomere function. In this 
regard we have previously shown that 360A reduces the telomeric overhang in cancer cells 
(Pennarun et al., 2005). It will be now interesting to measure the 3’ overhang in human 
normal cells treated with G-quadruplex ligand using the previously described 
oligonucleotide ligation assay (Cimino-Reale et al., 2001). The telomerase inhibitor 
telomestatin, which is known to stabilize G-quadruplexes, preferentially inhibits the growth 
of cancer cells compared to normal cells (fibroblasts and epithelial cells). However, 
telomestain does not inhibit cell growth, does not reduce the telomeric overhang and does 
not induce the dissociation of TRF2 from telomeres in normal and hTERT-positive 
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We further characterized telomere stability in 360A-treated PBL and primary fibroblasts by 
telo-FISH after a 7 day treatment. In PBLs, we detected telomere aberrations (sister telomere 
fusions, sister telomere losses and telomere doublets) but their frequency remained stable in 
G-quadruplex ligand-treated normal cells (Figure 14A). We detected 9.1% ± 1.3 
chromosomes with telomere aberrations in 360A-treated PBLs (n=1387 chromosomes) and 
9.9% ± 1.1 chromosomes with abnormal telomeres in DMSO-treated PBL (n=1385 
chromosomes), indicating that 360A does not induce telomere instability in normal cells but 
does so in cancer cells (Pennarun et al., 2008 and 2010). It is noteworthy that the frequency of 
telomere aberrations in normal cells was found substantially lower than that in cancer cells. 
Indeed, Telo-FISH analysis revealed 2.98 ± 0.36 damaged telomere in 360-treated PBLs and 
2.98 ± 0.34 in DMSO-treated PBLs (Figure 14B), highlighting that this G-quadruplex ligand 
does not induce telomere aberrations in human primary peripheral cells. Autoradiography 
analysis of metaphase spreads of PBLs treated with 3H-360A further demonstrated the 
preferential binding of this G-quadruplex ligand to the terminal regions of chromosomes 
(Granotier et al., 2005) suggesting that the selective toxicity of 360A is not due to its lack of 
binding to telomeres in normal cells. 
Telo-FISH of primary fibroblast cultures treated with 360A for seven days (data not shown) 
further confirmed that this G-quadruplex ligand does not induce telomere instability in 
human normal cells, in contrast with the cancer cells. RHPS4, is another G-quadruplex 
ligand that does not induce telomere aberration in normal fibroblasts (Salvati et al., 2007) 
further suggesting that the telomere organization and the cellular response to damaged 
telomeres is substantially different between normal and cancer cells.  
 

 
Fig. 14. The G-quadruplex ligand 360A does not induce telomere aberrations in primary 
blood lymphocytes at a 5 µM 360A dose in a 7 day culture. A: Example of telomere 
evidenced by Telo-FISH in normal cells (a-d): control chromosome (a), sister telomere fusion 
(b), telomere doublet (c) and sister telomere loss (d). B: Histograms showing the percentage 
of chromosomes with telomere aberrations (sister telomere fusions, sister telomere losses, 
and telomere doublets) ± standard error (n=32-34 metaphases analyzed per condition). C: 
Box graphs showing the percentage distribution of damaged telomeres in DMSO- and in 
360A-treated PBLs for seven days. Boxes include 50% of the values centred on the median 
(the horizontal line through the box). The vertical lines begin at the 10th percentile and end 
at the 90th percentile.  
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5. Discussion 
Taken together, our results demonstrate that even at elevated concentrations, the G-
quadruplex ligand 360A has limited effects on the proliferation of normal cells, in which 
they do not induce apoptosis. Interestingly, we found that 360A induces reversible 
premature senescence in primary human fibroblasts. We mainly observed that this G-
quadruplex ligand does not induce telomere aberrations in normal human telomerase-
positive and telomerase-negative cells, highlighting the differential effects of this ligand in 
human normal and cancer cells (Table 1).  
The cellular effects induced by this G-quadruplex ligand suggest that the organization 
and/or cellular responses activated by damaged telomeres differ significantly between 
human normal and cancer cells. 

5.1 Telomere organization in the nucleus  
Telomere organization is cell cycle dependent, with the assembly of telomeres into a 
telomeric disk in the centre of the nucleus occurring in G2 phase in normal cells (primary 
human lymphocytes, primary human fibroblasts and normal human epithelial tissue) 
(Chuang et al., 2004). Telomeres are widely distributed throughout the nucleus in the 
G0/G1 and S phases. Moreover, the three dimensional telomere organization is distorted in 
tumour cells and telomeric aggregates are thus formed. Transient telomeric aggregations 
that potentially cause irreversible chromosomal rearrangements are suggestive of genomic 
instability. The spatial organization and distribution of telomeres in the nucleus, and during 
the cell cycle, are important for genomic stability. On the other hand the telomere 
organization in the nucleus of cancer cells could promote the chromosome instability 
induced by G-quadruplex ligands. Hence, it will be very interesting in the future to 
investigate telomere organization in normal and cancer cells treated with G-quadruplex 
ligands to evaluate whether G-quadruplex stabilization disrupts the three dimensional 
arrangement of the telomere organization in the nucleus. 

5.2 Telomeric 3’ overhang length 
At the very ends of the chromosomes, the telomeric 3’ overhang is critical for telomere 
elongation by telomerase, for forming the T-loop structure, and therefore for normal 
telomere function and genome stability (Rahman et al., 2008). Most cancer cell lines possess 
shorter overhangs whereas most normal cells have longer 3’ overhangs (Lee 2008). The size 
difference of the telomeric 3’ overhang between normal and cancer cells could explain the 
differential effects of the G-quadruplex ligand. Stabilization of G-quadruplexes by specific 
ligands along a long 3’ overhang in normal cells would not prevent the formation of the T-
loop. We can also speculate that G-quadruplex resolution by endonucleases and/or 
helicases would leave a sufficiently long overhang for normal telomere function. In this 
regard we have previously shown that 360A reduces the telomeric overhang in cancer cells 
(Pennarun et al., 2005). It will be now interesting to measure the 3’ overhang in human 
normal cells treated with G-quadruplex ligand using the previously described 
oligonucleotide ligation assay (Cimino-Reale et al., 2001). The telomerase inhibitor 
telomestatin, which is known to stabilize G-quadruplexes, preferentially inhibits the growth 
of cancer cells compared to normal cells (fibroblasts and epithelial cells). However, 
telomestain does not inhibit cell growth, does not reduce the telomeric overhang and does 
not induce the dissociation of TRF2 from telomeres in normal and hTERT-positive 
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Table 1. Comparison of the cellular effects of the G-quadruplex ligand 360A in human 
normal and cancer cells. 
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fibroblasts (Tahara et al., 2006). We can thus hypothesize that there is a link between the lack 
of reduction of the telomeric 3’ overhang length, the TRF2 stability at telomeres and 
resistance to the effects of G-quadruplex ligands. 

5.3 Telomeric proteins  
Variations in the number of telomeric proteins fixed to double- or single-stranded telomeric 
DNA can modulate the sensitivity of cells to G-quadruplex ligands. In cancer cell lines, we 
have previously shown that 360A induces TRF2 delocalization from the telomeres but we 
don’t yet know if 360A also induces TRF2 delocalisation in normal cells. In any event, the G-
quadruplex ligands telomestatin and RHSP4 have been shown to induce TRF2 and POT1 
delocalization from the telomeres only in cancer cells (Tahara et al., 2006; Zaug et al., 2005; 
Salvati et al., 2007; Bates et al., 2007) without inducing TRF1 delocalization. The differential 
effects of telomestatin on TRF1 and TRF2 could be explained by their DNA-binding 
activities. Indeed, TRF1 binds to the telomere more strongly than TRF2 (Hanaoka et al., 
2005). The differential effects of telomestatin on TRF2 localization in cancer and normal cells 
could therefore be linked to different DNA-binding activities between these cell types. 
The telomere-disrupting agent telomestatin also induces a DNA damage response and 
apoptosis in newly generated neurons which have low levels of TRF2, whereas neural 
progenitor cells which have high levels of telomerase and mature neurons with high levels 
of TRF2 are resistant to telomere damage (Cheng et al., 2007). Finally, TRF2 or POT1 over-
expression correlates with the resistance to telomestatin and RHSP4 (Salvati et al., 2007; 
Cheng et al., 2007; Gomez et al., 2006). TRF2 might therefore counteract the effects of G-
quadruplex ligands through the formation of a T-loop that would mask the 3’ overhang and 
inhibit the recruitment of helicases which are expected to resolve G-quadruplexes and 
favour the binding of POT1 (Salvati et al., 2007; Opresko et al., 2002; O’Connor et al., 2006). 
Recently, Wang et al. have reported that the G-quadruplex formation at the 3’ end of 
telomeric DNA inhibits extension by telomerase and that the BLM helicase requires few 
nucleotides beyond the G-quadruplex for efficient unwinding (Wang et al., 2011). These 
data suggest that G-quadruplexes at the extreme 3’ end of a chromosome are resistant to the 
unwinding activity of helicases. The resistance of normal cells to 360A could therefore be 
due to the strong binding of TRF2 at the telomeres and/or the lack of TRF2 delocalization 
induced by G-quadruplex ligand.  

5.4 Cellular responses to damaged telomeres  
The cellular responses induced by damaged telomeres may significantly differ between 
normal and cancer cells. At the telomeres, the DNA damage response is activated by TRF2 
delocalization (Karlseder et al., 1999; van Steensel et al., 1998; Takai et al., 2003; Celli & de 
Lange, 2005). In cancer cells, immunofluorescence staining results have shown that 360A-
induced DNA damage signals occurs in a strictly ATM-dependent manner, but not in 
normal cells. Indeed, our own results indicate that 360A does not increase the number of γ-
H2AX foci in human primary lymphocytes, suggesting that the cellular response activated 
by damaged telomeres is significantly different between human normal and cancer cells. 
However, we don’t yet know if 360A induces less DNA damage in normal cells than in 
cancer cells and/or if the DNA damage response pathway is more efficient in normal cells 
than in cancer cells. In agreement with our preliminary results, RHPS4, which induces 
telomere damage in immortalized fibroblasts, does not induce H2AX phosphorylation in 
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Table 1. Comparison of the cellular effects of the G-quadruplex ligand 360A in human 
normal and cancer cells. 
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fibroblasts (Tahara et al., 2006). We can thus hypothesize that there is a link between the lack 
of reduction of the telomeric 3’ overhang length, the TRF2 stability at telomeres and 
resistance to the effects of G-quadruplex ligands. 

5.3 Telomeric proteins  
Variations in the number of telomeric proteins fixed to double- or single-stranded telomeric 
DNA can modulate the sensitivity of cells to G-quadruplex ligands. In cancer cell lines, we 
have previously shown that 360A induces TRF2 delocalization from the telomeres but we 
don’t yet know if 360A also induces TRF2 delocalisation in normal cells. In any event, the G-
quadruplex ligands telomestatin and RHSP4 have been shown to induce TRF2 and POT1 
delocalization from the telomeres only in cancer cells (Tahara et al., 2006; Zaug et al., 2005; 
Salvati et al., 2007; Bates et al., 2007) without inducing TRF1 delocalization. The differential 
effects of telomestatin on TRF1 and TRF2 could be explained by their DNA-binding 
activities. Indeed, TRF1 binds to the telomere more strongly than TRF2 (Hanaoka et al., 
2005). The differential effects of telomestatin on TRF2 localization in cancer and normal cells 
could therefore be linked to different DNA-binding activities between these cell types. 
The telomere-disrupting agent telomestatin also induces a DNA damage response and 
apoptosis in newly generated neurons which have low levels of TRF2, whereas neural 
progenitor cells which have high levels of telomerase and mature neurons with high levels 
of TRF2 are resistant to telomere damage (Cheng et al., 2007). Finally, TRF2 or POT1 over-
expression correlates with the resistance to telomestatin and RHSP4 (Salvati et al., 2007; 
Cheng et al., 2007; Gomez et al., 2006). TRF2 might therefore counteract the effects of G-
quadruplex ligands through the formation of a T-loop that would mask the 3’ overhang and 
inhibit the recruitment of helicases which are expected to resolve G-quadruplexes and 
favour the binding of POT1 (Salvati et al., 2007; Opresko et al., 2002; O’Connor et al., 2006). 
Recently, Wang et al. have reported that the G-quadruplex formation at the 3’ end of 
telomeric DNA inhibits extension by telomerase and that the BLM helicase requires few 
nucleotides beyond the G-quadruplex for efficient unwinding (Wang et al., 2011). These 
data suggest that G-quadruplexes at the extreme 3’ end of a chromosome are resistant to the 
unwinding activity of helicases. The resistance of normal cells to 360A could therefore be 
due to the strong binding of TRF2 at the telomeres and/or the lack of TRF2 delocalization 
induced by G-quadruplex ligand.  

5.4 Cellular responses to damaged telomeres  
The cellular responses induced by damaged telomeres may significantly differ between 
normal and cancer cells. At the telomeres, the DNA damage response is activated by TRF2 
delocalization (Karlseder et al., 1999; van Steensel et al., 1998; Takai et al., 2003; Celli & de 
Lange, 2005). In cancer cells, immunofluorescence staining results have shown that 360A-
induced DNA damage signals occurs in a strictly ATM-dependent manner, but not in 
normal cells. Indeed, our own results indicate that 360A does not increase the number of γ-
H2AX foci in human primary lymphocytes, suggesting that the cellular response activated 
by damaged telomeres is significantly different between human normal and cancer cells. 
However, we don’t yet know if 360A induces less DNA damage in normal cells than in 
cancer cells and/or if the DNA damage response pathway is more efficient in normal cells 
than in cancer cells. In agreement with our preliminary results, RHPS4, which induces 
telomere damage in immortalized fibroblasts, does not induce H2AX phosphorylation in 
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normal fibroblasts (Salvati et al., 2007). This lack of H2AX phosphorylation is not due to 
impairment of DNA damage response pathways because bleomycin and the dominant-
negative form of TRF2 phosphorylate H2AX in normal fibroblasts.  

6. Conclusions 
We showed herein that a specific G-quadruplex ligand, 360A, interacts with the terminal 
ends of human chromosomes in both tumour and normal cells. We find that 360A binds 
preferentially to human chromosome ends in normal and cancer cells but that the G-
quadruplex ligand-induced cell death by apoptosis occurs only in cancer cells. We provide 
evidence that the G-quadruplex ligand provokes telomere deprotection during replication 
and induces telomere aberrations only in cancer cells. Taken together, our results indicate 
that 360A induces telomere instability in cancer cells but not in normal cells. Our results 
thus suggest that the cellular response activated by damaged telomeres and/or mechanisms 
implicated in telomere maintenance are significantly different between human normal and 
cancer cells. We cannot yet exclude the possibility that the protein composition at the 
telomeres and/or organization of the telomeres differ markedly between normal and cancer 
cells, and thereby provide normal cells with a higher degree of telomere stability. 
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normal fibroblasts (Salvati et al., 2007). This lack of H2AX phosphorylation is not due to 
impairment of DNA damage response pathways because bleomycin and the dominant-
negative form of TRF2 phosphorylate H2AX in normal fibroblasts.  

6. Conclusions 
We showed herein that a specific G-quadruplex ligand, 360A, interacts with the terminal 
ends of human chromosomes in both tumour and normal cells. We find that 360A binds 
preferentially to human chromosome ends in normal and cancer cells but that the G-
quadruplex ligand-induced cell death by apoptosis occurs only in cancer cells. We provide 
evidence that the G-quadruplex ligand provokes telomere deprotection during replication 
and induces telomere aberrations only in cancer cells. Taken together, our results indicate 
that 360A induces telomere instability in cancer cells but not in normal cells. Our results 
thus suggest that the cellular response activated by damaged telomeres and/or mechanisms 
implicated in telomere maintenance are significantly different between human normal and 
cancer cells. We cannot yet exclude the possibility that the protein composition at the 
telomeres and/or organization of the telomeres differ markedly between normal and cancer 
cells, and thereby provide normal cells with a higher degree of telomere stability. 
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1. Introduction  
Pharmacogenetics is focused on finding associations between drug response and the genetic 
background of a patient.38 Resequencing of the human genome revealed that nucleotide 
variation between individuals exists in 0.1% of the genome, which corresponds to 3 million 
differences. These variations occur in more than 1% of a population and are designated as 
single nucleotide polymorphisms (SNP), normally not causing any disease. Functional 
variants caused by SNPs in drug related genes (such as metabolism enzymes, transporters 
and receptors) have become of interest more and more in recent years.21,22,40,73 Variations 
that occur less frequent than 1% are designated as mutations and could be disease causing. 
Pharmacogenetic research has been expanded dramatically, with 1334 publications in the 
past century starting from 1961, while 7654 papers have been published since the year 2000 
(pubmed accession date: November 18, 2010). The ultimate goal of pharmacogenetic 
research is the establishment of personalized medicine, aiming in prescribing the best choice 
of drug with the optimal concentration.67 Even the route of administration could be 
considered. At present, pharmacogenetics is not applied widely in clinical practice as a 
diagnostic tool, but is mainly restricted to research, which is, finding associations between 
drug response and genetic background within a group of patients. Much research is being 
performed in order to achieve a more beneficial cancer therapy, although pharmacogenetic 
research is also active in other fields like rheumatoid arthritis,7,42,52 transplantation50,84 and 
diabetes.19,51  
The application of whole genome techniques for predicting patients’ sensitivity or resistance 
to a drug is the definition of pharmacogenomics.27,68  
At present, most pharmacogenetic research is focused on enzymes that control the 
metabolism and uptake of many clinically used drugs. Most of these drugs are metabolized 
by Cytochrome P450 of which variant alleles are common that affects drug 
effectiveness.15,24,33 Roche diagnostics has developed an array to screen for the most 
important SNPs in Cytochrome P450 isoenzyme 2D6.72 This array is the first one that is 
approved by FDA for diagnostic testing. Other interesting genes with relatively high 
frequency of variant alleles are transporters such as MDR1.5,41,70 Affymetrix had developed 
an array (DMET) to screen for 1936 SNPs in genes that are involved in drug metabolism, 
uptake and detoxification.16  



 
DNA Repair and Human Health 

 

596 

Xin, H., Liu, D., Wan, M., Safari, A., Kim, H., Sun, W., O'Connor, M. S. & Songyang, Z., 
(2007). TPP1 is a homologue of ciliate TEBP-beta and interacts with POT1 to recruit 
telomerase. Nature, Vol. 445, No.7127, pp. 559-562, ISSN 1476-4687  

Xu, Y., Kaminaga, K. & Komiyama, M., (2008). Human telomeric RNA in G-quadruplex 
structure. Nucleic Acids Symp Ser (Oxf), Vol. No.52, pp. 175-176, ISSN 1746-8272  

Xu, Y., Noguchi, Y. & Sugiyama, H., (2006). The new models of the human telomere 
d[AGGG(TTAGGG)3] in K+ solution. Bioorg Med Chem, Vol. 14, No.16, pp. 5584-
5591, ISSN 0968-0896  

Xu, Y., Suzuki, Y., Ito, K. & Komiyama, M., Telomeric repeat-containing RNA structure in 
living cells. Proc Natl Acad Sci U S A, Vol. 107, No.33, pp. 14579-14584, ISSN 1091-6490  

Yang, D. & Hurley, L. H., (2006). Structure of the biologically relevant G-quadruplex in the 
c-MYC promoter. Nucleosides Nucleotides Nucleic Acids, Vol. 25, No.8, pp. 951-968, 
ISSN 1525-7770  

Yang, Q., Xiang, J., Yang, S., Zhou, Q., Li, Q., Tang, Y. & Xu, G., (2009). Verification of 
specific G-quadruplex structure by using a novel cyanine dye supramolecular 
assembly: I. recognizing mixed G-quadruplex in human telomeres. Chem Commun 
(Camb), Vol. No.9, pp. 1103-1105, ISSN 1359-7345  

Yang, Q., Zheng, Y. L. & Harris, C. C., (2005). POT1 and TRF2 cooperate to maintain 
telomeric integrity. Mol Cell Biol, Vol. 25, No.3, pp. 1070-1080, ISSN 0270-7306  

Ye, X., Zerlanko, B., Zhang, R., Somaiah, N., Lipinski, M., Salomoni, P. & Adams, P. D., 
(2007). Definition of pRB- and p53-dependent and -independent steps in 
HIRA/ASF1a-mediated formation of senescence-associated heterochromatin foci. 
Mol Cell Biol, Vol. 27, No.7, pp. 2452-2465, ISSN 0270-7306  

Ye, J., Lenain, C., Bauwens, S., Rizzo, A., Saint-Leger, A., Poulet, A. Benarroch, D., 
Magdinier, F., Morere, J., Amiard, S., Verhoeyen, E., Britton, S., Calsou, P., Salles, 
B., Bizard, A., Nadal, M., Salvati, E., Sabatier, L., Wu, Y., Biroccio, A., Londono-
Vallejo, A., Giraud-Panis, M. J. & Gilson, E., (2010). TRF2 and apollo cooperate with 
topoisomerase 2alpha to protect human telomeres from replicative damage. Cell, 
Vol. 142, No.2, pp. 230-242, ISSN 1097-4172  

Zahler, A. M., Williamson, J. R., Cech, T. R. & Prescott, D. M., (1991). Inhibition of 
telomerase by G-quartet DNA structures. Nature, Vol. 350, No.6320, pp. 718-720, 
ISSN 0028-0836  

Zakian, V. A., (1995). Telomeres: beginning to understand the end. Science, Vol. 270, 
No.5242, pp. 1601-1607, ISSN 0036-8075  

Zaug, A. J., Podell, E. R. & Cech, T. R., (2005). Human POT1 disrupts telomeric G-
quadruplexes allowing telomerase extension in vitro. Proc Natl Acad Sci U S A, Vol. 
102, No.31, pp. 10864-10869, ISSN 0027-8424  

Zhong, Z., Shiue, L., Kaplan, S. & de Lange, T., (1992). A mammalian factor that binds 
telomeric TTAGGG repeats in vitro. Mol Cell Biol, Vol. 12, No.11, pp. 4834-4843, 
ISSN 0270-7306  

Zhu, X. D., Niedernhofer, L., Kuster, B., Mann, M., Hoeijmakers, J. H. & de Lange, T., (2003). 
ERCC1/XPF removes the 3' overhang from uncapped telomeres and represses 
formation of telomeric DNA-containing double minute chromosomes. Mol Cell, 
Vol. 12, No.6, pp. 1489-1498, ISSN 1097-2765  

Zou, L., Liu, D. & Elledge, S. J., (2003). Replication protein A-mediated recruitment and 
activation of Rad17 complexes. Proc Natl Acad Sci U S A, Vol. 100, No.24, pp. 13827-
13832, ISSN 0027-8424  

23 

Pharmacogenetics of Cancer and  
DNA Repair Enzymes 

Tahar van der Straaten1, Leon Mullenders2 and Henk-Jan Guchelaar1 
1Department of Clinical Pharmacy & Toxicology 

2Department of Toxicogenetics, Leiden University Medical Center 
The Netherlands 

1. Introduction  
Pharmacogenetics is focused on finding associations between drug response and the genetic 
background of a patient.38 Resequencing of the human genome revealed that nucleotide 
variation between individuals exists in 0.1% of the genome, which corresponds to 3 million 
differences. These variations occur in more than 1% of a population and are designated as 
single nucleotide polymorphisms (SNP), normally not causing any disease. Functional 
variants caused by SNPs in drug related genes (such as metabolism enzymes, transporters 
and receptors) have become of interest more and more in recent years.21,22,40,73 Variations 
that occur less frequent than 1% are designated as mutations and could be disease causing. 
Pharmacogenetic research has been expanded dramatically, with 1334 publications in the 
past century starting from 1961, while 7654 papers have been published since the year 2000 
(pubmed accession date: November 18, 2010). The ultimate goal of pharmacogenetic 
research is the establishment of personalized medicine, aiming in prescribing the best choice 
of drug with the optimal concentration.67 Even the route of administration could be 
considered. At present, pharmacogenetics is not applied widely in clinical practice as a 
diagnostic tool, but is mainly restricted to research, which is, finding associations between 
drug response and genetic background within a group of patients. Much research is being 
performed in order to achieve a more beneficial cancer therapy, although pharmacogenetic 
research is also active in other fields like rheumatoid arthritis,7,42,52 transplantation50,84 and 
diabetes.19,51  
The application of whole genome techniques for predicting patients’ sensitivity or resistance 
to a drug is the definition of pharmacogenomics.27,68  
At present, most pharmacogenetic research is focused on enzymes that control the 
metabolism and uptake of many clinically used drugs. Most of these drugs are metabolized 
by Cytochrome P450 of which variant alleles are common that affects drug 
effectiveness.15,24,33 Roche diagnostics has developed an array to screen for the most 
important SNPs in Cytochrome P450 isoenzyme 2D6.72 This array is the first one that is 
approved by FDA for diagnostic testing. Other interesting genes with relatively high 
frequency of variant alleles are transporters such as MDR1.5,41,70 Affymetrix had developed 
an array (DMET) to screen for 1936 SNPs in genes that are involved in drug metabolism, 
uptake and detoxification.16  



 
DNA Repair and Human Health 

 

598 

Although screening for SNPs in DNA mismatch repair enzymes is a standard method  
for diagnosis of hereditary nonpolyposis colorectal cancer (HNPCC),45,61 pharmacogenetics 
of DNA repair enzymes is only applied in research settings and is discussed later in  
this chapter. 

2. Genetic characteristics of tumor cells 
When a normal cell loses the ability to regulate its own cell division but instead 
continuously divides, then this cell has become a tumor cell (reviewed by Hanahan and 
Weinberg25). Benign tumors result from minor imbalances in tissue whereby too many 
genetically stable cells are produced. These cells grow expansively and since they are often 
encapsulated, they can be removed by surgery. Since blood cells travel throughout the body, 
clonal expansion of these cells never result in benign tumors, but always in malignant 
tumors. Malignant tumors are genetically instable, metastasize easily and are causing 
cancer. These type of tumors can only be removed by surgery if they are caught in early 
development, but many solid tumors smaller than 1 cm have already been metastasized. 
Due to their genetic instability, tumor cells have different genetic characteristics and 
consequently a heterogeneous phenotype. In such a heterogeneous population, the cells that 
are best adapted to their environment survive better than the less malignant ones. Genetic 
alterations consist of “loss of heterozygosity”, translocations, mutations and disturbance in 
methylation.  

3. Platinum drugs for cancer treatment 
The treatment of cancer depends fully on the type of tumor and often several approaches 
are made to kill the tumor. Antibodies are frequently used to block receptors that are over 
expressed in the tumor, or to scavenge growth stimulating factors. For example the 
epidermal growth factor receptor (EGFR) is essential for normal cellular function, however, 
increased levels of EGFR mRNA are associated with metastasis and aggressive tumor 
growth.39 EGFR is over expressed in tumor cells and many therapies are focused on 
blocking this receptor using antibodies such as cetuximab or panitumumab.39,56,63 On the 
other hand, platinum-drugs intercalate in the tumor DNA thereby inhibiting DNA 
replication and thus inducing cell death.8,9 Platinum containing drugs such as cisplatin, 
carboplatin or oxaliplatin, have a broad range of activity in malignant disease and are used 
to threat many types of cancer. In general, the antitumor effect of platinum drugs is the 
result of intercalation of platinum in the DNA helix, causing the formation of platinum-
DNA cross-links which ultimately leads to programmed cell death. 
Cisplatin was the first platinum drug approved for the treatment of both ovarian and 
testicular cancer in 1978.29 At present, more than 80% of patients with testicular cancer can 
be cured with cisplatin-based chemotherapy.31 It was also applied to threat other solid 
tumors such as cervical, head and neck, lung and bladder cancer. Unfortunately, neither of 
these cancer types could be treated with a similar efficiency as accounts for testicular 
cancer.64 Cisplatin was the most commonly used chemotherapy drug but its use is limited 
by severe side effects such as gastrointestinal and renal toxicities. For that reason, an 
analogue with less toxicity was developed that replaced cisplatin in many chemotherapeutic 
regiments. This second-generation platinum drug was carboplatin which has equivalent 
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activity, is more stable, and is less toxic than cisplatin. Especially neurotoxicity is less 
frequently observed when compared with cisplatin.26 Additionally, loss of hearing is less 
frequently observed in carboplatin-treated patients than is seen in patients treated with 
cisplatin.10,83 Carboplatin has a different spectrum of toxicity, as its primary toxic effects are 
heamatological.78 A third generation-platinum compound was oxaliplatin. Oxaliplatin 
shows no cross resistance with cisplatin and carboplatin which is an important benefit for 
the treatment of colorectal cancer. Colorectal cancer appeared extremely insensitive to 
cisplatin and carboplatin. Another advantage is the toxicity profile which is much less 
frequent, although neurotoxicity is still observed.26 
Cisplatin and carboplatin, that share the same mechanism of action, are fully cross resistant 
and form identical lesions in DNA. The mechanism of action of oxaliplatin is different and 
oxaliplatin does not share cross resistance.17,44 

4. Platinum induced DNA damage 
As mentioned above, the cytotoxic property of platinum (Pt)-drugs is the intercalation in 
cellular DNA, forming Pt-adducts, that consequently inhibit DNA replication and thus 
induce cell death.9 Although Pt-based drugs are the most widely used in cancer treatment, 
many tumors are completely resistant to these drugs. The difference in clinical response is 
thought to be due, in part, to the pharmacokinetics of these drugs, as summarized by 
Marsh et al.53 Once Pt is inside the cell, Pt-adducts are formed within the DNA and a 
cellular defense is activated (Figure 1). DNA is the preferential and cytotoxic target for 
platinating agents. Three different types of lesions can be formed: monoadducts, 
intrastrand crosslinks and interstrand crosslinks (Figure 2). Monoadducts are first formed, 
but almost all monoadducts then react to form crosslinks of which the majority is 
intrastrand crosslinks. Cisplatin- and carboplatin-induced crosslinks bend the DNA 
double helix by 32-35o toward the major groove, whereas oxaliplatin induced crosslinks 
bend the double helix even more.18  
Oxaliplatin adducts are bulkier and more hydrophobic than those formed by cisplatin and 
carboplatin, leading to different effects in the cell.55,65 Interstrand crosslinks induce more 
steric changes in DNA and are therefore considered to be more toxic. Cisplatin and 
oxaliplatin have been found to form the same types of adducts at the same sites on the 
DNA.35,58 Both cisplatin and oxaliplatin form approximately 60-65% intrastrand GG, 25-30% 
intrastrand AG, 5-10% intrastrand GNG, and 1-3% interstrand GG diadducts.20 

5. DNA repair mechanisms 
Platinum adducts are recognized by the cellular DNA repair system and resistance to 
platinum chemotherapy is achieved by activity of either the nucleotide excision repair 
(NER), mismatch repair (MMR) or homologous recombination (HR) pathways. On the other 
hand, mutations in key enzymes of these pathways result in sensitivity to platinum drugs. 
The nucleotide excision repair system deals with helix-distorting lesions that interfere with 
base pairing and obstruct transcription and normal replication. Therefore, NER is the most 
important pathway involved in the efficacy of platinum chemotherapeutic therapy.64 NER 
consists of two sub-pathways, global genome NER (GG-NER) that screens the entire 
genome for damage, and transcription coupled repair (TCR) that screens for lesions that 
might block elongating RNA polymerases.76 Specific protein complexes are involved in the  
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Fig. 1. Cellular response to platinum exposure. Figure taken from 
http://www.pharmgkb.org/do/serve?objId=PA150642262&objCls=Pathway. XPC, sensor 
for DNA damage, has not been depicted in this figure. 
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Fig. 2. Platinating agent adducts on DNA. Platinating agents are able to react with DNA to 
form monoadducts, intrastrand crosslinks, interstrand crosslinks and DNA–protein 
crosslinks. Figure taken from Rabik and Dolan.64 

first step of DNA damage recognition of GG-NER and TC-NER. Nomenclature of key 
enzymes involved in NER is listed in table 1. In GG-NER, XPC-hHR24B screens first on 
the basis of disrupted base pairing instead of lesions,75 explaining why mildly distorted 
damage is poorly repaired.75 In TCR, two specific enzymes are necessary to displace the 
stalled polymerase to make the lesion accessible for repair, CSA and CSB.46 Next steps in 
the NER system are identical (Figure 3). In general, the helix structure of about 30 base 
pairs around the damaged site, is opened by helicase XPD (part of the transcription factor 
TFIIH). Replication protein A binds to the undamaged site to stabilize the open DNA 
strands. Next, XPG and ERCC1/XPF cleave the DNA strand on both sides of the damaged 
site. The DNA replication machinery then completes the repair by filling the gap. In total, 
more than 25 proteins participate in NER and for almost all NER factors, mouse mutants 
have been generated14 some of which show features of premature ageing. In general, 
mutations in key enzymes of NER (such as XPD, XPB, XPG and ERCC1) compromise NER 
and cause developmental delay and affect transcription.80 The incidence of sun induced 
skin cancer is >1000 fold increased, whereas frequency of internal tumors is modestly 
elevated.  
The presence of dinucleotide repeats in the human genome is quite common and form 
unstable motifs in some cancers.36 This phenotype of microsatellite instability is caused by 
defects in MMR in the hereditary nonpolyposis colorectal cancer (HNPCC) and in a variety 
of sporadic cancers. Replication slippage of repetitive sequences introduce mispairing of 
nucleotides. These errors are removed by MMR and defects in MMR increase mutation rates 
leading to the development of tumors. The MMR system consists of four stages: 1) mismatch  
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Fig. 1. Cellular response to platinum exposure. Figure taken from 
http://www.pharmgkb.org/do/serve?objId=PA150642262&objCls=Pathway. XPC, sensor 
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Fig. 3. Two NER subpathways exist with partly distinct substrate specificity: global genome 
NER (GG-NER) surveys the entire genome for distorting injury, and transcription-coupled 
repair (TCR) focuses on damage that blocks elongating RNA polymerases. Figure taken 
from Hoeijmakers30 
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recognition, 2) recruitment of MMR factors, 3) identification and degradation of the 
mismatch containing strand, and 4) synthesis of the new strand (Figure 4). HNPCC is an 
inherited disease caused, in 60% of cases, by germline mutations in hMLH1 and hMSH2 
genes. Defects in hMSH6 cause late-onset HNPCC. Mice that are completely MMR deficient 
show a normal development28 but are cancer-prone. Homologous recombination (HR) has 
been proposed to play a role in repairing double-strand breaks as a result of cisplatin-
induced crosslinks.23 HR is not discussed in this chapter but different DNA repair systems 
are discussed in an excellent review by Hoeijmakers.30 

 

Gene name other name Function 

ERCC1 ERCC1 Forms complex with XPF for 5’-incision 

XPA XPA Verifies DNA damage 

XPB ERCC3 3’->5’ helicase 

XPC XPC Sensor for DNA damage 

XPD ERCC2 5’->3’ helicase 

XPE DDB2 Damage specific binding 

XPF ERCC4 Forms complex with ERCC1 for 5’-incision 

XPG ERCC5 3’-incision 

CSA ERCC8 Forms complex with CSB in TCR 

CSB ERCC6 Binds stalled polymerase II in TCR 

Table 1. Key enzymes in NER 

6. Cellular response to platinum-DNA adducts 
As described above, cells possess several DNA repair mechanisms for removing Pt-DNA 
adducts. The tumor specificity of oxaliplatin and cisplatin is not fully understood. Although 
both drugs cause DNA damage, the DNA repair mechanism of the host cell responds 
differently to these drugs. For example, damage caused by oxaliplatin is restored by the 
nucleotide excision repair mechanism, whereas the mismatch repair mechanism is also 
active to restore damage caused by cisplatin.10,54 So, what is the underlying mechanism that 
makes certain tumors more sensitive to cisplatin than to oxaliplatin? Resistance to platinum 
anticancer agents can result from decreased accumulation, increased inactivation by 
glutathione, or an increased ability of cells to tolerate Pt-DNA adducts.1 The ability of cells 
to repair platinum-induced DNA lesions is known to be an important factor in cisplatin 
cytotoxicity.13  
Interestingly, oxaliplatin induced DNA damage is as effectively repaired as cisplatin-
induced damage, as shown in plasmid reactivation experiments.71 The nucleotide excision 
repair has an extremely broad specificity, therefore it is not surprising that NER does not 
discriminate between oxaliplatin and cisplatin DNA adducts.66 The MMR system, however, 
is a crucial element in the repair of cisplatin-induced damage as this system does not appear  
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Fig. 4. Four principal steps in MMR can be delineated: (1) mismatch recognition; (2) 
recruitment of additional MMR factors; (3) search for a signal that identifies the wrong 
(newly synthesized) strand, followed by degradation past the mismatch; and (4) resynthesis 
of the excised tract. Figure taken from Hoeijmakers30 
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to recognize diaminocyclohexane-containing platinum64 DNA-adducts such as those caused 
by oxaliplatin. Although cells definitely respond differently to oxaliplatin and cisplatin, the 
mechanism behind that has still to be elucidated. Many studies that investigate the role of 
DNA repair mechanism in repairing DNA crosslinks, use cisplatin or mitomycin C as a 
model to induce such crosslinks.57 For instance the human ovarian cell line A2780 is 
sensitive to cisplatin but resistant to oxaliplatin.48 In this study it was shown that ERCC1 (a 
key enzyme in NER) mRNA is upregulated after exposure to cisplatin. Whether ERCC1 
mRNA levels are upregulated after exposure to oxaliplatin, is not known.  

7. The role of DNA repair enzymes in platinum resistance 
There is growing evidence that activity of DNA repair enzymes contributes to the 
interindividual differences in the anti-tumor effect of platinum drugs. Activity of DNA 
repair system is affected by functional SNPs in key enzymes, but also expression levels of 
such enzymes might differ between individuals. High levels of ERCC1 mRNA are 
associated with worse outcome in patients with bladder cancer treated with oxaliplatin.3 An 
SNP in exon 4 of ERCC1 (rs11615) was associated with better survival in non-small cell lung 
carcinoma treated with cisplatin,34 as was in colorectal cancer patients treated with 
oxaliplatin.62,81 The ERCC2 gene (XPD) is located at the same chromosome as ERCC1 and 
multiple non-synonomous SNPs in ERCC2 have been found associated with diminished 
DNA repair capacity.74 Since rs11615 is a silent SNP (not causing amino acid change) the 
association with diminished DNA repair capacity is suggested to be due to low ERCC1 
expression caused by a linked SNP (rs3212986) in its 3’NTR region.34 In vitro studies to test 
this hypothesis have not been performed. Interestingly, another gene in a reverse 
orientation, overlaps with ERCC1 3’NTR, and a role for this gene in DNA repair has been 
suggested.69 This gene was identified in 1999 as a CD3ε binding protein in T-cells and was 
therefore named CAST (CD3ε-associated signal transducer).86 Later, this gene was identified 
as a subunit of RNA Polymerase I.60 While the exact function of this Pol I-specific subunit is 
unknown, in mammalian cells the interaction with the activator of Pol I transcription, UBF, 
suggests a role for this subunit in facilitating the transition from transcription initiation to 
elongation at promoter escape.59 In another model it has been proposed that conformational 
changes in the Pol I enzyme complex through CAST convert the Pol I into a processive 
enzyme complex.60 Since the 3’ NTR of ERCC1 overlaps with CAST open reading frame, 
rs3212986 causes an amino acid change in CAST in a putative nuclear localization signal. It 
is likely that this SNP affects CAST function instead of ERCC1 expression. The hypothesis 
that CAST function is related with DNA repair is strengthened by its chromosomal location, 
between ERCC1 and ERCC2 (Figure 5).  
An effect of platinum-based drugs on RNA polymerase I transcription is not without 
precedent. Cisplatin-induced platinum adducts interact with proteins that contain high-
mobility-group (HMG) domains, such as UBF, an activator of Pol I transcription. UBF was 
able to bind cisplatin-modified DNA more avidly than unmodified DNA12 and caused a 
redistribution of UBF in the nucleolus and a block of rRNA synthesis in human cells.37 
Furthermore, UBF expression could increase the cell sensitivity to the chemotherapeutic 
reagent cis-diaminedichloroplatinum,32 perhaps by inhibiting repair of the DNA adducts. In 
addition, SNPs in CAST gene are associated with adult onset glioma11,85 and treatment 
outcome in multiple myeloma patients undergoing bone marrow transplantation.79 In view 
of the model where Pol I transcription of the rRNA genes is a sensor for DNA damage and 
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to recognize diaminocyclohexane-containing platinum64 DNA-adducts such as those caused 
by oxaliplatin. Although cells definitely respond differently to oxaliplatin and cisplatin, the 
mechanism behind that has still to be elucidated. Many studies that investigate the role of 
DNA repair mechanism in repairing DNA crosslinks, use cisplatin or mitomycin C as a 
model to induce such crosslinks.57 For instance the human ovarian cell line A2780 is 
sensitive to cisplatin but resistant to oxaliplatin.48 In this study it was shown that ERCC1 (a 
key enzyme in NER) mRNA is upregulated after exposure to cisplatin. Whether ERCC1 
mRNA levels are upregulated after exposure to oxaliplatin, is not known.  

7. The role of DNA repair enzymes in platinum resistance 
There is growing evidence that activity of DNA repair enzymes contributes to the 
interindividual differences in the anti-tumor effect of platinum drugs. Activity of DNA 
repair system is affected by functional SNPs in key enzymes, but also expression levels of 
such enzymes might differ between individuals. High levels of ERCC1 mRNA are 
associated with worse outcome in patients with bladder cancer treated with oxaliplatin.3 An 
SNP in exon 4 of ERCC1 (rs11615) was associated with better survival in non-small cell lung 
carcinoma treated with cisplatin,34 as was in colorectal cancer patients treated with 
oxaliplatin.62,81 The ERCC2 gene (XPD) is located at the same chromosome as ERCC1 and 
multiple non-synonomous SNPs in ERCC2 have been found associated with diminished 
DNA repair capacity.74 Since rs11615 is a silent SNP (not causing amino acid change) the 
association with diminished DNA repair capacity is suggested to be due to low ERCC1 
expression caused by a linked SNP (rs3212986) in its 3’NTR region.34 In vitro studies to test 
this hypothesis have not been performed. Interestingly, another gene in a reverse 
orientation, overlaps with ERCC1 3’NTR, and a role for this gene in DNA repair has been 
suggested.69 This gene was identified in 1999 as a CD3ε binding protein in T-cells and was 
therefore named CAST (CD3ε-associated signal transducer).86 Later, this gene was identified 
as a subunit of RNA Polymerase I.60 While the exact function of this Pol I-specific subunit is 
unknown, in mammalian cells the interaction with the activator of Pol I transcription, UBF, 
suggests a role for this subunit in facilitating the transition from transcription initiation to 
elongation at promoter escape.59 In another model it has been proposed that conformational 
changes in the Pol I enzyme complex through CAST convert the Pol I into a processive 
enzyme complex.60 Since the 3’ NTR of ERCC1 overlaps with CAST open reading frame, 
rs3212986 causes an amino acid change in CAST in a putative nuclear localization signal. It 
is likely that this SNP affects CAST function instead of ERCC1 expression. The hypothesis 
that CAST function is related with DNA repair is strengthened by its chromosomal location, 
between ERCC1 and ERCC2 (Figure 5).  
An effect of platinum-based drugs on RNA polymerase I transcription is not without 
precedent. Cisplatin-induced platinum adducts interact with proteins that contain high-
mobility-group (HMG) domains, such as UBF, an activator of Pol I transcription. UBF was 
able to bind cisplatin-modified DNA more avidly than unmodified DNA12 and caused a 
redistribution of UBF in the nucleolus and a block of rRNA synthesis in human cells.37 
Furthermore, UBF expression could increase the cell sensitivity to the chemotherapeutic 
reagent cis-diaminedichloroplatinum,32 perhaps by inhibiting repair of the DNA adducts. In 
addition, SNPs in CAST gene are associated with adult onset glioma11,85 and treatment 
outcome in multiple myeloma patients undergoing bone marrow transplantation.79 In view 
of the model where Pol I transcription of the rRNA genes is a sensor for DNA damage and 
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of the intricate association of CAST with Pol I, rs3212986 could result in a CAST-Pol I 
complex with a decreased capacity to elicit a DNA damage response. In those cells that carry 
this particular SNP, damage is therefore not efficiently repaired and this might result in 
increased cytotoxicity to platinum drugs, impairement of tumour growth and hence an 
increased patient survival. 
 

 
Fig. 5. Graphical presentation of the studied SNPs on chromosome 19. The ERCC1 
polymorphism is silent and does not result in an amino acid substitution. The CD3EAP 
polymorphism is G to A transversion in the 5  untranslated region of the mRNA. The 
PPP1R13L polymorphism is in intron 1 of the PPP1R13L gene. The ERCC2 D312N 
polymorphism gives rise to the Asp to Asn amino acid substitution in position 312 of 
ERCC2. ERCC2 K751Q gives rise to the Lys to Gln substitution in position 751 in ERCC2. 
Figure taken from Vangsted et al79 

8. Pharmacogenetic research of DNA repair genes in practice 
Cisplatin pharmacogenetics have been studied in esophageal cancer patients where several 
SNPs in NER were investigated. Two SNPs in ERCC1 and the SNP in ERCC1 3’-NTR (or CAST 
as discussed above) were found associated with improved overall survival.6 In testicular 
cancer cells, cisplatin sensitivity has been associated with low expression of ERCC1, however 
no SNPs were investigated in this study.77 Low expression of ERCC1 was also associated with 
oxaliplatin cytotoxicity in colorectal cancer cell lines when cetuximab (monoclonal antibody 
raised against EGFR) was co-administered.2 Platinum resistant ovarian cancer patients receive 
carboplatin together with gemcitabine49 that appeared to inhibit carboplatin induced 
interstrand crosslink repair.4,47 The role of ERCC1 in platinum treatment of non- small cell lung 
cancer with emphasis on carboplatin, has been reviewed by Vilmar and Sorensen.82 Recently, 
an explorative study has been performed to identify novel candidate genes related to 
oxaliplatin efficacy and toxicity in colorectal cancer patients, using a DNA repair array.43 Only 
ERCC5 (another factor in NER) and ATM (general responder to DNA damage) were found 
associated with clinical response. Discrepancies in association with SNPs in other DNA repair 
enzymes, present on the array, are discussed in this paper.  

9. Summary 
Since the entire human genome has been sequenced and 3,000,000 (1 in 1000 nucelotides) 
SNPs have been identified, more and more research is being performed to test effects of 
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specific SNPs. Pharmacogenetic research is particularly focused on SNPs with a high allele 
frequency and an altered response to drugs. Many association studies have been performed 
and SNPs in genes encoding for drug transport, uptake, metabolism, detoxification and 
DNA repair, are found to be related to drug response. SNPs in coding regions may alter 
gene function, however, associated SNPs are not causal per se but may be linked to another, 
yet unidentified, linked SNP. The ultimate goal of pharmacogenetic research is to predict an 
individuals’ response to drug therapy and subsequently adapt the therapeutic strategy. 
Peripheral blood can be taken to isolate chromosomal DNA and to genotype for specific 
SNPs, although tumor DNA might contain more mutations. In addition, expression levels of 
key enzymes may differ in tumor cells compared to normal cells. An approach to measure 
mRNA expression or to genotype tumor DNA could be the isolation of circulating tumor 
cells from peripheral blood. Whether this is feasible and cost effective for diagnostic 
healthcare should be investigated. In conclusion, more research is needed before any of the 
associated SNPs in DNA repair enzymes could be used to predict an individual response to 
a specific platinum-drug.  
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1. Introduction 
Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) 
and Huntington’s disease (HD), are becoming common in the world with increasing 
number of aged people in the population. Many investigations have been performed in an 
attempt to elucidate the mechanisms of neurodegenerative diseases. However, no single 
etiopathological factor was found to be responsible for such diseases, and therefore no 
effective therapeutic strategy could be designed.  
Aging is regarded as the greatest risk factor for the development of neurodegenerative 
diseases. Upon aging, reactive oxygen species (ROS) accumulation induces damage to DNA 
as well as protein and lipid, thus resulting in a progressive loss in the functional efficiency 
of the brain. Recently, it has been demonstrated that hundreds of proteins including KIN-19, 
a homolog of mammalian casein kinase 1 isoform alpha (CK1a), become more insoluble 
with age in Caenorhabditis elegans and its over-expression could enhance polyglutamine-
repeat pathology (David et al., 2010). Such discovery indicated that aging process itself 
could be a causative factor for protein aggregation. Increasing aggregation of proteins, such 
as amyloid beta peptide, could also promote the generation of ROS, DNA damage and thus 
accelerate neurodegenerative events (Butterfield, 2002). In addition, redox-active metals Cu 
and Fe could also generate ROS. Normal aging resulted in an elevation of Cu and Fe in the 
brain, and further interruption of metal homeostasis was noted in AD (Tabner et al., 2010). 
Oxidative DNA lesions, such as 8-oxoguanine (8-oxoG) and 8-hydroxyguanosine (8-OHG), 
were increased dramatically in patients with PD (Nakabeppu et al., 2007; Lovell et al., 1999). 
Statistically significant elevation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) was detected 
on DNA of AD subjects, even at the early stage of AD (Lovell et al., 1999; Markesbery & 
Lovell, 2006). At the same time, DNA repair deficiency in aged or neurodegenerative brain 
was observed. Both base excision repair (BER) and non-homologous end joining (NHEJ) 
pathway were deficient in AD subjects (Shackelford, 2006; Weissman et al., 2007). The 
animals with deficiencies in DNA repair exhibited neurological abnormalities or severe 
postnatal neurodegeneration and shortened life span (Laposa & Cleaver, 2001; Best, 2009; 
Dollé et al., 2006), that proved the role of DNA repair deficiency in neurodegeneration. 
DNA damage combined with inefficient repair mechanism could induce the apoptosis of 
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brain cells, as well as transcriptional inhibition of the vulnerable genes involved in learning, 
memory and neuronal survival (Hetman et al., 2010). All these contribute to the 
pathogenesis of age related neurodegenerative diseases.  
Now, histone posttranslational modifications (PTMs) have become an emerging discipline 
of research, exploring various physiological and pathological processes. Histone PTMs take 
part in diverse biological processes by inducing chromatin remodelling and regulating gene 
expression. Increasing evidence suggests that altered patterns of histone PTMs are central to 
many human diseases. The involvement of histone PTMs in normal nervous system 
development has been demonstrated and the aberrant PTMs patterns were detected in 
neurodegenerative disorders (Büttner et al., 2010; Mattson, 2001; Wang et al., 2010; Penner et 
al., 2010).  
It has been widely accepted that histone modifications play important roles in response to 
DNA damage and in DNA repair (Méndez-Acuña et al., 2010). In the cellular repair 
machinery, these modified histone sites not only signal the presence of damage, but also 
provide a landing platform for necessary repair/signaling proteins. Moreover, different 
PTMs could work together during DNA damage response (Van Attikum & Gasser, 2009). 
Here, we summarize the abnormal histone PTMs patterns in nuclear DNA damage response 
(DDR). The role of abnormally expressed histone PTMs in age-associated neurodegenerative 
disease and their mechanisms are also proposed. 

2. Histone PTMs in DNA damage and repair 
The core unit of chromatin is the nucleosome which consists of 147 bp of DNA wrapped 
around histone octamer containing two of each of the core histone proteins H2A, H2B, H3 and 
H4. The residues at the histone N-terminal tails and globular domains are subjected to  
PTMs. There are at least nine different types of covalent modifications found in  
histone proteins, including acetylation, methylation, phosphorylation, deimination, 
ubiquitination, sumoylation, ADP-ribosylation, proline isomerization and O-linked β-N- 
acetylglucosamination. Méndez-Acuña has summarized four types of these histone PTMs 
related to DNA damage response (Méndez-Acuña et al., 2010). Here, we will focus on histone 
PTMs which are  related to DNA damage response during aging and neurodegeneration.  

2.1 Phosphorylation 
Histone H2A has four variants including H2A1, H2A2, H2AX, and H2AZ. Among them, 
H2AX is the histone guardian of the genome (Fernandez-Capetillo et al., 2004b). H2AX-/- 
mice showed the phenomena of radiation sensitivity, growth retardation and immune 
deficiency (Celeste et al., 2002). Phosphorylation of histone H2AX at serine 139, named 
gamma-H2AX, is the most characterized PTM at DNA double strand breaks (DSBs).  
It is catalyzed by the kinases of the PI3-family (ATM, ATR and DNA-PK), especially by 
ATM (Kinner et al., 2008). It appeared rapidly after the exposure to ionizing radiation  
and half-maximal amounts were reached by 1 min and maximal amounts by 10 min 
(Rogakou et al., 1998). Therefore, gamma-H2AX is the first step in recruiting and 
localizing DNA repair proteins after damage. Presently, gamma-H2AX is regarded as a 
novel biomarker for DNA breaks and for early stage of apoptosis. Moreover, its 
expression in a wide range of eukaryotic organisms has indicated its conserved function 
(Foster & Downs, 2005).  
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Gamma-H2AX was suggested as a molecular marker of aging and diseases (Mah et al., 
2010). The level of H2AX in astrocytes and neurons was found to significantly decrease with 
the age of participants (Simpson et al., 2010). Meanwhile, the incidence of endogenous 
gamma-H2AX foci was increased with age (Sedelnikova et al., 2008). The number of gamma 
H2AX-immunopositive nuclei was significantly increased in the astrocytes of both gray and 
white matter, and consistently in the cornus ammonus (CA) regions of the hippocampus of 
AD patients compared to those of control cases (Myung et al., 2008). However, the rate of 
recruitment of DSB repair proteins to gamma-H2AX foci was correlated inversely with age 
for both normal and premature aging disease donors (Sedelnikova et al., 2008).  
Nuclear localization of DNA repair enzyme DNA-PK and of damaged base 8-OHdG reflect 
different aspects of the cell response to DNA damage. DNA-PK is required for the NHEJ 
pathway of DNA repair, whereas, 8-OHdG indicates DNA lesion caused by oxidative 
damage. Simpson and his colleagues found that the localization of H2AX and DNA-PK 
demonstrated a good correlation, whereas 8-OHdG localization expression demonstrated a 
weak correlation with DNA-PK and no significant correlation with H2AX (Simpson et al., 
2010). This indicates that H2AX preferentially detects DSBs and is involved in NHEJ repair.  
Besides gamma-H2AX, other histone serine phosphorylation events also take place during 
DDR. Yeast H2A is phosphorylated at serine 122 (threonine 119 in higher eukaryotes) upon 
DNA damage. Such serine residue was essential for cell survival in the presence of DNA 
damaging agents (Harvey et al., 2005). The phosphorylation at serine 14 of histone H2B 
(H2BS14ph) and the phosphorylation at serine 1 of histone H4 (H4S1ph) also occurred in 
response to DNA damage, and H4S1ph has been shown to be required for an efficient  
DSB repair by NHEJ (Fernandez-Capetillo et al., 2004a; Cheung et al., 2005). However,  
the expression of all these PTM sites in aged or neurodegenerative brain has not been 
reported yet. 
Recently, histone phosphorylation at tyrosine was found to be involved in aging, such as 
phosphorylation of histone H2AX on tyrosine 142 (H2AXY142ph) and histone H3 on 
tyrosine 99 (H2AXY99ph) (Singh & Gunjan, 2011). Histone H2AXY142 was phosphorylated 
by the WICH complex and dephosphorylated by the EYA1/3 phosphatases, determining 
the relative recruitment of either DNA repair or pro-apoptotic factors to DNA damage sites 
(Stucki, 2009). In contrast to H2AX serine 139 phosphorylation, tyrosine 142 appeared to be 
constitutively phosphorylated in undamaged cells, but was gradually dephosphorylated in 
chromatin bearing unrepaired DSBs (Stucki, 2009).  

2.2 Methylation 
Along the histone polypeptide chain, one, two, or three methyl groups could be added onto 
the lysine residues by histone methyltransferases (HMT) and could also be removed by 
histone demethyltransferase (HDMT). Histone methylation is generally associated with 
transcriptional repression with the exception that several methylation sites are involved in 
transcriptional activation. 
Tri-methylated histone H3 at position lysine 4 (H3K4me3), an important modification 
associated with transcriptional regulation, showed different epigenome in neuron cells 
comparing with non-neuronal cells (Cheung et al., 2010). During aging, a significant 
decrease in H3K4me3 was observed at migrated neural progenitor double cortin gene 
promoters, indicating the possibility of H3K4me3 in the mechanism of aging-dependent 
hippocampal dysfunction (Kuzumaki et al., 2010). Other investigation also found that 
H3K4me3 was related to DDR and could be detected at newly created DSB. In budding 
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the lysine residues by histone methyltransferases (HMT) and could also be removed by 
histone demethyltransferase (HDMT). Histone methylation is generally associated with 
transcriptional repression with the exception that several methylation sites are involved in 
transcriptional activation. 
Tri-methylated histone H3 at position lysine 4 (H3K4me3), an important modification 
associated with transcriptional regulation, showed different epigenome in neuron cells 
comparing with non-neuronal cells (Cheung et al., 2010). During aging, a significant 
decrease in H3K4me3 was observed at migrated neural progenitor double cortin gene 
promoters, indicating the possibility of H3K4me3 in the mechanism of aging-dependent 
hippocampal dysfunction (Kuzumaki et al., 2010). Other investigation also found that 
H3K4me3 was related to DDR and could be detected at newly created DSB. In budding 
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yeast cells, H3K4me3 was important for a proper response to DNA damaging agents, and 
the cells that cannot methylate H3K4 displayed a defect in DSB repair by NHEJ (Faucher & 
Wellinger, 2010). During meiosis, H3K4me3 was critical for the formation of the 
programmed DSB that initiated homologous recombination (Kniewel & Keeney, 2009).  
Histone H3 is constitutively methylated at lysine 79 (H3K79me) in both mammalian and 
yeast cells. In yeast, H3K79 methylation played an important role in the activation of the G1 
and intra S-phase DNA damage checkpoint (Wysocki et al., 2005). It was also detected in the 
brains of senescence-accelerated prone 8 mice and increased with aging (Wang et al., 2010). 
Lysine 79 locates in a loop connecting the first and the second α helixes in H3 structure 
(Luger et al., 1997). This region is exposed and adjacent to the interface between H3/H4 
tetramer and H2A/H2B dimer, which could influence the access of molecules to the 
interface. Therefore, the added methyl group on H3K79 might alter the properties of the 
nucleosome and play an important role in regulating the access of other DNA binding 
factors to chromatin (Feng et al., 2002). However, the expression level of H3K79 methylation 
was found unchanged in response to DNA damage. Therefore, methylated H3K79 site 
might change the higher-order chromatin structure and expose the binding site to DNA 
damage and repair factors, e.g. the exposure of 53BP1 binding site (Huyen et al., 2004). In 
addition, H3K79me worked together with phosphorylated H2A serine 129 for the 
recruitment of budding yeast homolog Rad9 to the DNA damage sites (Huyen et al., 2004; 
Toh et al. 2006). 
Previous investigation has shown that methylated histone H4 at lysine 20 (H4K20me) 
increased in kidneys and liver of the old-aged rat (Sarg et al., 2002). Except for 
transcriptional regulation, H4K20me is another reported methylation site that related to 
DDR. DNA breakage might cause exposure of methylated H4K20 previously buried within 
the chromosome. At the same time, the level of H4K20 methylation increased locally upon 
the induction of DSBs by the enzyme named histone methyltransferase MMSET (also known 
as NSD2 or WHSC1) in mammals (Pei et al., 2011).  

2.3 Acetylation 
During neurodegeneration, the degree of acetylation balance in brain was greatly impaired 
(Saha & Pahan, 2006). The inhibition of histone deacetylation induced the sprouting of 
dendrites, an increased number of synapses, learning behavior reinstatement and long-term 
memories in bi-transgenic CK-p25 Tg mice (Fischer et al., 2007). All these changes are 
mainly caused by transcriptional regulation of histone acetylation and/or deacetylation. 
Actually, DNA damage response regulated by histone acetylation and deacetylation state is 
also important in neurodegenerative diseases. Moreover, histone deacetylases (HDAC) 1- 
and 2-depleted cells were hypersensitive to DNA-damaging agents and showed defective 
DSB repair, particularly NHEJ repair pathway (Miller et al., 2010).  
It was found that the acetylation of histone H3 lysine 56 (H3K56ac) was involved in DDR. 
Mutation of K56 site made the cells sensitive to genotoxic agents (Masumoto et al., 2005). 
After DNA damage, H3K56ac co-localized with gama-H2AX and other proteins, involved in 
DNA damage signaling pathways, such as phospho-ATM, CHK2, and p53, at the sites of 
DNA repair (Vempati et al., 2010). Furthermore, GCN5, histone acetyltransferase (HAT) for 
H3K56 was shown to have an important role in maintaining genome stability (Burgess & 
Zhang, 2010). Knocking down of GCN5 resulted in impaired recruitment of NER factors to 
sites of damage and inefficient DNA repair (Guo et al., 2011). Histone deacetylases HDAC1 
and HDAC2 could be rapidly recruited to DNA-damage sites and promote hypoacetylation 
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of H3K56. However, HDAC1/2 depletion or inhibition did not affect the amount of DNA 
damage produced by DSB-inducing agents but impaired DNA repair particularly through 
NHEJ (Miller et al., 2010) 
Histone H4 is acetylated at lysine 16 (H4K16ac) by a human MOF gene encoded protein. 
Reduced level of H4K16ac correlated with a defective DDR and DSB repair after exposure to 
ionizing radiation (IR). MOF depletion greatly decreased DSB repair by both NHEJ and 
homologous recombination (HR) (Sharma et al., 2010). Its specific deacetylase Sir2 was 
recruited to the HO lesion during HR repair process in budding yeast cells (Tamburini & 
Tyler, 2005). In response to DNA damage, SIRT1, a mammalian homologue of yeast Sir2, re-
localized to DNA breaks to promote repair, resulting in transcriptional changes that parallel 
those in the aging mouse brain (Oberdoerffer et al., 2008). 
Acetylation of H2AX on lysine 36 (H2AXK36Ac) also plays a key role in DSB repair 
pathway. This modification site is constitutively acetylated by the CBP/p300 
acetyltransferase. Though its level was not increased by DNA damage, this modification 
was required for cells to survive in IR exposure. However, H2AXK36Ac did not affect 
phosphorylation of H2AX or the formation of DNA damage foci, indicating that 
H2AXK36Ac was a novel, constitutive histone modification regulating radiation sensitivity 
independently of H2AX phosphorylation (Jiang et al., 2010). 

2.4 Ubiquitination 
Increased level of monoubiquitinated histone H2A and decreased level of 
monoubiquitinated H2B were found to be involved in transcriptional repression during HD, 
and these two ubiquitylation states inhibited methylation of histone H3K9 and histone 
H3K4, respectively (Kim et al., 2008). Interestingly, histone acetylation could affect 
monoubiquitination of histone H2A (Sadri-Vakili et al., 2007), whereas monoubiquitinated 
histone H2B controlled histone methylation (Sun and Allis, 2002). Thus, histone 
monoubiquitylation provided a potential bridge between histone acetylation and 
methylation, which  leaded to the change of gene expression in neurodegenerative diseases 
(Kim et al., 2008). 
Same as other modifications, histone ubiquitination is also involved in DNA damage 
response. Monoubiquitination of histone H2B, known for its involvement in transcription, 
was also important for a proper response of budding yeast cells to DNA damaging agents  
(Faucher & Wellinger, 2010). In human cells, DSBs induced monoubiquitination of histone 
H2B on lysine 120, and this monoubiquitination was required for timely repair of DSBs 
(Moyal et al., 2011). 

2.5 Poly ADP-ribosylation 
Poly ADP-ribosylation of histones is carried out by poly ADP-ribose polymerases (PARPs). 
Poly ADP-ribosylated histones could stimulate local chromatin relaxation to facilitate the 
repair process (Monks et al., 2006). Poly (ADP-ribose) polymerase-1 (PARP-1) is a nuclear 
enzyme that contributed to both neuronal death and survival under stress conditions 
(Kauppinen & Swanson, 2007). PARPs were activated in AD in response to oxidative 
damage to DNA (Love et al., 1999). PARP-1 activation enhanced core histone acetylation, 
and the acetylated histone H4 facilitated ADP-ribosylation of histones (Cohen-Armon et al., 
2007; Boulikas, 1990). 3-aminobenzamide was found to inhibit poly (ADP-ribose) 
polymerase as well as histone H3 phosphorylation (Tikoo et al., 2001). Therefore, histone H3 
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yeast cells, H3K4me3 was important for a proper response to DNA damaging agents, and 
the cells that cannot methylate H3K4 displayed a defect in DSB repair by NHEJ (Faucher & 
Wellinger, 2010). During meiosis, H3K4me3 was critical for the formation of the 
programmed DSB that initiated homologous recombination (Kniewel & Keeney, 2009).  
Histone H3 is constitutively methylated at lysine 79 (H3K79me) in both mammalian and 
yeast cells. In yeast, H3K79 methylation played an important role in the activation of the G1 
and intra S-phase DNA damage checkpoint (Wysocki et al., 2005). It was also detected in the 
brains of senescence-accelerated prone 8 mice and increased with aging (Wang et al., 2010). 
Lysine 79 locates in a loop connecting the first and the second α helixes in H3 structure 
(Luger et al., 1997). This region is exposed and adjacent to the interface between H3/H4 
tetramer and H2A/H2B dimer, which could influence the access of molecules to the 
interface. Therefore, the added methyl group on H3K79 might alter the properties of the 
nucleosome and play an important role in regulating the access of other DNA binding 
factors to chromatin (Feng et al., 2002). However, the expression level of H3K79 methylation 
was found unchanged in response to DNA damage. Therefore, methylated H3K79 site 
might change the higher-order chromatin structure and expose the binding site to DNA 
damage and repair factors, e.g. the exposure of 53BP1 binding site (Huyen et al., 2004). In 
addition, H3K79me worked together with phosphorylated H2A serine 129 for the 
recruitment of budding yeast homolog Rad9 to the DNA damage sites (Huyen et al., 2004; 
Toh et al. 2006). 
Previous investigation has shown that methylated histone H4 at lysine 20 (H4K20me) 
increased in kidneys and liver of the old-aged rat (Sarg et al., 2002). Except for 
transcriptional regulation, H4K20me is another reported methylation site that related to 
DDR. DNA breakage might cause exposure of methylated H4K20 previously buried within 
the chromosome. At the same time, the level of H4K20 methylation increased locally upon 
the induction of DSBs by the enzyme named histone methyltransferase MMSET (also known 
as NSD2 or WHSC1) in mammals (Pei et al., 2011).  

2.3 Acetylation 
During neurodegeneration, the degree of acetylation balance in brain was greatly impaired 
(Saha & Pahan, 2006). The inhibition of histone deacetylation induced the sprouting of 
dendrites, an increased number of synapses, learning behavior reinstatement and long-term 
memories in bi-transgenic CK-p25 Tg mice (Fischer et al., 2007). All these changes are 
mainly caused by transcriptional regulation of histone acetylation and/or deacetylation. 
Actually, DNA damage response regulated by histone acetylation and deacetylation state is 
also important in neurodegenerative diseases. Moreover, histone deacetylases (HDAC) 1- 
and 2-depleted cells were hypersensitive to DNA-damaging agents and showed defective 
DSB repair, particularly NHEJ repair pathway (Miller et al., 2010).  
It was found that the acetylation of histone H3 lysine 56 (H3K56ac) was involved in DDR. 
Mutation of K56 site made the cells sensitive to genotoxic agents (Masumoto et al., 2005). 
After DNA damage, H3K56ac co-localized with gama-H2AX and other proteins, involved in 
DNA damage signaling pathways, such as phospho-ATM, CHK2, and p53, at the sites of 
DNA repair (Vempati et al., 2010). Furthermore, GCN5, histone acetyltransferase (HAT) for 
H3K56 was shown to have an important role in maintaining genome stability (Burgess & 
Zhang, 2010). Knocking down of GCN5 resulted in impaired recruitment of NER factors to 
sites of damage and inefficient DNA repair (Guo et al., 2011). Histone deacetylases HDAC1 
and HDAC2 could be rapidly recruited to DNA-damage sites and promote hypoacetylation 
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of H3K56. However, HDAC1/2 depletion or inhibition did not affect the amount of DNA 
damage produced by DSB-inducing agents but impaired DNA repair particularly through 
NHEJ (Miller et al., 2010) 
Histone H4 is acetylated at lysine 16 (H4K16ac) by a human MOF gene encoded protein. 
Reduced level of H4K16ac correlated with a defective DDR and DSB repair after exposure to 
ionizing radiation (IR). MOF depletion greatly decreased DSB repair by both NHEJ and 
homologous recombination (HR) (Sharma et al., 2010). Its specific deacetylase Sir2 was 
recruited to the HO lesion during HR repair process in budding yeast cells (Tamburini & 
Tyler, 2005). In response to DNA damage, SIRT1, a mammalian homologue of yeast Sir2, re-
localized to DNA breaks to promote repair, resulting in transcriptional changes that parallel 
those in the aging mouse brain (Oberdoerffer et al., 2008). 
Acetylation of H2AX on lysine 36 (H2AXK36Ac) also plays a key role in DSB repair 
pathway. This modification site is constitutively acetylated by the CBP/p300 
acetyltransferase. Though its level was not increased by DNA damage, this modification 
was required for cells to survive in IR exposure. However, H2AXK36Ac did not affect 
phosphorylation of H2AX or the formation of DNA damage foci, indicating that 
H2AXK36Ac was a novel, constitutive histone modification regulating radiation sensitivity 
independently of H2AX phosphorylation (Jiang et al., 2010). 

2.4 Ubiquitination 
Increased level of monoubiquitinated histone H2A and decreased level of 
monoubiquitinated H2B were found to be involved in transcriptional repression during HD, 
and these two ubiquitylation states inhibited methylation of histone H3K9 and histone 
H3K4, respectively (Kim et al., 2008). Interestingly, histone acetylation could affect 
monoubiquitination of histone H2A (Sadri-Vakili et al., 2007), whereas monoubiquitinated 
histone H2B controlled histone methylation (Sun and Allis, 2002). Thus, histone 
monoubiquitylation provided a potential bridge between histone acetylation and 
methylation, which  leaded to the change of gene expression in neurodegenerative diseases 
(Kim et al., 2008). 
Same as other modifications, histone ubiquitination is also involved in DNA damage 
response. Monoubiquitination of histone H2B, known for its involvement in transcription, 
was also important for a proper response of budding yeast cells to DNA damaging agents  
(Faucher & Wellinger, 2010). In human cells, DSBs induced monoubiquitination of histone 
H2B on lysine 120, and this monoubiquitination was required for timely repair of DSBs 
(Moyal et al., 2011). 

2.5 Poly ADP-ribosylation 
Poly ADP-ribosylation of histones is carried out by poly ADP-ribose polymerases (PARPs). 
Poly ADP-ribosylated histones could stimulate local chromatin relaxation to facilitate the 
repair process (Monks et al., 2006). Poly (ADP-ribose) polymerase-1 (PARP-1) is a nuclear 
enzyme that contributed to both neuronal death and survival under stress conditions 
(Kauppinen & Swanson, 2007). PARPs were activated in AD in response to oxidative 
damage to DNA (Love et al., 1999). PARP-1 activation enhanced core histone acetylation, 
and the acetylated histone H4 facilitated ADP-ribosylation of histones (Cohen-Armon et al., 
2007; Boulikas, 1990). 3-aminobenzamide was found to inhibit poly (ADP-ribose) 
polymerase as well as histone H3 phosphorylation (Tikoo et al., 2001). Therefore, histone H3 
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phosphorylation was often coupled to poly-(ADP-ribosylation) during ROS-induced cell 
death. However, the appearance of histone ADP-ribosylation preceded histone H3 
phosphorylation after DNA damage (Monks et al., 2006).  

3. How are PTMs involved in DNA damage response and repair? 
Several histone modifications are associated with DNA damage and repair by directly 
regulating activation or repression of DNA repair genes. For example, the expression of 
manganese-dependent superoxide dismutase (Mn-SOD) was regulated by the acetylation of 
histones H3 and H4 at Mn-SOD proximal promoter (Maehara et al., 2002). In addition, 
decreased level of dimethyl H3K4 and acetylated H3K9 also regulated the expression of 
SOD2 gene (Hitchler et al., 2008). SODs are a group of critical enzymes in counteracting the 
superoxide toxicity. Altered expression and activity of SOD are all associated with oxidative 
DNA damage. It was found that SOD1 mutation could cause familial amyotrophic lateral 
sclerosis (ALS) (Li et al., 2010). High level of MnSOD was detected in hippocampus of AD 
patients (Marcus et al., 2005).  
On the other hand, these PTM signals are directly read to initiate DNA repair process. 53BP1 
is found as one key point protein connecting the PTM signals with other repair molecules. It 
is a conserved checkpoint protein with properties of a DSB sensor. DNA damage-induced 
PTMs could change higher-order structure of chromatin and then expose the 53BP1-binding 
site. In response to DNA damage, 53BP1 is recruited to DSBs sites by binding to gamma-
H2AX. A region of 53BP1 upstream of tandem tudor domains bound gamma-H2AX in vitro 
(Ward et al., 2003). Moreover, 53BP1 was recruited to the sites of DSBs by binding of its 
tandem tudor domain to methylated histones, such as H4K20me1/2, H3K79me1/2 (Huyen 
et al., 2004; Pei et al., 2011).  
However, the binding of 53BP1 to DNA damage sites is not the first step in DDR. The 
upstream molecules could regulate such binding activity, such as mediator of DNA damage 
checkpoint protein 1 (MDC1) and E3 ubiquitin-protein ligase RNF8. MDC1 is a cell cycle 
checkpoint protein, activated in response to DNA damage. Through its BRCT motifs, MDC1 
interacted with gamma-H2AX at sites near DDR within minutes after exposure to ionizing 
radiation, which facilitated the recruitment of ATM kinase to DNA damage foci (Stewart et 
al., 2003). Then RNF8 was rapidly assembled at DSBs via interaction of its FHA domain with 
the phosphorylated adaptor protein MDC1 (Mailand et al., 2007). After that, ubiquitinated 
H2A and H2AX by RNF8 made the translocation of 53BP1 to the sites of DNA damage (Yan 
& Jetten, 2008). At the same time, phosphorylated histone methyltransferase MMSET (at Ser 
102 site) was also recruited with the interaction to MDC1 BRCT domain, which induced 
H4K20 methylation around DSBs and also facilitates 53BP1 recruitment (Pei et al., 2011).  
What about the mechanism of histone acetylation in DDR? Evidence has indicated that 
acetylated histones and histone acetyltransferases were involved in DDR by recruiting DNA 
repair proteins as well as chromatin remodeling factors to DSB sites (Tamburini & Tyler, 
2005; Ogiwara et al., 2011). For example, the recruitment of CBP and p300 to the DSB sites 
induced the acetylation of lysine 18 within histone H3, and lysines 5, 8, 12, and 16 within 
histone H4, which facilitated the recruitment of KU70 and KU80 for NHEJ. At the same 
time, BRM, a catalytic subunit of the SWI/SNF complex, was also recruited at DSB sites to 
establish a relaxed chromatin environment for DNA damage repair. During homologous 
recombinational repair, histone acetyltransferases GCN5 and Esa1 and histone deacetylases 
Rpd3, Sir2 and Hst1 were recruited to the HO lesion (Tamburini & Tyler, 2005). Dynamic 
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changes in histone acetylation were detectable at DSB sites, which might represent 
important signal for cells indicating that chromosomal repair was complete and might be 
required to turn off the DNA damage or chromatin structure checkpoint (Tamburini & 
Tyler, 2005). 
Recently, researchers explained the mechanism of ubiquitination of histone H2A at lysine 
119 (H2AK119ub) in DDR (Ginjala et al., 2011). ATM, phosphorylated H2AX and RNF8 
firstly recruited polycomb protein BMI1 to sites of DNA damage. BMI1 then catalyzed 
ubiquitination of histone H2AK119 and activated homologous recombination. 
Kauppinen and Swanson have described the possible mechanism of poly ADP-ribosylation 
in DDR (Kauppinen & Swanson, 2007).  Poly ADP-ribosylation of histones induced local 
relaxation of the chromatin structure, which in turn facilitated access of repair proteins to 
damaged DNA. In addition, the binding of PARP induced the synthesis of a poly ADP-
ribose chain (PAR), which worked as a signal for the other DNA repair enzymes, such as 
DNA ligase III (LigIII) and DNA polymerase beta (polβ), which were necessary for BER 
process. Regretfully, over-activation of PARP might induce a progressive ATP depletion 
and finally result in cell death. 

4. Specificity of DNA damage and repair in age-associated  
neurodegenerative diseases 
DNA damage could be caused by both exogenous and endogenous damaging agents. 
However, some external agents, such as UV light, are unlikely to affect neuronal cells 
because they are never exposed to sunlight. Endogenous DNA damaging agents, such as 
ROSs, is the predominant DNA damaging agent in age-associated neurodegenerative 
diseases. The DNA damage and repair occurring in neurodegenerative diseases have been 
summarized in a number of reviews (Fishel et al., 2007; Martin, 2008). The main forms of 
damage detected in AD brains as well as in other neurodegenerative diseases are DNA 
single-strand breaks (SSBs) and DSBs, which are intermediates in repair of oxidative DNA 
damage. SSBs are primarily removed by BER pathway and nucleotide excision repair (NER) 
pathway. Neuronal cells also have the capacity to repair DNA lesions by direct repair and 
mismatch repair (MMR) and have the ability to repair DSBs through homologous 
recombination (HR) and NHEJ mode. However, the cohesive end joining activity decreased 
with age of the animal (Vyjayanti & Rao, 2006).  
Interestingly, different types of DNA damage had different distribution patterns in 
neurodegenerative brain, and different cells showed various fates (Barzilai et al., 2008). Most of 
DNA damage was found in the hippocampus and cortex during aging, which was consistent 
with the decline in memory and cognitive capacity as the early features of neurodegenerative 
disease. Astrocytes and neurons, but not microglia, were associated with the presence of DNA 
damage-associated molecules (H2AX, DNA-PK and 8-OHdG). PARP protein recognizes SSBs 
sites. Most of the cells containing poly (ADP-ribose), end-product of PARP, were neurons, 
such as small pyramidal neurons in cortex and some astrocytes, but not microglia (Love et al., 
1999). Interestingly, accumulation of poly (ADP-ribose) was not detectable in the cells 
containing tangles and relatively low accumulation occurred within plaques, which were 
caused by tau or amyloid beta protein (Love et al., 1999). This might imply that the damage 
form caused by tau or amyloid beta protein might be DSBs rather than SSBs.  
The destiny of different brain cells in response to the same type of DNA damage was 
diverse, which leaded researchers to propose that brain cells had different thresholds to 
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phosphorylation was often coupled to poly-(ADP-ribosylation) during ROS-induced cell 
death. However, the appearance of histone ADP-ribosylation preceded histone H3 
phosphorylation after DNA damage (Monks et al., 2006).  

3. How are PTMs involved in DNA damage response and repair? 
Several histone modifications are associated with DNA damage and repair by directly 
regulating activation or repression of DNA repair genes. For example, the expression of 
manganese-dependent superoxide dismutase (Mn-SOD) was regulated by the acetylation of 
histones H3 and H4 at Mn-SOD proximal promoter (Maehara et al., 2002). In addition, 
decreased level of dimethyl H3K4 and acetylated H3K9 also regulated the expression of 
SOD2 gene (Hitchler et al., 2008). SODs are a group of critical enzymes in counteracting the 
superoxide toxicity. Altered expression and activity of SOD are all associated with oxidative 
DNA damage. It was found that SOD1 mutation could cause familial amyotrophic lateral 
sclerosis (ALS) (Li et al., 2010). High level of MnSOD was detected in hippocampus of AD 
patients (Marcus et al., 2005).  
On the other hand, these PTM signals are directly read to initiate DNA repair process. 53BP1 
is found as one key point protein connecting the PTM signals with other repair molecules. It 
is a conserved checkpoint protein with properties of a DSB sensor. DNA damage-induced 
PTMs could change higher-order structure of chromatin and then expose the 53BP1-binding 
site. In response to DNA damage, 53BP1 is recruited to DSBs sites by binding to gamma-
H2AX. A region of 53BP1 upstream of tandem tudor domains bound gamma-H2AX in vitro 
(Ward et al., 2003). Moreover, 53BP1 was recruited to the sites of DSBs by binding of its 
tandem tudor domain to methylated histones, such as H4K20me1/2, H3K79me1/2 (Huyen 
et al., 2004; Pei et al., 2011).  
However, the binding of 53BP1 to DNA damage sites is not the first step in DDR. The 
upstream molecules could regulate such binding activity, such as mediator of DNA damage 
checkpoint protein 1 (MDC1) and E3 ubiquitin-protein ligase RNF8. MDC1 is a cell cycle 
checkpoint protein, activated in response to DNA damage. Through its BRCT motifs, MDC1 
interacted with gamma-H2AX at sites near DDR within minutes after exposure to ionizing 
radiation, which facilitated the recruitment of ATM kinase to DNA damage foci (Stewart et 
al., 2003). Then RNF8 was rapidly assembled at DSBs via interaction of its FHA domain with 
the phosphorylated adaptor protein MDC1 (Mailand et al., 2007). After that, ubiquitinated 
H2A and H2AX by RNF8 made the translocation of 53BP1 to the sites of DNA damage (Yan 
& Jetten, 2008). At the same time, phosphorylated histone methyltransferase MMSET (at Ser 
102 site) was also recruited with the interaction to MDC1 BRCT domain, which induced 
H4K20 methylation around DSBs and also facilitates 53BP1 recruitment (Pei et al., 2011).  
What about the mechanism of histone acetylation in DDR? Evidence has indicated that 
acetylated histones and histone acetyltransferases were involved in DDR by recruiting DNA 
repair proteins as well as chromatin remodeling factors to DSB sites (Tamburini & Tyler, 
2005; Ogiwara et al., 2011). For example, the recruitment of CBP and p300 to the DSB sites 
induced the acetylation of lysine 18 within histone H3, and lysines 5, 8, 12, and 16 within 
histone H4, which facilitated the recruitment of KU70 and KU80 for NHEJ. At the same 
time, BRM, a catalytic subunit of the SWI/SNF complex, was also recruited at DSB sites to 
establish a relaxed chromatin environment for DNA damage repair. During homologous 
recombinational repair, histone acetyltransferases GCN5 and Esa1 and histone deacetylases 
Rpd3, Sir2 and Hst1 were recruited to the HO lesion (Tamburini & Tyler, 2005). Dynamic 
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changes in histone acetylation were detectable at DSB sites, which might represent 
important signal for cells indicating that chromosomal repair was complete and might be 
required to turn off the DNA damage or chromatin structure checkpoint (Tamburini & 
Tyler, 2005). 
Recently, researchers explained the mechanism of ubiquitination of histone H2A at lysine 
119 (H2AK119ub) in DDR (Ginjala et al., 2011). ATM, phosphorylated H2AX and RNF8 
firstly recruited polycomb protein BMI1 to sites of DNA damage. BMI1 then catalyzed 
ubiquitination of histone H2AK119 and activated homologous recombination. 
Kauppinen and Swanson have described the possible mechanism of poly ADP-ribosylation 
in DDR (Kauppinen & Swanson, 2007).  Poly ADP-ribosylation of histones induced local 
relaxation of the chromatin structure, which in turn facilitated access of repair proteins to 
damaged DNA. In addition, the binding of PARP induced the synthesis of a poly ADP-
ribose chain (PAR), which worked as a signal for the other DNA repair enzymes, such as 
DNA ligase III (LigIII) and DNA polymerase beta (polβ), which were necessary for BER 
process. Regretfully, over-activation of PARP might induce a progressive ATP depletion 
and finally result in cell death. 

4. Specificity of DNA damage and repair in age-associated  
neurodegenerative diseases 
DNA damage could be caused by both exogenous and endogenous damaging agents. 
However, some external agents, such as UV light, are unlikely to affect neuronal cells 
because they are never exposed to sunlight. Endogenous DNA damaging agents, such as 
ROSs, is the predominant DNA damaging agent in age-associated neurodegenerative 
diseases. The DNA damage and repair occurring in neurodegenerative diseases have been 
summarized in a number of reviews (Fishel et al., 2007; Martin, 2008). The main forms of 
damage detected in AD brains as well as in other neurodegenerative diseases are DNA 
single-strand breaks (SSBs) and DSBs, which are intermediates in repair of oxidative DNA 
damage. SSBs are primarily removed by BER pathway and nucleotide excision repair (NER) 
pathway. Neuronal cells also have the capacity to repair DNA lesions by direct repair and 
mismatch repair (MMR) and have the ability to repair DSBs through homologous 
recombination (HR) and NHEJ mode. However, the cohesive end joining activity decreased 
with age of the animal (Vyjayanti & Rao, 2006).  
Interestingly, different types of DNA damage had different distribution patterns in 
neurodegenerative brain, and different cells showed various fates (Barzilai et al., 2008). Most of 
DNA damage was found in the hippocampus and cortex during aging, which was consistent 
with the decline in memory and cognitive capacity as the early features of neurodegenerative 
disease. Astrocytes and neurons, but not microglia, were associated with the presence of DNA 
damage-associated molecules (H2AX, DNA-PK and 8-OHdG). PARP protein recognizes SSBs 
sites. Most of the cells containing poly (ADP-ribose), end-product of PARP, were neurons, 
such as small pyramidal neurons in cortex and some astrocytes, but not microglia (Love et al., 
1999). Interestingly, accumulation of poly (ADP-ribose) was not detectable in the cells 
containing tangles and relatively low accumulation occurred within plaques, which were 
caused by tau or amyloid beta protein (Love et al., 1999). This might imply that the damage 
form caused by tau or amyloid beta protein might be DSBs rather than SSBs.  
The destiny of different brain cells in response to the same type of DNA damage was 
diverse, which leaded researchers to propose that brain cells had different thresholds to 
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DNA damage (Barzilai et al., 2008). Certain types of neurons, such as hippocampal, 
pyramidal and granule cells as well as cerebellar granule cells, suffer from an age-associated 
accumulation of DNA damage but do not reduce in number during aging. Other types of 
neurons, such as cerebellar Purkinje cells, reduce cell number during aging, but remaining 
cells show no age-associated accumulation of DNA damage.  
In conclusion, DDR differs between various neuronal cells. Therefore certain histone PTM 
types and their role in repair pathways might be specific to certain age-associated 
neurodegenerative diseases. However, we should note that some conclusions on histone 
PTMs involving in DDR came from the investigations on budding yeast cells or non- human 
mammalian cells. Therefore, further work focusing on human neuronal cells is needed. 

5. PTMs in cell cycle re-entry 
It is commonly believed that neurons are postmitotic cells, which remains in G0 phase of the 
cell cycle indefinitely. Actually, neurons in the adult human brain are able to re-enter the 
cell-division cycle. Schwartz and colleagues have demonstrated cell cycle re-entry 
phenomenon in neurons (Schwartz et al., 2007). They found that subtoxic concentrations of 
H2O2 induced the formation of repairable DSBs associated with the activation of cyclin D1, 
G1 cell cycle component, and the phosphorylation of retinoblastoma tumor suppressor 
protein (pRB) at serine 795, a marker of G0-G1 transition, was also significantly elevated. In 
addition, DNA helicase subunit minichromosome maintenance (Mcm) protein 2, which is 
strongly down regulated in quiescent, terminally differentiated or senescent cells, was 
higher in H2O2 -treated cells. Nuclear antigen Ki-67 positive neurons, a marker of cells in G1, 
S, G2 and mitosis, were also increased after treatment. Except for the expression of several 
cell cycle proteins (Nagy et al., 1997), H3 phosphorylation at serine 10, as a marker for 
mitosis and transcriptional activation, was also significantly increased in the cytoplasm of 
neurons in the hippocampus of AD cases (Ogawa et al., 2003).  
It seemed that neuronal cells also need to re-enter the cell cycle to activate DNA repair 
and/or contribute to apoptosis, which shared the same function with proliferating cells 
(Kruman, 2004). The transition from G0 to G1 was required for NHEJ repair in neurons 
(Tomashevski et al., 2010). In the brains of AD patients, the cell cycle of neurons could 
progress as far as the G2 phase, which was also required for repairing DNA lesions 
(Obulesu & Rao, 2010).  
Dynamic change of histone PTMs during cell cycle has been analyzed in HeLa cells 
(Bonenfant et al., 2007). For example, phosphorylated histone H3 at serine 10 and threonine 
3 was only detected in G2/M phase and acetylation on histone H2A and H2B was reduced 
in G2/M phase, while histone H3K79me showed no change during the cell cycle. Such 
studies provide us with valuable information for understanding the roles of histone PTMs in 
cell cycle regulation. However, several recent investigations have reported the roles of 
histone PTMs in cell cycle re-entry under DNA damage stress (see above), which may be 
more important in terminally differentiated neurons and likely represent a new research 
area in the future.  

6. Conclusions  

Oxidative stress-induced DNA damage has been proposed as pathological mechanism 
contributing to age-associated neurodegenerative diseases. The modified histone sites not 
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only signal the presence of damage, but also provide a landing platform for necessary 
repair/signaling proteins in cellular repair machinery. Moreover, histone residues 
covalently modified alone or in combination could provide distinct docking sites for 
multiple nuclear proteins, and thus regulate the expression of genes in response to oxidative 
stress or other extracellular signals. Therefore, both direct and indirect participation of 
histone PTMs in DNA damage recognition and repair might play a critical role in the 
pathological process of age-related neurodegenerative diseases.  
Except for nuclear DNA damage, mitochondrial DNA (mtDNA) damage is also proposed to 
play a critical role in aging and in the pathogenesis of several neurological disorders (Yang 
et al., 2008). According to previous studies, no histone proteins were found in mitochondria. 
DNA damage detection and DNA repair processes that involve histone PTMs might not be 
suitable for mtDNA damage. However, Katherine and her group recently found the positive 
signal of histone H3 in mitochondrial extracts from Brassica oleracea by western blot 
(Katherine et al., 2010). Regretfully, the function of mitochondrial H3 has not been 
demonstrated by experimental data. More evidence in other species had not been reported. 
The question whether there is a relationship between PTMs and mtDNA damage or not 
needs more hard experimental work to be answered. 
 In summary, studies of the mechanisms involving histone PTMs will enrich our basic 
knowledge of the role of histone PTMs in DNA damage response and thus will benefit the 
strategies for clinical interventions in age-related neurodegenerative diseases in the future.   

7. Abbreviations 
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accumulation of DNA damage but do not reduce in number during aging. Other types of 
neurons, such as cerebellar Purkinje cells, reduce cell number during aging, but remaining 
cells show no age-associated accumulation of DNA damage.  
In conclusion, DDR differs between various neuronal cells. Therefore certain histone PTM 
types and their role in repair pathways might be specific to certain age-associated 
neurodegenerative diseases. However, we should note that some conclusions on histone 
PTMs involving in DDR came from the investigations on budding yeast cells or non- human 
mammalian cells. Therefore, further work focusing on human neuronal cells is needed. 

5. PTMs in cell cycle re-entry 
It is commonly believed that neurons are postmitotic cells, which remains in G0 phase of the 
cell cycle indefinitely. Actually, neurons in the adult human brain are able to re-enter the 
cell-division cycle. Schwartz and colleagues have demonstrated cell cycle re-entry 
phenomenon in neurons (Schwartz et al., 2007). They found that subtoxic concentrations of 
H2O2 induced the formation of repairable DSBs associated with the activation of cyclin D1, 
G1 cell cycle component, and the phosphorylation of retinoblastoma tumor suppressor 
protein (pRB) at serine 795, a marker of G0-G1 transition, was also significantly elevated. In 
addition, DNA helicase subunit minichromosome maintenance (Mcm) protein 2, which is 
strongly down regulated in quiescent, terminally differentiated or senescent cells, was 
higher in H2O2 -treated cells. Nuclear antigen Ki-67 positive neurons, a marker of cells in G1, 
S, G2 and mitosis, were also increased after treatment. Except for the expression of several 
cell cycle proteins (Nagy et al., 1997), H3 phosphorylation at serine 10, as a marker for 
mitosis and transcriptional activation, was also significantly increased in the cytoplasm of 
neurons in the hippocampus of AD cases (Ogawa et al., 2003).  
It seemed that neuronal cells also need to re-enter the cell cycle to activate DNA repair 
and/or contribute to apoptosis, which shared the same function with proliferating cells 
(Kruman, 2004). The transition from G0 to G1 was required for NHEJ repair in neurons 
(Tomashevski et al., 2010). In the brains of AD patients, the cell cycle of neurons could 
progress as far as the G2 phase, which was also required for repairing DNA lesions 
(Obulesu & Rao, 2010).  
Dynamic change of histone PTMs during cell cycle has been analyzed in HeLa cells 
(Bonenfant et al., 2007). For example, phosphorylated histone H3 at serine 10 and threonine 
3 was only detected in G2/M phase and acetylation on histone H2A and H2B was reduced 
in G2/M phase, while histone H3K79me showed no change during the cell cycle. Such 
studies provide us with valuable information for understanding the roles of histone PTMs in 
cell cycle regulation. However, several recent investigations have reported the roles of 
histone PTMs in cell cycle re-entry under DNA damage stress (see above), which may be 
more important in terminally differentiated neurons and likely represent a new research 
area in the future.  

6. Conclusions  
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contributing to age-associated neurodegenerative diseases. The modified histone sites not 
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only signal the presence of damage, but also provide a landing platform for necessary 
repair/signaling proteins in cellular repair machinery. Moreover, histone residues 
covalently modified alone or in combination could provide distinct docking sites for 
multiple nuclear proteins, and thus regulate the expression of genes in response to oxidative 
stress or other extracellular signals. Therefore, both direct and indirect participation of 
histone PTMs in DNA damage recognition and repair might play a critical role in the 
pathological process of age-related neurodegenerative diseases.  
Except for nuclear DNA damage, mitochondrial DNA (mtDNA) damage is also proposed to 
play a critical role in aging and in the pathogenesis of several neurological disorders (Yang 
et al., 2008). According to previous studies, no histone proteins were found in mitochondria. 
DNA damage detection and DNA repair processes that involve histone PTMs might not be 
suitable for mtDNA damage. However, Katherine and her group recently found the positive 
signal of histone H3 in mitochondrial extracts from Brassica oleracea by western blot 
(Katherine et al., 2010). Regretfully, the function of mitochondrial H3 has not been 
demonstrated by experimental data. More evidence in other species had not been reported. 
The question whether there is a relationship between PTMs and mtDNA damage or not 
needs more hard experimental work to be answered. 
 In summary, studies of the mechanisms involving histone PTMs will enrich our basic 
knowledge of the role of histone PTMs in DNA damage response and thus will benefit the 
strategies for clinical interventions in age-related neurodegenerative diseases in the future.   
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1. Introduction 

Premature aging diseases or progerias are rare genetical disorders displaying symptoms of 
the aging body early in life or even in childhood. They are called segmental because they 
show some, but not all features of aging. There is the progeria of the adult, Werner 
syndrome and, more severe because limiting lifespan to the first or second decade, the 
progerias of the childhood, Cockayne syndrome, trichothiodystrophy and Hutchinson-
Gilford syndrome. With the exception of Hutchinson-Gilford syndrome, the progerias are 
caused by recessive mutations. Cockayne syndrome and trichothiodystrophy are polygenic 
disorders- the recessive mutation in five respective three different genes can cause the same 
devastating phenotype. All genes of a polygenic disorder may function in a critical 
redundant pathway . The identification of these pathways is topic of intensive labour in 
different laboratories for more than one reason. First, the identification of the molecular 
defects will help us to treat these diseases. Second, as these diseases mimic the normal aging 
process, understanding these diseases will strengthen our understanding of aging in 
general. Third, as these disorders display accelerated aging, the underlying pathways may 
be critical for the rate of aging and may help us to slow aging respectively allow us to affect 
healthy aging. Aging is believed to be due to the accumulation of molecular and 
macromolecular damage (Kirkwood, 2010), thus accelerated aging might be caused by a 
higher damage rate or by an impairment of counteracting pathways as repair mechanisms. 
The later assumption is generally believed to be the explanation for the accelerated aging 
seen in progerias, defects in macromolecular repair pathways, especially in DNA-repair 
pathways are generally considered as being causal for accelerated aging. Although there is 
ample evidence that aging is accompanied by macromolecular damage and DNA damage in 
particular, the causal connection between DNA damage and tissue or organismal aging is 
far from understood. Here the investigation of progerias is able to fuel our understanding of 
the mechanisms of aging as most of the involved genes play roles in different DNA repair 
pathways. But it is not so simple because all the progeria genes display multiple functions in 
the cells and are also involved in the regulation of gene expression by acting as basal 
transcription factors or as chromatin modifying enzymes. The discovery of the 
transcriptional function of DNA repair factors was accompanied by the hypothesis that 
accelerated aging could also be caused by alterations in gene expression mechanisms 
(Drapkin et al, 1994, Guzder et al, 1994). Since then the “transcriptional” versus the “DNA 
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devastating phenotype. All genes of a polygenic disorder may function in a critical 
redundant pathway . The identification of these pathways is topic of intensive labour in 
different laboratories for more than one reason. First, the identification of the molecular 
defects will help us to treat these diseases. Second, as these diseases mimic the normal aging 
process, understanding these diseases will strengthen our understanding of aging in 
general. Third, as these disorders display accelerated aging, the underlying pathways may 
be critical for the rate of aging and may help us to slow aging respectively allow us to affect 
healthy aging. Aging is believed to be due to the accumulation of molecular and 
macromolecular damage (Kirkwood, 2010), thus accelerated aging might be caused by a 
higher damage rate or by an impairment of counteracting pathways as repair mechanisms. 
The later assumption is generally believed to be the explanation for the accelerated aging 
seen in progerias, defects in macromolecular repair pathways, especially in DNA-repair 
pathways are generally considered as being causal for accelerated aging. Although there is 
ample evidence that aging is accompanied by macromolecular damage and DNA damage in 
particular, the causal connection between DNA damage and tissue or organismal aging is 
far from understood. Here the investigation of progerias is able to fuel our understanding of 
the mechanisms of aging as most of the involved genes play roles in different DNA repair 
pathways. But it is not so simple because all the progeria genes display multiple functions in 
the cells and are also involved in the regulation of gene expression by acting as basal 
transcription factors or as chromatin modifying enzymes. The discovery of the 
transcriptional function of DNA repair factors was accompanied by the hypothesis that 
accelerated aging could also be caused by alterations in gene expression mechanisms 
(Drapkin et al, 1994, Guzder et al, 1994). Since then the “transcriptional” versus the “DNA 
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repair” hypothesis were intensively discussed and today there is a lot of evidence for the 
involvement of both pathways in the pathogenesis of premature aging (Chalut et al,1994, 
Winkler and Hoeijmakers,1998, Bergmann and Egly 2001, deBoer et al 2002). Transcription 
of DNA by the RNA polymerases serves as a DNA damage sensor and recruits DNA repair 
proteins to sites of DNA damage. Moreover, hitherto as pure DNA repair factors recognized 
proteins turned out to be involved in chromatin remodeling and epigenetic modulation of 
gene expression of undamaged DNA (Schmitz et al, 2009, LeMay et al, 2010). Thus repair of 
DNA and gene expression at the level of transcription are intimately structurally and 
functionally linked. Here we review the current knowledge about transcriptional functions 
of DNA repair proteins involved in the pathogenesis of progerias.     

2. Premature aging syndromes 
2.1 Werner syndrome 
Werner syndrome (WS) or the progeria of the adult, is an autosomal recessive genetic 
instability and cancer predisposition syndrome that mimics premature aging. WS patients 
lack the pubertal growth spurt and develop bilateral cataracts, premature graying and loss 
of hair and scleroderma-like skin changes already beginning in the second decade of life. 
Patients have an elevated risk of age-associated diseases as atherosclerotic cardiovascular 
disease, diabetes mellitus, osteoporosis and cancer. Life expectancy is shortened to 47 years.  
The WS gene WRN encodes a member of the RecQ helicase protein family and posseses an 
additional 3´-5´exonuclease domain. WRN is involved in different DNA metabolizing 
pathways as DNA repair and replication, telomere maintenance and transcription (Rossi et 
al, 2010, Chu and Hickson, 2009, Ding and Shen 2008). WRN deficient cells display a 
telomere lagging strand replication defect and karyotypic instability associated with short 
telomers (Crabbe et al, 2004, Crabbe et al, 2007). Moreover, premature aging in mice 
deficient for WRN is dependent on telomere shortening in the telomerase RNA subunit 
TERC deficient background (Chang et al, 2004). These double knockout mice also show a 
hallmark of cells derived from Werner syndrome patients- premature senescence. Whereas 
fibroblasts from normal donors enter the stage of irreversible division stop, replicative 
senescence, after 60 population doublings, cells from Werner syndrome patients enter 
senescence after 15-20 population doublings (Faragher et al, 1993). Thus it seems that the 
role of the WRN protein at the telomeres might be critical to protect us from premature 
aging. Nonetheless, there are host of questions arising. It is not clear if replicative senescence 
is responsive for aging pathologies, although markers of replicative senescence accumulate 
in aged skin of baboons (Herbig et al 2006). Studies on telomere length dynamics in Werner 
syndrome cells revealed that telomeres did not erode faster than in normal cells (Baird et al, 
2004). Expression of telomerase in Werner syndrome cells can overcome premature 
senescence (Wyllie et al, 2000, Choi et al, 2001), but inhibition of the stress-activated kinase 
p38 by the compound PD203580 also extended the replicative lifespan of WS cells to that 
observed in normal fibroblasts (Davis et al 2005). These observations substanstiate that our 
knowledge about the pathophysiology of Werner syndrome is still limited and that 
alternative concepts also deserve attention.  
The first indication of the involvement of RecQ helicases in gene expression came from 
studies of the yeast WRN homolog sgs1. As in WS, the sgs1 deletion decreases the average 
life span of cells and accelerates aging (Sinclair et al, 1997). Conditional mutation of sgs1 in a 
yeast strain lacking the helicase srs2 is followed by a drastical inhibition of DNA replication 
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and RNA polymerase I transcription. The authors concluded that the replication defect 
could contribute to the genomic instability of WS, whereas impaired ribosomal RNA chain 
elongation may render RNA polymerase I prone to pausing that could trigger the formation 
of double strand breaks. Repair by nonhomologous end-joining could result in the 
accumulation of deletions in the genomic rDNA and contribute to premature aging in WS 
(Lee et al, 1999). Shiratori and co-workers showed that in human WS cells RNA polymerase 
I transcription is reduced and can be restored by wildtype WRN. Moreover, nucleolar 
localization of WRN is dependent on ongoing RNA polymerase I transcription. WRN can be 
co-immunoprecipitated with RNA polymerase I. In humans, the decreased transcriptional 
rate of rRNA could be the primary molecular defect causing the premature aging phenotype 
in WS patients, the authors speculated (Shiratori et al, 2002). Another study with human WS 
cells described, that the stimulation of RNA polymerase I transcription by some growth 
factors is impaired in WS cells. Moreover, WRN acts as a transcription factor and stimulates 
the step of promoter clearance of RNA polymerase I transcription. Chromatin-
immunoprecipitations revealed that WRN binds to quiescent and unmethylated rDNA, 
implicating a role of WRN in epigenetic regulation of RNA polymerase I transcription. 
Taken together, this study implicated that WRN acts as a growth factor dependent 
transcription factor of RNA polymerase I and may prevent inactivation of rDNA genes  
in the absence of growth factors (Lutomska et al, 2008). These mechanisms may contribute  
to the lack of the pubertal growth spurt, impaired wound healing and premature aging  
in WS patients.  
Beside RNA polymerase I transcription several publications show that WRN influences gene 
expression by RNA polymerase II. One study from 1999 describes a significant reduction of 
RNA polymerase II transcription in WS cells. This is reflected in in vitro transcription and 
can be rescued by addition of wildtype but not mutant WRN. Moreover a 27aa repeated 
sequence in the WRN gene was identied as a strong transcriptional activator domain. The 
transcription defect in WS cells may be global or may affect certain genes or categories of 
genes within the genome (Balajee et al, 1999). The later hypothesis is supported by a report 
showing that the transcriptional activator function of p53 is stimulated by WRN (Blander et 
al, 1999). Gene expression profiling comparing cells from young donors and cells from old 
donors with WS cells unravelled that mutation of WRN affects the expression of certain 
genes within the genome. Moreover transcription alterations in WS were strikingly similar 
to those in normal aging (Kyng et al, 2003). These findings validated WS as a model disease 
for aging research and established, that WRN influences the expression of certain genes 
within the genome. To investigate if the observed changes in the transcriptome are due to 
the direct loss of WRN or are secondary consequences of genomic instability, Turaga et al 
used short-term siRNA based knockdown of WRN. This was sufficient to trigger an 
expression profile resembling fibroblasts established from old donor patients and identified 
genes involved in 14 distinct biological pathways to be affected by loss of WRN. It is 
conceivable that WRN might associate with chromatin and affect the activity of classical 
transcription factors (Turaga et al, 2009). A recent report also used microarray expression 
analysis to investigate if RecQ helicases and WRN in particular regulate genes enriched in 
G-quadruplex DNA, a family of non-canonical nucleic acids structures formed by certain G-
rich sequences. RecQ helicases can unwind these structures in vitro and in vivo. In fact the 
authors found significant associations between loci that are regulated in WS and loci 
containing potential G-quadruplex forming sequences. These findings indicate that WRN 
can regulate transcription globally by targeting G-quadruplex DNA (Johnson et al, 2010).  
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repair” hypothesis were intensively discussed and today there is a lot of evidence for the 
involvement of both pathways in the pathogenesis of premature aging (Chalut et al,1994, 
Winkler and Hoeijmakers,1998, Bergmann and Egly 2001, deBoer et al 2002). Transcription 
of DNA by the RNA polymerases serves as a DNA damage sensor and recruits DNA repair 
proteins to sites of DNA damage. Moreover, hitherto as pure DNA repair factors recognized 
proteins turned out to be involved in chromatin remodeling and epigenetic modulation of 
gene expression of undamaged DNA (Schmitz et al, 2009, LeMay et al, 2010). Thus repair of 
DNA and gene expression at the level of transcription are intimately structurally and 
functionally linked. Here we review the current knowledge about transcriptional functions 
of DNA repair proteins involved in the pathogenesis of progerias.     

2. Premature aging syndromes 
2.1 Werner syndrome 
Werner syndrome (WS) or the progeria of the adult, is an autosomal recessive genetic 
instability and cancer predisposition syndrome that mimics premature aging. WS patients 
lack the pubertal growth spurt and develop bilateral cataracts, premature graying and loss 
of hair and scleroderma-like skin changes already beginning in the second decade of life. 
Patients have an elevated risk of age-associated diseases as atherosclerotic cardiovascular 
disease, diabetes mellitus, osteoporosis and cancer. Life expectancy is shortened to 47 years.  
The WS gene WRN encodes a member of the RecQ helicase protein family and posseses an 
additional 3´-5´exonuclease domain. WRN is involved in different DNA metabolizing 
pathways as DNA repair and replication, telomere maintenance and transcription (Rossi et 
al, 2010, Chu and Hickson, 2009, Ding and Shen 2008). WRN deficient cells display a 
telomere lagging strand replication defect and karyotypic instability associated with short 
telomers (Crabbe et al, 2004, Crabbe et al, 2007). Moreover, premature aging in mice 
deficient for WRN is dependent on telomere shortening in the telomerase RNA subunit 
TERC deficient background (Chang et al, 2004). These double knockout mice also show a 
hallmark of cells derived from Werner syndrome patients- premature senescence. Whereas 
fibroblasts from normal donors enter the stage of irreversible division stop, replicative 
senescence, after 60 population doublings, cells from Werner syndrome patients enter 
senescence after 15-20 population doublings (Faragher et al, 1993). Thus it seems that the 
role of the WRN protein at the telomeres might be critical to protect us from premature 
aging. Nonetheless, there are host of questions arising. It is not clear if replicative senescence 
is responsive for aging pathologies, although markers of replicative senescence accumulate 
in aged skin of baboons (Herbig et al 2006). Studies on telomere length dynamics in Werner 
syndrome cells revealed that telomeres did not erode faster than in normal cells (Baird et al, 
2004). Expression of telomerase in Werner syndrome cells can overcome premature 
senescence (Wyllie et al, 2000, Choi et al, 2001), but inhibition of the stress-activated kinase 
p38 by the compound PD203580 also extended the replicative lifespan of WS cells to that 
observed in normal fibroblasts (Davis et al 2005). These observations substanstiate that our 
knowledge about the pathophysiology of Werner syndrome is still limited and that 
alternative concepts also deserve attention.  
The first indication of the involvement of RecQ helicases in gene expression came from 
studies of the yeast WRN homolog sgs1. As in WS, the sgs1 deletion decreases the average 
life span of cells and accelerates aging (Sinclair et al, 1997). Conditional mutation of sgs1 in a 
yeast strain lacking the helicase srs2 is followed by a drastical inhibition of DNA replication 
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and RNA polymerase I transcription. The authors concluded that the replication defect 
could contribute to the genomic instability of WS, whereas impaired ribosomal RNA chain 
elongation may render RNA polymerase I prone to pausing that could trigger the formation 
of double strand breaks. Repair by nonhomologous end-joining could result in the 
accumulation of deletions in the genomic rDNA and contribute to premature aging in WS 
(Lee et al, 1999). Shiratori and co-workers showed that in human WS cells RNA polymerase 
I transcription is reduced and can be restored by wildtype WRN. Moreover, nucleolar 
localization of WRN is dependent on ongoing RNA polymerase I transcription. WRN can be 
co-immunoprecipitated with RNA polymerase I. In humans, the decreased transcriptional 
rate of rRNA could be the primary molecular defect causing the premature aging phenotype 
in WS patients, the authors speculated (Shiratori et al, 2002). Another study with human WS 
cells described, that the stimulation of RNA polymerase I transcription by some growth 
factors is impaired in WS cells. Moreover, WRN acts as a transcription factor and stimulates 
the step of promoter clearance of RNA polymerase I transcription. Chromatin-
immunoprecipitations revealed that WRN binds to quiescent and unmethylated rDNA, 
implicating a role of WRN in epigenetic regulation of RNA polymerase I transcription. 
Taken together, this study implicated that WRN acts as a growth factor dependent 
transcription factor of RNA polymerase I and may prevent inactivation of rDNA genes  
in the absence of growth factors (Lutomska et al, 2008). These mechanisms may contribute  
to the lack of the pubertal growth spurt, impaired wound healing and premature aging  
in WS patients.  
Beside RNA polymerase I transcription several publications show that WRN influences gene 
expression by RNA polymerase II. One study from 1999 describes a significant reduction of 
RNA polymerase II transcription in WS cells. This is reflected in in vitro transcription and 
can be rescued by addition of wildtype but not mutant WRN. Moreover a 27aa repeated 
sequence in the WRN gene was identied as a strong transcriptional activator domain. The 
transcription defect in WS cells may be global or may affect certain genes or categories of 
genes within the genome (Balajee et al, 1999). The later hypothesis is supported by a report 
showing that the transcriptional activator function of p53 is stimulated by WRN (Blander et 
al, 1999). Gene expression profiling comparing cells from young donors and cells from old 
donors with WS cells unravelled that mutation of WRN affects the expression of certain 
genes within the genome. Moreover transcription alterations in WS were strikingly similar 
to those in normal aging (Kyng et al, 2003). These findings validated WS as a model disease 
for aging research and established, that WRN influences the expression of certain genes 
within the genome. To investigate if the observed changes in the transcriptome are due to 
the direct loss of WRN or are secondary consequences of genomic instability, Turaga et al 
used short-term siRNA based knockdown of WRN. This was sufficient to trigger an 
expression profile resembling fibroblasts established from old donor patients and identified 
genes involved in 14 distinct biological pathways to be affected by loss of WRN. It is 
conceivable that WRN might associate with chromatin and affect the activity of classical 
transcription factors (Turaga et al, 2009). A recent report also used microarray expression 
analysis to investigate if RecQ helicases and WRN in particular regulate genes enriched in 
G-quadruplex DNA, a family of non-canonical nucleic acids structures formed by certain G-
rich sequences. RecQ helicases can unwind these structures in vitro and in vivo. In fact the 
authors found significant associations between loci that are regulated in WS and loci 
containing potential G-quadruplex forming sequences. These findings indicate that WRN 
can regulate transcription globally by targeting G-quadruplex DNA (Johnson et al, 2010).  
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Taken together there is ample evidence that the WRN protein influences transcription by 
RNA polymerase I and II and is involved in gene regulation of certain genes that are also 
regulated throughout the normal aging process and in the globally regulation of genes with 
G-quadruplex forming sequences.  

2.2 Cockayne syndrome 
Cockayne syndrome is an autosomal recessive neurodegenerative disorder characterized by 
progressive growth failure, retinal degeneration, cataracts, sensorineural deafness, mental 
retardation, and photosensitivity (Nance and Berry, 1992, Laugel et al, 2009). Cataracts, loss 
of retinal cells, neurological degeneration and cachexia are prominent premature aging 
symptoms of this disorder followed by infant death. Cockayne syndrome is caused by 
mutations in CSA and CSB genes and rare combinations with the cancer prone skin disease 
xeroderma pigmentosum and complementation groups XPB, XPD and XPG have been 
described. All five genes are involved in repair of helix-distorting lesions of DNA by the 
nucleotide excision repair pathway (NER). Damage recognition mechanisms differ in the 
subpathways transcription-coupled repair (TCR) in which CSA and CSB are involved and 
global genomic repair (GGR). Both pathways of damage recognition flow into a common 
DNA repair mechanism. Premature aging in Cockayne syndrome is commonly attributed to 
defective transcription coupled repair (Hoeijmakers, 2009), although this view raises a 
plethora of questions. There are multiple mutations in NER proteins described (XPA, XPB, 
XPD, XPF, XPG) that completely impair both branches of this DNA repair pathway, but are 
not followed by premature aging but cause the severe cancer prone skin disease xeroderma 
pigmentosum. Xeroderma pigmentosum patients, when shed from UV-light do not develop 
the premature aging traits of Cockayne syndrome although the same type of DNA lesions 
remain unrepaired and should accumulate and disturb cellular fidelity. Thus transcription 
coupled repair might also be responsive for the repair of hitherto undefined DNA lesions 
that compromise transcription (Laugel et al, 2009). It is conceivable that all five genes that, 
when mutated cause Cockayne syndrome, are involved in a critical redundant function that 
protects us from accelerated aging. This function is not identified yet. Transcription-coupled 
repair is responsible for the recruitment of the repair machinery to the transcribed strand of 
active genes. It has been shown, that nearly all factors involved in transcription coupled 
repair are coincidental participating in basal transcription mechanisms thus raising the 
possibility that premature aging might be due to aberrant transcription. This hypothesis is 
discussed since two decades without a definitive answer. Here, we would like to review the 
current knowledge about the transcriptional functions of the five proteins involved in the 
pathogenesis of Cockayne syndrome.     

2.2.1 Cockayne syndrome protein A (CSA) 

As the CSA gene was identified, the interaction of the corresponding protein with CSB and 
the TFIIH subunit p44 were described. TFIIH, beside being essential for Nucleotide Excision 
Repair (NER) of UV damaged DNA, is a general transcription factor of RNA polymerase II 
(see below). Thus the authors proposed a transcriptional function of CSA (Henning et al, 
1995). In vitro transcription studies with a template bearing oxidative lesions showed a 
reduced RNA polymerase II transcription in nuclear extracts of CSA cells, that could be 
rescued by the overexpression of CSA indicating a transcriptional function of CSA (Dianov 
et al, 1997). However, microinjection of CSA antibodies in cells reduced the repair capacity 
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of the cells, but did not influence the rate of transcription by RNA polymerase II (van Gool 
et al, 1997). Since then additional evidence for a direct involvement of CSA in transcription 
was not found.  

2.2.2 Cockayne syndrome protein B (CSB) 
Mutations in the ERCC6/CSB gene are responsible for 62% of Cockayne syndrome cases 
(Laugel et al, 2009). The ERCC6 gene product belongs to the family of SWI/SNF chromatin 
remodeling enzymes (Troelstra et al, 1992). ATP-dependent chromatin remodeling enzymes 
coordinate changes in chromatin structure to help regulate transcription. This structure of 
CSB implies a regulatory role in transcription. The first study investigating a transcriptional 
role of CSB used in vivo labeling and permeabilisation of cells to show that CSB mutant cells 
exhibit a severely reduced RNA polymerase II transcription that could be restored by 
addition of CSB. As transcription of chromatin from permeabilized cells represent the 
elongation activity of RNA polymerase II, the authors proposed a role of CSB in 
transcription elongation (Balajee et al, 1997). Using microinjection of antibodies against CSB, 
van Gool et al did not detect an inhibition of transcription by all three RNA polymerases 
measured by labelled thymidine incorporation However, CSB cofractionates with RNA 
polymerase II over chromatographic columns and RNA polymerase II can be 
coimmunoprecipitated with CSB (van Gool et al, 1997). As these complexes do not contain 
initiation factors of RNA polymerase II, the authors speculated that CSB might be involved 
in a non-essential step of transcription elongation. Another study confirmed the interaction 
of RNA polymerase II with CSB and could convincingly show, that CSB stimulates 
elongation by RNA polymerase II in vitro (Selby and Sancar, 1997). If this function of CSB is 
relevant for transcription elongation in vivo, the study by van Gool et al should have 
detected a reduction of transcription by microinjection of CSB antibodies. The recruitment of 
CSB to RNA polymerase II elongation complexes in vitro was also demonstrated by other 
investigators (Tantin et al, 1997) but the in vivo relevance of this interaction was not studied.  
CSB mutant cells were found to exhibit metaphase fragility of highly transcribed genes of 
RNA polymerase II and III that are coding for structural RNAs. The authors proposed that 
CSB might play a role in transcription elongation of these genes and lack of CSB would be 
followed by stalled polymerases inducing metaphase fragility (Yu et al, 2000). ATP-
dependent chromatin remodeling activity of CSB was substantiated in another study, thus 
implicating that CSB may play a role in facilitating transcription by RNA polymerase II 
through pause sites on natural chromatin templates in vivo by modulating nucleosome 
structure on DNA. It is possible that defective chromatin rearrangements during DNA 
repair or transcription may contribute to the severe clinical symptoms of CS patients 
(Citterio et al, 2000). A study performed in Saccharomyces cerevisiae provided in vivo 
evidence for a role of rad26, the counterpart of the CSB gene, in transcription elongation by 
RNA polymerase II. Under conditions requiring rapid synthesis of new mRNAs, growth is 
considerably reduced in cells lacking rad26. These findings implicate a role for CSB in 
transcription elongation, and they strongly suggest that impaired transcription elongation is 
the underlying cause of the developmental problems in CS patients (Lee et al, 2001).  
The same authors showed that the CSB homolog rad26 plays a role in promoting 
transcription by RNA polymerase II through bases damaged by the alkylating agent MMS. 
Transcription through these bases is severely inhibited in rad26Δ cells lacking both the NER 
(nucleotide excision repair) and BER (base excision repair) pathways required for the 
removal of these lesions (Lee et al, 2002). This report demonstrates a transcriptional function 
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Taken together there is ample evidence that the WRN protein influences transcription by 
RNA polymerase I and II and is involved in gene regulation of certain genes that are also 
regulated throughout the normal aging process and in the globally regulation of genes with 
G-quadruplex forming sequences.  
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retardation, and photosensitivity (Nance and Berry, 1992, Laugel et al, 2009). Cataracts, loss 
of retinal cells, neurological degeneration and cachexia are prominent premature aging 
symptoms of this disorder followed by infant death. Cockayne syndrome is caused by 
mutations in CSA and CSB genes and rare combinations with the cancer prone skin disease 
xeroderma pigmentosum and complementation groups XPB, XPD and XPG have been 
described. All five genes are involved in repair of helix-distorting lesions of DNA by the 
nucleotide excision repair pathway (NER). Damage recognition mechanisms differ in the 
subpathways transcription-coupled repair (TCR) in which CSA and CSB are involved and 
global genomic repair (GGR). Both pathways of damage recognition flow into a common 
DNA repair mechanism. Premature aging in Cockayne syndrome is commonly attributed to 
defective transcription coupled repair (Hoeijmakers, 2009), although this view raises a 
plethora of questions. There are multiple mutations in NER proteins described (XPA, XPB, 
XPD, XPF, XPG) that completely impair both branches of this DNA repair pathway, but are 
not followed by premature aging but cause the severe cancer prone skin disease xeroderma 
pigmentosum. Xeroderma pigmentosum patients, when shed from UV-light do not develop 
the premature aging traits of Cockayne syndrome although the same type of DNA lesions 
remain unrepaired and should accumulate and disturb cellular fidelity. Thus transcription 
coupled repair might also be responsive for the repair of hitherto undefined DNA lesions 
that compromise transcription (Laugel et al, 2009). It is conceivable that all five genes that, 
when mutated cause Cockayne syndrome, are involved in a critical redundant function that 
protects us from accelerated aging. This function is not identified yet. Transcription-coupled 
repair is responsible for the recruitment of the repair machinery to the transcribed strand of 
active genes. It has been shown, that nearly all factors involved in transcription coupled 
repair are coincidental participating in basal transcription mechanisms thus raising the 
possibility that premature aging might be due to aberrant transcription. This hypothesis is 
discussed since two decades without a definitive answer. Here, we would like to review the 
current knowledge about the transcriptional functions of the five proteins involved in the 
pathogenesis of Cockayne syndrome.     

2.2.1 Cockayne syndrome protein A (CSA) 

As the CSA gene was identified, the interaction of the corresponding protein with CSB and 
the TFIIH subunit p44 were described. TFIIH, beside being essential for Nucleotide Excision 
Repair (NER) of UV damaged DNA, is a general transcription factor of RNA polymerase II 
(see below). Thus the authors proposed a transcriptional function of CSA (Henning et al, 
1995). In vitro transcription studies with a template bearing oxidative lesions showed a 
reduced RNA polymerase II transcription in nuclear extracts of CSA cells, that could be 
rescued by the overexpression of CSA indicating a transcriptional function of CSA (Dianov 
et al, 1997). However, microinjection of CSA antibodies in cells reduced the repair capacity 
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of the cells, but did not influence the rate of transcription by RNA polymerase II (van Gool 
et al, 1997). Since then additional evidence for a direct involvement of CSA in transcription 
was not found.  

2.2.2 Cockayne syndrome protein B (CSB) 
Mutations in the ERCC6/CSB gene are responsible for 62% of Cockayne syndrome cases 
(Laugel et al, 2009). The ERCC6 gene product belongs to the family of SWI/SNF chromatin 
remodeling enzymes (Troelstra et al, 1992). ATP-dependent chromatin remodeling enzymes 
coordinate changes in chromatin structure to help regulate transcription. This structure of 
CSB implies a regulatory role in transcription. The first study investigating a transcriptional 
role of CSB used in vivo labeling and permeabilisation of cells to show that CSB mutant cells 
exhibit a severely reduced RNA polymerase II transcription that could be restored by 
addition of CSB. As transcription of chromatin from permeabilized cells represent the 
elongation activity of RNA polymerase II, the authors proposed a role of CSB in 
transcription elongation (Balajee et al, 1997). Using microinjection of antibodies against CSB, 
van Gool et al did not detect an inhibition of transcription by all three RNA polymerases 
measured by labelled thymidine incorporation However, CSB cofractionates with RNA 
polymerase II over chromatographic columns and RNA polymerase II can be 
coimmunoprecipitated with CSB (van Gool et al, 1997). As these complexes do not contain 
initiation factors of RNA polymerase II, the authors speculated that CSB might be involved 
in a non-essential step of transcription elongation. Another study confirmed the interaction 
of RNA polymerase II with CSB and could convincingly show, that CSB stimulates 
elongation by RNA polymerase II in vitro (Selby and Sancar, 1997). If this function of CSB is 
relevant for transcription elongation in vivo, the study by van Gool et al should have 
detected a reduction of transcription by microinjection of CSB antibodies. The recruitment of 
CSB to RNA polymerase II elongation complexes in vitro was also demonstrated by other 
investigators (Tantin et al, 1997) but the in vivo relevance of this interaction was not studied.  
CSB mutant cells were found to exhibit metaphase fragility of highly transcribed genes of 
RNA polymerase II and III that are coding for structural RNAs. The authors proposed that 
CSB might play a role in transcription elongation of these genes and lack of CSB would be 
followed by stalled polymerases inducing metaphase fragility (Yu et al, 2000). ATP-
dependent chromatin remodeling activity of CSB was substantiated in another study, thus 
implicating that CSB may play a role in facilitating transcription by RNA polymerase II 
through pause sites on natural chromatin templates in vivo by modulating nucleosome 
structure on DNA. It is possible that defective chromatin rearrangements during DNA 
repair or transcription may contribute to the severe clinical symptoms of CS patients 
(Citterio et al, 2000). A study performed in Saccharomyces cerevisiae provided in vivo 
evidence for a role of rad26, the counterpart of the CSB gene, in transcription elongation by 
RNA polymerase II. Under conditions requiring rapid synthesis of new mRNAs, growth is 
considerably reduced in cells lacking rad26. These findings implicate a role for CSB in 
transcription elongation, and they strongly suggest that impaired transcription elongation is 
the underlying cause of the developmental problems in CS patients (Lee et al, 2001).  
The same authors showed that the CSB homolog rad26 plays a role in promoting 
transcription by RNA polymerase II through bases damaged by the alkylating agent MMS. 
Transcription through these bases is severely inhibited in rad26Δ cells lacking both the NER 
(nucleotide excision repair) and BER (base excision repair) pathways required for the 
removal of these lesions (Lee et al, 2002). This report demonstrates a transcriptional function 
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of CSB independent from DNA repair and, moreover, fit to the observation, that nuclear 
extracts from CS cells of three complementation groups exhibit reduced RNA polymerase II 
in vitro transcription only on oxidised template (Dianov et al, 1997).  
Microarray analysis of gene expression profiles did not identify significant differences in 
gene expression between CSB deficient and transfected cells indicating that CSB does not 
function as a gene specific transcription factor (Selzer et al, 2002). Bradsher et al reported a 
novel aspect of CSB as a component of RNA polymerase I transcription in the nucleolus. 
CSB was localized to nucleoli and isolated in a complex with RNA polymerase I, 
transcription initation factors of RNA polymerase I, TFIIH and XPG. CS mutations in TFIIH 
subunits rendered this complex instable and stability of this transcription competent 
complex was speculated to contribute to Cockayne syndrome phenotype. RNA polymerase I 
transcription was reduced in CSB mutant cells and restored by transfection of CSB (Bradsher 
et al, 2002). This report is inasmuch interesting as it describes a functional complex of 4 from 
5 proteins that, when mutated cause Cockayne syndrome, indicating that rDNA 
transcription by RNA polymerase I might be the redundant function of the CS proteins 
whose failure causes premature aging.  
Microarray analysis after oxidative stress revealed that there is a bundle of genes that is 
differently regulated after H2O2 treatment of CSB deficient and CSB competent cells. If the 
identified genes are directly regulated by CSB was not further specified (Kyng et al, 2003).  
Confocal microscopy and quantitative digital image analysis of different photobleaching 
(FRAP) procedures showed transient interactions of CSB with the transcription machinery, 
which are prolonged when RNA polymerases are arrested at sites of DNA damage. Active 
RNA polymerase II could be immunopurified with CSB, but no transcription factors were 
found to be associated (van dem Boom et al, 2003). The CSB function in transcription was to 
this timepoint always linked to transcription elongation. A novel study discovered functions 
of CSB upstream of transcription initiation. The authors unveiled the crucial role played by 
CSB in the transcription initiation of a certain set of protein coding genes after UV 
irradiation. CSB cells cannot transcribe even nondamaged genes if the cells were previously 
UV irradiated. The recruitment of TBP, which is supposed to initiate transcription, was 
severely decreased; also, the recruitment of TFIIB was almost absent. Furthermore, histone 
H4 acetylation does not occur properly, highlighting a defect in one of the earlier events of 
the transcriptional process. The fact that CSB associates mainly with the unphosphorylated 
RNA pol IIA and the serine 5 phosphorylated RNA pol IIO, strongly supports a role for CSB 
during the first phases of the transcription reaction (Proietti-Di-Santis et al, 2006). Although 
earlier microarray analysis did not yield gene expression differences in CS-cells (Selzer et 
al,2002), refined methodology using microarrays in combination with a unique method for 
comparative expression analysis found many genes regulated by CSB. Remarkably, many of 
the genes regulated by CSB are also affected by inhibitors of histone deacetylase and DNA 
methylation, as well as by defects in poly(ADP-ribose)-polymerase function and RNA 
polymerase II elongation. This data indicate a general role for CSB protein in maintenance 
and remodeling of chromatin structure and suggest that CS is a disease of transcriptional 
deregulation caused by misexpression of growth-suppressive, inflammatory, and 
proapoptotic pathways (Newman et al , 2006). In vitro transcription analysis using a 
reconstituted transcription system showed, that bypass of different oxidative lesions in the 
template requires elongation factors like CSB, thus again evaluating the initial observation 
by Dianov et al, that CSB deficient cells exhibit reduced RNA polymerase II transcription on 
oxidised template (Charlet-Berguerant et al, 2006).  
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Extending the findings of Newman et al, that CSB influences chromatin remodeling to 
transcription of RNA polymerase I, Yuan et al demonstrated in an intricate analysis that 
transcription activation of RNA polymerase I is dependent on CSB. CSB is recruited to 
active rDNA repeats by TTF-I bound to the promoter-proximal terminator T0. Depletion of 
CSB by siRNA impairs the formation Pol I preinitiation complexes and inhibits rDNA 
transcription. CSB recruits G9a that methylates histone H3 on lysine 9 (H3K9) in the pre-
rRNA coding region. The results demonstrate that the functional cooperation between CSB 
and G9a is important for efficient pre-rRNA synthesis (Yuan et al, 2007). This study 
integrates findings of several above mentioned publications. A gene specific regulatory 
function upstream of transcription initiation was mechanistically deciphered and a 
chromatin organisation mode of CSB was described in detail.  
Analysis of in vitro transcription by RNA polymerase I revealed that CSB plays a role as an 
elongation factor in rDNA transcription and that truncated CSB still localizes to the rDNA 
repeats in vivo. Truncated CSB actively represses in vitro transcription of RNA polymerase I 
thus providing an explanation for the observation that a null mutation in CSB is not 
necessarily followed by CS (Horibata et al, 2004) whereas truncating mutations are 
devastating (Lebedev et al, 2008). 
CSB is also a critical mediator of the hypoxic response and influences binding of the general 
transcription factors and RNA polymerase II in a gene-specific manner in response to 
hypoxia as demonstrated by chromatin-immunoprecipitation analysis. CSB binds to p53 and 
might also influence its transcriptional activity, the authors speculated (Filippi et al, 2008). 
Thus it becomes evident that CSB is not only an elongation factor of RNA polymerase II but 
exhibits gene regulatory functions in a gene-specific manner. 
The reviewed studies clearly show that CSB is an elongation factor of transcription by RNA 
polymerase I and II and that CSB facilitates transcription through damaged bases. 
Additional, CSB functions upstream of initiation by RNA polymerase I and II by recruiting 
chromatin modifying cofactors or by remodeling chromatin itself in a gene specific manner.  

2.2.3 TFIIH 
TFIIH is a multisubunit complex composed of ten subunits. It habors three enzymatic 
activities, two ATP dependent helicases of opposite orientation, XPB and XPD and the cyclin 
dependent kinase cdk7. Mutations in the XPB and XPD helicases are followed by the skin 
cancer prone xeroderma pigmentosum syndrome but also by the premature aging 
syndromes Cockayne and trichothiodystrophy. Mutations in the recently discovered tenth 
subunit p8/TTDA destabilize TFIIH and is followed by trichothiodystrophy. Xeroderma 
pigmentosum is characterized by a 1000fold elevated skin cancer risk, the german term 
“Mondscheinkinder” translated “moonshine-children” denominates the fact that the failure 
of Nucleotide excision repair (NER) renders the skin of affected children so sensitive to UV-
induced DNA damage and consecutive development of skin destructive cancers that they 
need to be shed totally from UV-light by special clothing. Then they develop normally. The 
ATPase of XPB and XPD helicase activity of TFIIH are necessary for the unwinding of the 
damaged DNA strand that can then be cleaved and resynthesized. Thus highly mutagenic 
DNA lesions persist in the genome when the helicase functions of TFIIH are reduced or 
inactivated by mutations. The second main function of TFIIH is as a general transcription 
factor of RNA polymerase II. General or basal transcription factors are needed at every 
protein coding gene for bending of the promoter, positioning of the polymerase or promoter 
opening as through the ATPase activity of the XPB subunit of TFIIH (Kim et al, 2000, 
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of CSB independent from DNA repair and, moreover, fit to the observation, that nuclear 
extracts from CS cells of three complementation groups exhibit reduced RNA polymerase II 
in vitro transcription only on oxidised template (Dianov et al, 1997).  
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et al, 2002). This report is inasmuch interesting as it describes a functional complex of 4 from 
5 proteins that, when mutated cause Cockayne syndrome, indicating that rDNA 
transcription by RNA polymerase I might be the redundant function of the CS proteins 
whose failure causes premature aging.  
Microarray analysis after oxidative stress revealed that there is a bundle of genes that is 
differently regulated after H2O2 treatment of CSB deficient and CSB competent cells. If the 
identified genes are directly regulated by CSB was not further specified (Kyng et al, 2003).  
Confocal microscopy and quantitative digital image analysis of different photobleaching 
(FRAP) procedures showed transient interactions of CSB with the transcription machinery, 
which are prolonged when RNA polymerases are arrested at sites of DNA damage. Active 
RNA polymerase II could be immunopurified with CSB, but no transcription factors were 
found to be associated (van dem Boom et al, 2003). The CSB function in transcription was to 
this timepoint always linked to transcription elongation. A novel study discovered functions 
of CSB upstream of transcription initiation. The authors unveiled the crucial role played by 
CSB in the transcription initiation of a certain set of protein coding genes after UV 
irradiation. CSB cells cannot transcribe even nondamaged genes if the cells were previously 
UV irradiated. The recruitment of TBP, which is supposed to initiate transcription, was 
severely decreased; also, the recruitment of TFIIB was almost absent. Furthermore, histone 
H4 acetylation does not occur properly, highlighting a defect in one of the earlier events of 
the transcriptional process. The fact that CSB associates mainly with the unphosphorylated 
RNA pol IIA and the serine 5 phosphorylated RNA pol IIO, strongly supports a role for CSB 
during the first phases of the transcription reaction (Proietti-Di-Santis et al, 2006). Although 
earlier microarray analysis did not yield gene expression differences in CS-cells (Selzer et 
al,2002), refined methodology using microarrays in combination with a unique method for 
comparative expression analysis found many genes regulated by CSB. Remarkably, many of 
the genes regulated by CSB are also affected by inhibitors of histone deacetylase and DNA 
methylation, as well as by defects in poly(ADP-ribose)-polymerase function and RNA 
polymerase II elongation. This data indicate a general role for CSB protein in maintenance 
and remodeling of chromatin structure and suggest that CS is a disease of transcriptional 
deregulation caused by misexpression of growth-suppressive, inflammatory, and 
proapoptotic pathways (Newman et al , 2006). In vitro transcription analysis using a 
reconstituted transcription system showed, that bypass of different oxidative lesions in the 
template requires elongation factors like CSB, thus again evaluating the initial observation 
by Dianov et al, that CSB deficient cells exhibit reduced RNA polymerase II transcription on 
oxidised template (Charlet-Berguerant et al, 2006).  
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Extending the findings of Newman et al, that CSB influences chromatin remodeling to 
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transcription activation of RNA polymerase I is dependent on CSB. CSB is recruited to 
active rDNA repeats by TTF-I bound to the promoter-proximal terminator T0. Depletion of 
CSB by siRNA impairs the formation Pol I preinitiation complexes and inhibits rDNA 
transcription. CSB recruits G9a that methylates histone H3 on lysine 9 (H3K9) in the pre-
rRNA coding region. The results demonstrate that the functional cooperation between CSB 
and G9a is important for efficient pre-rRNA synthesis (Yuan et al, 2007). This study 
integrates findings of several above mentioned publications. A gene specific regulatory 
function upstream of transcription initiation was mechanistically deciphered and a 
chromatin organisation mode of CSB was described in detail.  
Analysis of in vitro transcription by RNA polymerase I revealed that CSB plays a role as an 
elongation factor in rDNA transcription and that truncated CSB still localizes to the rDNA 
repeats in vivo. Truncated CSB actively represses in vitro transcription of RNA polymerase I 
thus providing an explanation for the observation that a null mutation in CSB is not 
necessarily followed by CS (Horibata et al, 2004) whereas truncating mutations are 
devastating (Lebedev et al, 2008). 
CSB is also a critical mediator of the hypoxic response and influences binding of the general 
transcription factors and RNA polymerase II in a gene-specific manner in response to 
hypoxia as demonstrated by chromatin-immunoprecipitation analysis. CSB binds to p53 and 
might also influence its transcriptional activity, the authors speculated (Filippi et al, 2008). 
Thus it becomes evident that CSB is not only an elongation factor of RNA polymerase II but 
exhibits gene regulatory functions in a gene-specific manner. 
The reviewed studies clearly show that CSB is an elongation factor of transcription by RNA 
polymerase I and II and that CSB facilitates transcription through damaged bases. 
Additional, CSB functions upstream of initiation by RNA polymerase I and II by recruiting 
chromatin modifying cofactors or by remodeling chromatin itself in a gene specific manner.  
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TFIIH is a multisubunit complex composed of ten subunits. It habors three enzymatic 
activities, two ATP dependent helicases of opposite orientation, XPB and XPD and the cyclin 
dependent kinase cdk7. Mutations in the XPB and XPD helicases are followed by the skin 
cancer prone xeroderma pigmentosum syndrome but also by the premature aging 
syndromes Cockayne and trichothiodystrophy. Mutations in the recently discovered tenth 
subunit p8/TTDA destabilize TFIIH and is followed by trichothiodystrophy. Xeroderma 
pigmentosum is characterized by a 1000fold elevated skin cancer risk, the german term 
“Mondscheinkinder” translated “moonshine-children” denominates the fact that the failure 
of Nucleotide excision repair (NER) renders the skin of affected children so sensitive to UV-
induced DNA damage and consecutive development of skin destructive cancers that they 
need to be shed totally from UV-light by special clothing. Then they develop normally. The 
ATPase of XPB and XPD helicase activity of TFIIH are necessary for the unwinding of the 
damaged DNA strand that can then be cleaved and resynthesized. Thus highly mutagenic 
DNA lesions persist in the genome when the helicase functions of TFIIH are reduced or 
inactivated by mutations. The second main function of TFIIH is as a general transcription 
factor of RNA polymerase II. General or basal transcription factors are needed at every 
protein coding gene for bending of the promoter, positioning of the polymerase or promoter 
opening as through the ATPase activity of the XPB subunit of TFIIH (Kim et al, 2000, 
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Douziech et al, 2000). TFIIH has also been reported to play a postinitiation role in 
transcription by RNA polymerase I, the key step of ribosomal biogenesis, that accounts for 
up to 60% of ongoing transcription in a growing cell (Iben et al, 2002).  
Xeroderma pigmentosum is due to unrepaired DNA damage, whereas premature aging in 
Cockayne syndrome and trichothiodystrophy might be caused by transcriptional 
deficiencies. Several studies addressed this hypothesis and an unequivocal answer to the 
question “is it repair or transcription?” has not been delivered yet.  
Trichothiodystrophy mice with a mutation in XPD reflect to a remarkable extent the human 
disorder, including brittle hair, developmental abnormalities, reduced life span, UV 
sensitivity, and skin abnormalities. The cutaneous symptoms are associated with reduced 
transcription of a skin-specific gene strongly supporting the concept of TTD as a human 
disease due to inborn defects in basal transcription. To explain the characteristic hair and 
skin abnormalities of TTD, TTD-type XPD mutations may alter the XPD conformation and 
in this way affect the stability of the TFIIH complex. Under normal conditions, de novo 
synthesis of TFIIH is thought to compensate for the reduced half-life. However, in terminal 
differentiating tissues where de novo synthesis gradually declines, the mutated TFIIH might 
get exhausted before the transcriptional program has been completed (de Boer et al, 1998). 
These authors describe that late in the differentiation pathway and thus gene-specific 
transcription is severely disturbed in trichothiodystrophy in contrast to general 
transcription deficiencies (whole genome).  
A study comparing XP versus TTD mutations in the helicase XPD showed the following: all 
XPD mutations, regardless of causing Xeroderma pigmentosum or trichothiodystrophy are 
detrimental for XPD helicase activity, thus explaining the NER defect. TFIIH from TTD 
patients, but not from XP patients, exhibits a significant in vitro basal transcription defect in 
addition to a reduced intracellular concentration. Moreover, when XPD mutations prevent 
interaction with the p44 subunit of TFIIH, transactivation directed by certain nuclear 
receptors is inhibited, regardless of TTD versus XP phenotype, thus explaining the 
overlapping symptoms (Dubaele et al, 2003). TTD can also be caused by mutations in the 
TTDA subunit of TFIIH. Although this subunit is dispensable for the transcriptional activity 
of TFIIH in RNA polymerase II transcription, it nonetheless stabilizes TFIIH allowing 
expression of late acting genes and thus performs a specific gene expression activity 
(Hashimoto and Egly, 2009 and references therein).  
Asking if TTD might be a transcription syndrome, the authors of the next study used 
microarrays to detect transcriptional differences between TTD and XP cells from the XP-D 
complementation group. They compared gene expression profiles in cultured fibroblasts 
from normal, XP and TTD donors and concluded that there are minimal differences in gene 
expression in proliferating fibroblasts from TTD, XP-D and normal donors (Offmann et al, 
2008) thus arguing against transcriptional deficiencies being causal for trichothiodystrophy. 
Mutations in XPB and XPD subunits of TFIIH can also cause a combination of xeroderma 
pigmentosum and Cockayne syndrome. As the failure of the DNA repair function of TFIIH 
explains the cancer susceptibility of xeroderma pigmentosum, additional functions of TFIIH 
might be responsible for the premature aging phenotype of Cockayne syndrome. 
An optimized cell-free in vitro RNA polymerase II transcription assay was used to analyze 
transcription activity of XP-B and XP-D as well as XPB/CS and XPD/CS. Although the 
growth rate was normal, the XP-B and XP-D cells contained reduced amounts of TFIIH. 
Extracts prepared from XP-B and XP-D lymphoblastoid cells exhibited similar transcription 
activity from the adenovirus major late promoter when compared to that in extracts from 
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normal cells. Thus, the authors concluded that the XP-B and XP-D lymphoblastoid cells do 
not have impaired RNA transcription activity. They considered the possible consequences of 
the reduced cellular content of TFIIH for the clinical symptoms in XP-B or XP-D patients, 
and discuss a 'conditional phenotype' that may involve an impairment of cellular function 
only under certain growth conditions (Satoh and Hanawald, 1997). 
Subsequent another study investigated mutant TFIIH in a reconstituted RNA polymerase II 
transcription assay. Mutations in XP-B/Cockayne syndrome patients decrease the 
transcriptional activity of the corresponding TFIIH by preventing promoter opening of RNA 
polymerase II. The XP-B patient with the most severe symptoms was the patient with the 
lowest TFIIH transcription activity in vitro. These finding points out that the severity of the 
clinical symptoms observed within the XP-B patients is a function of the TFIIH activity in 
transcription rather than in NER. Both XPB mutations result in an almost total inhibition (
95%) of NER. Western blot analysis and enzymatic assays indicate that XPD mutations affect 
the stoichometric composition of TFIIH due to a weakness in the interaction between XPD-
CAK complex and the core TFIIH, resulting in a partial reduction of transcription activity. 
The authors concluded that XP-B and XP-D patients are more likely to suffer from 
transcription repair syndromes rather than DNA repair disorders (Coin et al, 1999). This 
report identified failures of mutant TFIIH acting on the adenovirus-major-late promoter 
representative for all RNA polymerase II genes. Thus it describes a general deficiency in 
gene expression rather than a gene specific effect expected to be causative for Cockayne 
syndrome. TFIIH does influence gene-specific transcription by the interaction with 
transcriptional regulators or by phosphorylation of transcription factors like nuclear 
receptors (reviewed in Zurita and Merino, 2003).  

2.2.4 XPG in transcription 
XPG also called ERCC5 is a endonuclease that excises the 3`end of an unwinded damaged 
DNA single strand in nucleotide excision repair (NER). Endonuclease inactivating 
mutations are followed by xeroderma pigmentosum, whereas truncating mutations in XPG 
are followed by a severe form of Cockayne syndrome. The authors hypothesised that XPG 
exhibits a second function critical for the development of Cockayne syndrome (Nouspikel et 
al, 1997). That XPG as well as its yeast counterpart RAD2 are biochemically isolatable in a 
complex with TFIIH and interact with multiple subunits of this DNA repair/basal 
transcription factor was early recognized (Iyer et al,1996, Habraken et al, 1996). Genetic 
studies in yeast cells, knocking out the yeast counterparts of XPG and CSB, Rad2 and Rad26, 
unravelled an involvement of both proteins in transcription by RNA polymerase II.  
The authors provide evidence for the involvement of RAD2 in Pol II-dependent 
transcription. Interestingly, they found that both transcription and growth are more severely 
inhibited in the rad2Δ rad26Δ double mutant than in the rad2Δ and rad26Δ single mutants. 
These results indicate that RAD2 and RAD26 provide alternate means for efficient 
transcription, and further, they implicate transcriptional defects as the underlying cause of 
growth impairment that occurs in the rad2Δ, rad26Δ, and rad2Δ rad26Δ mutant strains under 
conditions that would require the synthesis of new mRNAs. From these studies, they infer 
that CS is likely a transcription syndrome and that growth and developmental defects in CS 
could result from defects in transcription (Lee et al, 2002). In a report studying the 
involvement of CSB in RNA polymerase I transcription, functional XPG was identified in a 
complex with CSB, TFIIH, RNA polymerase I initiation factor TIF-IB and RNA polymerase I 
indicating that XPG might play a role in ribosomal transcription by RNA polymerase I 
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Douziech et al, 2000). TFIIH has also been reported to play a postinitiation role in 
transcription by RNA polymerase I, the key step of ribosomal biogenesis, that accounts for 
up to 60% of ongoing transcription in a growing cell (Iben et al, 2002).  
Xeroderma pigmentosum is due to unrepaired DNA damage, whereas premature aging in 
Cockayne syndrome and trichothiodystrophy might be caused by transcriptional 
deficiencies. Several studies addressed this hypothesis and an unequivocal answer to the 
question “is it repair or transcription?” has not been delivered yet.  
Trichothiodystrophy mice with a mutation in XPD reflect to a remarkable extent the human 
disorder, including brittle hair, developmental abnormalities, reduced life span, UV 
sensitivity, and skin abnormalities. The cutaneous symptoms are associated with reduced 
transcription of a skin-specific gene strongly supporting the concept of TTD as a human 
disease due to inborn defects in basal transcription. To explain the characteristic hair and 
skin abnormalities of TTD, TTD-type XPD mutations may alter the XPD conformation and 
in this way affect the stability of the TFIIH complex. Under normal conditions, de novo 
synthesis of TFIIH is thought to compensate for the reduced half-life. However, in terminal 
differentiating tissues where de novo synthesis gradually declines, the mutated TFIIH might 
get exhausted before the transcriptional program has been completed (de Boer et al, 1998). 
These authors describe that late in the differentiation pathway and thus gene-specific 
transcription is severely disturbed in trichothiodystrophy in contrast to general 
transcription deficiencies (whole genome).  
A study comparing XP versus TTD mutations in the helicase XPD showed the following: all 
XPD mutations, regardless of causing Xeroderma pigmentosum or trichothiodystrophy are 
detrimental for XPD helicase activity, thus explaining the NER defect. TFIIH from TTD 
patients, but not from XP patients, exhibits a significant in vitro basal transcription defect in 
addition to a reduced intracellular concentration. Moreover, when XPD mutations prevent 
interaction with the p44 subunit of TFIIH, transactivation directed by certain nuclear 
receptors is inhibited, regardless of TTD versus XP phenotype, thus explaining the 
overlapping symptoms (Dubaele et al, 2003). TTD can also be caused by mutations in the 
TTDA subunit of TFIIH. Although this subunit is dispensable for the transcriptional activity 
of TFIIH in RNA polymerase II transcription, it nonetheless stabilizes TFIIH allowing 
expression of late acting genes and thus performs a specific gene expression activity 
(Hashimoto and Egly, 2009 and references therein).  
Asking if TTD might be a transcription syndrome, the authors of the next study used 
microarrays to detect transcriptional differences between TTD and XP cells from the XP-D 
complementation group. They compared gene expression profiles in cultured fibroblasts 
from normal, XP and TTD donors and concluded that there are minimal differences in gene 
expression in proliferating fibroblasts from TTD, XP-D and normal donors (Offmann et al, 
2008) thus arguing against transcriptional deficiencies being causal for trichothiodystrophy. 
Mutations in XPB and XPD subunits of TFIIH can also cause a combination of xeroderma 
pigmentosum and Cockayne syndrome. As the failure of the DNA repair function of TFIIH 
explains the cancer susceptibility of xeroderma pigmentosum, additional functions of TFIIH 
might be responsible for the premature aging phenotype of Cockayne syndrome. 
An optimized cell-free in vitro RNA polymerase II transcription assay was used to analyze 
transcription activity of XP-B and XP-D as well as XPB/CS and XPD/CS. Although the 
growth rate was normal, the XP-B and XP-D cells contained reduced amounts of TFIIH. 
Extracts prepared from XP-B and XP-D lymphoblastoid cells exhibited similar transcription 
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normal cells. Thus, the authors concluded that the XP-B and XP-D lymphoblastoid cells do 
not have impaired RNA transcription activity. They considered the possible consequences of 
the reduced cellular content of TFIIH for the clinical symptoms in XP-B or XP-D patients, 
and discuss a 'conditional phenotype' that may involve an impairment of cellular function 
only under certain growth conditions (Satoh and Hanawald, 1997). 
Subsequent another study investigated mutant TFIIH in a reconstituted RNA polymerase II 
transcription assay. Mutations in XP-B/Cockayne syndrome patients decrease the 
transcriptional activity of the corresponding TFIIH by preventing promoter opening of RNA 
polymerase II. The XP-B patient with the most severe symptoms was the patient with the 
lowest TFIIH transcription activity in vitro. These finding points out that the severity of the 
clinical symptoms observed within the XP-B patients is a function of the TFIIH activity in 
transcription rather than in NER. Both XPB mutations result in an almost total inhibition (
95%) of NER. Western blot analysis and enzymatic assays indicate that XPD mutations affect 
the stoichometric composition of TFIIH due to a weakness in the interaction between XPD-
CAK complex and the core TFIIH, resulting in a partial reduction of transcription activity. 
The authors concluded that XP-B and XP-D patients are more likely to suffer from 
transcription repair syndromes rather than DNA repair disorders (Coin et al, 1999). This 
report identified failures of mutant TFIIH acting on the adenovirus-major-late promoter 
representative for all RNA polymerase II genes. Thus it describes a general deficiency in 
gene expression rather than a gene specific effect expected to be causative for Cockayne 
syndrome. TFIIH does influence gene-specific transcription by the interaction with 
transcriptional regulators or by phosphorylation of transcription factors like nuclear 
receptors (reviewed in Zurita and Merino, 2003).  

2.2.4 XPG in transcription 
XPG also called ERCC5 is a endonuclease that excises the 3`end of an unwinded damaged 
DNA single strand in nucleotide excision repair (NER). Endonuclease inactivating 
mutations are followed by xeroderma pigmentosum, whereas truncating mutations in XPG 
are followed by a severe form of Cockayne syndrome. The authors hypothesised that XPG 
exhibits a second function critical for the development of Cockayne syndrome (Nouspikel et 
al, 1997). That XPG as well as its yeast counterpart RAD2 are biochemically isolatable in a 
complex with TFIIH and interact with multiple subunits of this DNA repair/basal 
transcription factor was early recognized (Iyer et al,1996, Habraken et al, 1996). Genetic 
studies in yeast cells, knocking out the yeast counterparts of XPG and CSB, Rad2 and Rad26, 
unravelled an involvement of both proteins in transcription by RNA polymerase II.  
The authors provide evidence for the involvement of RAD2 in Pol II-dependent 
transcription. Interestingly, they found that both transcription and growth are more severely 
inhibited in the rad2Δ rad26Δ double mutant than in the rad2Δ and rad26Δ single mutants. 
These results indicate that RAD2 and RAD26 provide alternate means for efficient 
transcription, and further, they implicate transcriptional defects as the underlying cause of 
growth impairment that occurs in the rad2Δ, rad26Δ, and rad2Δ rad26Δ mutant strains under 
conditions that would require the synthesis of new mRNAs. From these studies, they infer 
that CS is likely a transcription syndrome and that growth and developmental defects in CS 
could result from defects in transcription (Lee et al, 2002). In a report studying the 
involvement of CSB in RNA polymerase I transcription, functional XPG was identified in a 
complex with CSB, TFIIH, RNA polymerase I initiation factor TIF-IB and RNA polymerase I 
indicating that XPG might play a role in ribosomal transcription by RNA polymerase I 
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(Bradsher et al, 2002). Thorel and coworkers described a mild case of Cockayne syndrome 
characterised by a XPG with nuclease activity that lost the interaction domain with TFIIH. 
This interaction might be critical for the development of the disease (Thorel et al, 2004).  
Another level of complexity was added by the description of an epigenetic function of XPG. 
DNA methylation is an epigenetic modification that is essential for gene silencing and 
genome stability in many organisms. The authors show that Gadd45a (growth arrest and 
DNA-damage-inducible protein 45 alpha), a nuclear protein involved in maintenance of 
genomic stability, DNA repair and suppression of cell growth, has a key role in active DNA 
demethylation. Active demethylation occurs by DNA repair and Gadd45a interacts with 
and requires the DNA repair endonuclease XPG. They concluded that Gadd45a relieves 
epigenetic gene silencing by promoting DNA repair, which erases methylation marks 
(Barreto et al, 2007). 
XPG forms a stable complex with TFIIH, which is active in transcription and NER. 
Mutations in XPG found in XP-G/CS patient cells that prevent the association with TFIIH 
also resulted in the dissociation of CAK and XPD from the core TFIIH. As a consequence, 
the phosphorylation and transactivation of nuclear receptors were disturbed in XP-G/CS as 
well as xpg(-/-) MEF cells and could be restored by expression of wild-type XPG. These 
results provide an insight into the role of XPG in the stabilization of TFIIH and the 
regulation of gene expression and provide an explanation of some of the clinical features of 
XP-G/CS. (Ito et al, 2007). This is the first report indicating that XPG serves a gene-specific 
regulatory function in transcription. An involvement of XPG in the regulation of RNA 
polymerase I transcription described a mechanism that seems to be conserved between RNA 
polymerase I and II. In both cases, Gadd45a recruits the NER proteins including XPG to 
demethylate and activate epigenetic silenced promoter regions The results reveal a 
mechanism that recruits the DNA repair machinery to the promoter of active genes, keeping 
them in a hypomethylated state (Barreto et al, 2007; Schmitz et al, 2009). An intimate 
functional link between Nucleotide excision repair (NER) and transcription by RNA 
polymerase II was unravelled in the groundbreaking study by Egly and co-workers. 
Upon gene activation, they found that RNA polymerase II transcription machinery 
assembles sequentially with the nucleotide excision repair (NER) factors at the promoter. 
This recruitment occurs in absence of exogenous genotoxic attack, is sensitive to 
transcription inhibitors, and depends on the XPC protein. The presence of these repair 
proteins at the promoter of activated genes is necessary in order to achieve optimal DNA 
demethylation and histone posttranslational modifications (H3K4/H3K9 methylation, 
H3K9/14 acetylation) and thus efficient RNA synthesis. Deficiencies in some NER factors 
impede the recruitment of others and affect nuclear receptor transactivation. This data 
suggest that there is a functional difference between the presence of the NER factors at the 
promoters (which requires XPC) and the NER factors at the distal regions of the gene (which 
requires CSB). While the latter may be a repair function, the former is a function with 
respect to transcription (LeMay et al, 2010). 

2.3 Hutchinson-Gilford progeria syndrome 
Hutchinson-Gilford progeria syndrome (HGPS) is a very rare genetic disorder with an 
estimated incidence rate of 1 in 8 million. Taken in consideration misdiagnosed or 
unreported cases, the true figure might be closer to 1 in 4 million (Pollex et al, 2004). HGPS 
was first described by Dr. Jonathan Hutchinson in 1886 and Dr. Hastings Gilford in 1897 
and ever since just over 100 cases of HGPS have been reported. Like all progeria HGPS is 

 
Transcriptional Functions of DNA Repair Proteins Involved in Premature Aging 639 

characterised by segmental premature aging. Children with this disease appear normal at 
birth but manifestations of HGPS appear at the age between 12-24 months. Characteristic 
features include delayed dentition, micrognathia, loss of subcutaneous fat, growth 
retardation, midface hypoplasia, alopecia, atherosclerosis and generalised osteodysplasia 
with osteolysis and pathologic fractures (www.progeriaresearch.org). The median age at 
death is about 13 years, and at least 90% of all patients die from progressive atherosclerosis 
of the coronary and cerebrovascular arteries (Baker et al. 1981).  
HGPS is caused by mutations in LMNA which encodes lamins A and C. Most patients (80%) 
reveal a de novo heterozygous point mutation (G608G: GGC GGT) in exon 11 of LMNA 
gene. (Eriksson et al, 2003; De Sandre-Giovannoli et al, 2003). Lamins A and C are type V 
intermediate filaments which are major components of the nuclear lamina, a protein scaffold 
at the inner nuclear membrane, which also extends as a network throughout the nucleus.  
However, the LMNA G608G mutation responsible for most cases of HGPS does not cause an 
amino acid change, but activates a cryptic splice site leading to a truncated variant of lamin 
A (progerin) with an in-frame deletion of 50 amino acids near the carboxy terminus 
(Eriksson et al, 2003; De Sandre-Giovannoli et al, 2003). Due to the loss of 50 amino acids, 
progerin is lacking an important endoprotease cleavage site required for excision of the 
farnesylcystein methyl ester. Thus, the HGPS mutation causes the accumulation of 
permanently farnesylated progerin in the cell nucleus.  
One of the most apparent outcomes of the accumulation of progerin is the morphological 
change of nuclei. HGPS is characterised by significant changes in nuclear size and shape, 
including lobulation of the nuclear envelope, wrinkle formation, thickening of the the 
nuclear lamina and clustering of nuclear pores (Goldman et al, 2004.; Eriksson et al, 2003; De 
Sandre-Giovannoli et al, 2003; Scaffidi et al, 2005;Lammerding et al, 2005).  
Another aspect widely discussed in literature is the potential regulatory role of progerin in 
gene expression as lamins are also interacting with chromatin. Chromatin in Zmpste24-/- 
MEFs, which are also accumulating farnesylated prelamin A (progerin), aggregates at 
discrete regions in a balloon shape and further analysis showed a variety of chromosomal 
abnormalities (aneuploidy, ring structures, chromosome instability and DNA breaks) (Liu et 
al, 2005). Further studies revealed that HGPS cells show significant changes in epinetic 
control of heterochromatin (Goldman et al, 2004; Shumaker et al, 2006). Heterochromatin 
markers such as histone H3 trimethylated on lysine 27 (H3K27me3), for facultative 
heterochromatin, as well as H3 trimethylated on lysine 9 (H3K9me3), for pericentric 
constitutive heterochromatin, are lost in HGPS cells (Shumakers et al, 2006). These changes 
could be directly link to progerin expression and are detectable even before changes in 
shapes of nuclei occur, suggesting that progerin changes gene regulation and silencing even 
at low levels. 
It is suggested that lamin A has diverse roles in DNA metabolism, including DNA 
replication and transcription and also gene expression. Genome expression profiling of 
HGPS revealed differentially expressed genes in HGPS fibroblasts compared to age matched 
control cell lines, which play a role in a variety of biological processes. The most prominent 
categories encode transcription factors and extracellular matrix proteins, many of which are 
known to function in the tissues severely affected in HGPS. The most affected gene was 
MEOX/GAX, a homeobox gene that functions as a negative regulator of mesodermal tissue 
proliferation (Csoka et al, 2004). Microarray analysis from another study showed significant 
changes in 352 genes of which 306 were down regulated and 46 up regulated in HGPS cells. 
Functional analysis indicated that most of the genes are important for lipid metabolism, cell 
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(Bradsher et al, 2002). Thorel and coworkers described a mild case of Cockayne syndrome 
characterised by a XPG with nuclease activity that lost the interaction domain with TFIIH. 
This interaction might be critical for the development of the disease (Thorel et al, 2004).  
Another level of complexity was added by the description of an epigenetic function of XPG. 
DNA methylation is an epigenetic modification that is essential for gene silencing and 
genome stability in many organisms. The authors show that Gadd45a (growth arrest and 
DNA-damage-inducible protein 45 alpha), a nuclear protein involved in maintenance of 
genomic stability, DNA repair and suppression of cell growth, has a key role in active DNA 
demethylation. Active demethylation occurs by DNA repair and Gadd45a interacts with 
and requires the DNA repair endonuclease XPG. They concluded that Gadd45a relieves 
epigenetic gene silencing by promoting DNA repair, which erases methylation marks 
(Barreto et al, 2007). 
XPG forms a stable complex with TFIIH, which is active in transcription and NER. 
Mutations in XPG found in XP-G/CS patient cells that prevent the association with TFIIH 
also resulted in the dissociation of CAK and XPD from the core TFIIH. As a consequence, 
the phosphorylation and transactivation of nuclear receptors were disturbed in XP-G/CS as 
well as xpg(-/-) MEF cells and could be restored by expression of wild-type XPG. These 
results provide an insight into the role of XPG in the stabilization of TFIIH and the 
regulation of gene expression and provide an explanation of some of the clinical features of 
XP-G/CS. (Ito et al, 2007). This is the first report indicating that XPG serves a gene-specific 
regulatory function in transcription. An involvement of XPG in the regulation of RNA 
polymerase I transcription described a mechanism that seems to be conserved between RNA 
polymerase I and II. In both cases, Gadd45a recruits the NER proteins including XPG to 
demethylate and activate epigenetic silenced promoter regions The results reveal a 
mechanism that recruits the DNA repair machinery to the promoter of active genes, keeping 
them in a hypomethylated state (Barreto et al, 2007; Schmitz et al, 2009). An intimate 
functional link between Nucleotide excision repair (NER) and transcription by RNA 
polymerase II was unravelled in the groundbreaking study by Egly and co-workers. 
Upon gene activation, they found that RNA polymerase II transcription machinery 
assembles sequentially with the nucleotide excision repair (NER) factors at the promoter. 
This recruitment occurs in absence of exogenous genotoxic attack, is sensitive to 
transcription inhibitors, and depends on the XPC protein. The presence of these repair 
proteins at the promoter of activated genes is necessary in order to achieve optimal DNA 
demethylation and histone posttranslational modifications (H3K4/H3K9 methylation, 
H3K9/14 acetylation) and thus efficient RNA synthesis. Deficiencies in some NER factors 
impede the recruitment of others and affect nuclear receptor transactivation. This data 
suggest that there is a functional difference between the presence of the NER factors at the 
promoters (which requires XPC) and the NER factors at the distal regions of the gene (which 
requires CSB). While the latter may be a repair function, the former is a function with 
respect to transcription (LeMay et al, 2010). 

2.3 Hutchinson-Gilford progeria syndrome 
Hutchinson-Gilford progeria syndrome (HGPS) is a very rare genetic disorder with an 
estimated incidence rate of 1 in 8 million. Taken in consideration misdiagnosed or 
unreported cases, the true figure might be closer to 1 in 4 million (Pollex et al, 2004). HGPS 
was first described by Dr. Jonathan Hutchinson in 1886 and Dr. Hastings Gilford in 1897 
and ever since just over 100 cases of HGPS have been reported. Like all progeria HGPS is 
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characterised by segmental premature aging. Children with this disease appear normal at 
birth but manifestations of HGPS appear at the age between 12-24 months. Characteristic 
features include delayed dentition, micrognathia, loss of subcutaneous fat, growth 
retardation, midface hypoplasia, alopecia, atherosclerosis and generalised osteodysplasia 
with osteolysis and pathologic fractures (www.progeriaresearch.org). The median age at 
death is about 13 years, and at least 90% of all patients die from progressive atherosclerosis 
of the coronary and cerebrovascular arteries (Baker et al. 1981).  
HGPS is caused by mutations in LMNA which encodes lamins A and C. Most patients (80%) 
reveal a de novo heterozygous point mutation (G608G: GGC GGT) in exon 11 of LMNA 
gene. (Eriksson et al, 2003; De Sandre-Giovannoli et al, 2003). Lamins A and C are type V 
intermediate filaments which are major components of the nuclear lamina, a protein scaffold 
at the inner nuclear membrane, which also extends as a network throughout the nucleus.  
However, the LMNA G608G mutation responsible for most cases of HGPS does not cause an 
amino acid change, but activates a cryptic splice site leading to a truncated variant of lamin 
A (progerin) with an in-frame deletion of 50 amino acids near the carboxy terminus 
(Eriksson et al, 2003; De Sandre-Giovannoli et al, 2003). Due to the loss of 50 amino acids, 
progerin is lacking an important endoprotease cleavage site required for excision of the 
farnesylcystein methyl ester. Thus, the HGPS mutation causes the accumulation of 
permanently farnesylated progerin in the cell nucleus.  
One of the most apparent outcomes of the accumulation of progerin is the morphological 
change of nuclei. HGPS is characterised by significant changes in nuclear size and shape, 
including lobulation of the nuclear envelope, wrinkle formation, thickening of the the 
nuclear lamina and clustering of nuclear pores (Goldman et al, 2004.; Eriksson et al, 2003; De 
Sandre-Giovannoli et al, 2003; Scaffidi et al, 2005;Lammerding et al, 2005).  
Another aspect widely discussed in literature is the potential regulatory role of progerin in 
gene expression as lamins are also interacting with chromatin. Chromatin in Zmpste24-/- 
MEFs, which are also accumulating farnesylated prelamin A (progerin), aggregates at 
discrete regions in a balloon shape and further analysis showed a variety of chromosomal 
abnormalities (aneuploidy, ring structures, chromosome instability and DNA breaks) (Liu et 
al, 2005). Further studies revealed that HGPS cells show significant changes in epinetic 
control of heterochromatin (Goldman et al, 2004; Shumaker et al, 2006). Heterochromatin 
markers such as histone H3 trimethylated on lysine 27 (H3K27me3), for facultative 
heterochromatin, as well as H3 trimethylated on lysine 9 (H3K9me3), for pericentric 
constitutive heterochromatin, are lost in HGPS cells (Shumakers et al, 2006). These changes 
could be directly link to progerin expression and are detectable even before changes in 
shapes of nuclei occur, suggesting that progerin changes gene regulation and silencing even 
at low levels. 
It is suggested that lamin A has diverse roles in DNA metabolism, including DNA 
replication and transcription and also gene expression. Genome expression profiling of 
HGPS revealed differentially expressed genes in HGPS fibroblasts compared to age matched 
control cell lines, which play a role in a variety of biological processes. The most prominent 
categories encode transcription factors and extracellular matrix proteins, many of which are 
known to function in the tissues severely affected in HGPS. The most affected gene was 
MEOX/GAX, a homeobox gene that functions as a negative regulator of mesodermal tissue 
proliferation (Csoka et al, 2004). Microarray analysis from another study showed significant 
changes in 352 genes of which 306 were down regulated and 46 up regulated in HGPS cells. 
Functional analysis indicated that most of the genes are important for lipid metabolism, cell 
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growth and differentiation, cell cycle, DNA replication and repair as well as cardiovascular 
system development (Marji et al, 2010). The only altered expressed gene encoding a protein 
known to directly interact with A-type lamins has been Rb1. Rb plays an important role in 
cell cycle control and also regulates differentiation. The level of Rb expression at the mRNA 
and protein level was down regulated in cells derived from HGPS patients and also 
downstream targets of Rb1 were affected (Marji et al, 2010). There is also evidence for a 
significant reduction of hyperphosphorylated Rb in HGPS fibroblasts (Dechat et al, 2007). 
Based on these observations, decreased Rb expression and reduction of 
hyperphosphorylated Rb in HGPS cells may lead to deregulation of proliferation (Marji et 
al, 2010). Similar observation have been reported in cells derived from Lmna -/- mice 
implicating that absence or mutation of lamin A lead to unstable Rb and a altered lamin 
A/C-Rb signaling in HGPS cells (Johnson et al, 2004). 
Transcription is also in part regulated by the nuclear scaffold which regulates the 
association and organisation of genes and transcription factors. Certain observations 
implicate that active transcription complexes are bound to the nuclear lamina and 
transcription factors as well as active genes are reported to be enriched in nuclear matrix 
preparations (Jackson et al, 1985; Stein et al, 1995). The contribution of nuclear lamins in 
transcription has been suggested by different studies. Loss of function mutation of lamin 
(Dm0) in Drosophila disrupts the directed outgrowth of cytoplasmic extensions from terminal 
cells of the tracheal system, and oocytes from germ line mutants show improper localization 
of mRNA in the cytoplasm (Guillemin et al., 2001). These results confirm the requirement of 
nuclear lamin for cytoplasmic as well as nuclear organization. Lamin associated protein 2B 
(LAP 2B) is a lamin binding protein and has been shown to mediate transcriptional 
repression (Mancini et al, 1994). Another study revealed that during vertebrate 
development, changes in the expression of lamins correlates with the beginning of 
transcription and cell differentiation (Moir et al, 1995). Additionally, disruption of normal 
lamin organization in active embryonic nuclei from Xenopus leads to inhibition of RNA 
polymerase II activity. The authors suggested that lamins may act as a scaffold upon which 
the basal transcription factors required for RNA polymerase II transcription are organized 
(Spann et al, 2002). A recent study by Osorio et al. also demonstrate reduction of RNA 
polymerase I transcription in Zmpst24 deficient mice. This decrease is due to 
hypermethylation and hypoacetylation of rDNA leading to a more compact, silent and 
dysfunctional rDNA gene activity (Osorio et al, 2010). It is also reported that DNA 
replication can be regulated by the lamina scaffold. Nuclei from Xenopus eggs lost their 
ability to synthesise DNA after immunodepletion of lamins (Newport et al, 1990). 
Furthermore, mutation in lamina in Xenopus blocks DNA replication at the transition from 
the initiation to the elongation phase of DNA replication (Moir et al, 2000).  

3. Conclusion 

Transcriptional alterations as the driving force behind premature aging- the implications are 
vast. The dispute of the competing hypothesis if its primarily unrepaired, accumulating 
DNA damage or if there is a kind of genetic program that drives premature and normal 
aging is not solved yet. As both pathways, the DNA damage response and transcriptional 
regulation are intimately connected by bi- or multifunctional proteins, the separation of 
progerias in DNA-repair or transcriptional syndromes might turn out to be artificial. The 
gene expression profiles, the transcriptomes of the aging body might be initiated by DNA 
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damage but executed by specific transcription factors that respond to DNA damage. 
Mutations in these specific transcription factors could initiate a gene expression profile that 
resembles the normal answer to accumulating DNA damage. To prove these hypothesis 
there is a lot of exciting work ahead.   
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growth and differentiation, cell cycle, DNA replication and repair as well as cardiovascular 
system development (Marji et al, 2010). The only altered expressed gene encoding a protein 
known to directly interact with A-type lamins has been Rb1. Rb plays an important role in 
cell cycle control and also regulates differentiation. The level of Rb expression at the mRNA 
and protein level was down regulated in cells derived from HGPS patients and also 
downstream targets of Rb1 were affected (Marji et al, 2010). There is also evidence for a 
significant reduction of hyperphosphorylated Rb in HGPS fibroblasts (Dechat et al, 2007). 
Based on these observations, decreased Rb expression and reduction of 
hyperphosphorylated Rb in HGPS cells may lead to deregulation of proliferation (Marji et 
al, 2010). Similar observation have been reported in cells derived from Lmna -/- mice 
implicating that absence or mutation of lamin A lead to unstable Rb and a altered lamin 
A/C-Rb signaling in HGPS cells (Johnson et al, 2004). 
Transcription is also in part regulated by the nuclear scaffold which regulates the 
association and organisation of genes and transcription factors. Certain observations 
implicate that active transcription complexes are bound to the nuclear lamina and 
transcription factors as well as active genes are reported to be enriched in nuclear matrix 
preparations (Jackson et al, 1985; Stein et al, 1995). The contribution of nuclear lamins in 
transcription has been suggested by different studies. Loss of function mutation of lamin 
(Dm0) in Drosophila disrupts the directed outgrowth of cytoplasmic extensions from terminal 
cells of the tracheal system, and oocytes from germ line mutants show improper localization 
of mRNA in the cytoplasm (Guillemin et al., 2001). These results confirm the requirement of 
nuclear lamin for cytoplasmic as well as nuclear organization. Lamin associated protein 2B 
(LAP 2B) is a lamin binding protein and has been shown to mediate transcriptional 
repression (Mancini et al, 1994). Another study revealed that during vertebrate 
development, changes in the expression of lamins correlates with the beginning of 
transcription and cell differentiation (Moir et al, 1995). Additionally, disruption of normal 
lamin organization in active embryonic nuclei from Xenopus leads to inhibition of RNA 
polymerase II activity. The authors suggested that lamins may act as a scaffold upon which 
the basal transcription factors required for RNA polymerase II transcription are organized 
(Spann et al, 2002). A recent study by Osorio et al. also demonstrate reduction of RNA 
polymerase I transcription in Zmpst24 deficient mice. This decrease is due to 
hypermethylation and hypoacetylation of rDNA leading to a more compact, silent and 
dysfunctional rDNA gene activity (Osorio et al, 2010). It is also reported that DNA 
replication can be regulated by the lamina scaffold. Nuclei from Xenopus eggs lost their 
ability to synthesise DNA after immunodepletion of lamins (Newport et al, 1990). 
Furthermore, mutation in lamina in Xenopus blocks DNA replication at the transition from 
the initiation to the elongation phase of DNA replication (Moir et al, 2000).  

3. Conclusion 

Transcriptional alterations as the driving force behind premature aging- the implications are 
vast. The dispute of the competing hypothesis if its primarily unrepaired, accumulating 
DNA damage or if there is a kind of genetic program that drives premature and normal 
aging is not solved yet. As both pathways, the DNA damage response and transcriptional 
regulation are intimately connected by bi- or multifunctional proteins, the separation of 
progerias in DNA-repair or transcriptional syndromes might turn out to be artificial. The 
gene expression profiles, the transcriptomes of the aging body might be initiated by DNA 
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damage but executed by specific transcription factors that respond to DNA damage. 
Mutations in these specific transcription factors could initiate a gene expression profile that 
resembles the normal answer to accumulating DNA damage. To prove these hypothesis 
there is a lot of exciting work ahead.   
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1. Introduction 
Our cells are continuously exposed to endogenous and exogenous oxidizing agents that can 
damage DNA leading to disruption of transcription, translation, and DNA replication 
(Davies, 2000). Accordingly, protective mechanisms, including the presence of cellular 
antioxidants and induction of enzymatic repair of damaged lesions, are necessary in order to 
survive in this oxidizing environment. When damaged DNA lesions are not prevented or 
properly repaired, they can cause mutations that increase the risk of degenerative diseases.  
The baseline level of oxidative damage associated with normal cellular processes has been 
estimated as high as 1 base modification per 130,000 bases in nuclear DNA (Davies, 2000). 
However, high levels of reactive oxygen species (ROS) result in an increase in modified 
DNA levels. Overall more than 20 modified DNA base lesions have been identified, 
including 8-oxoguanine which is the most abundant DNA adduct (Cooke et al., 2003). In 
addition, ROS can attack DNA, generating strand breaks, sugar damage and DNA-protein 
cross-links. A single strand break (SSB) is a discontinuity in the sugar-phosphate 
backbone of one strand of a DNA duplex leaving modified ends which inhibit or block 
DNA polymerases and DNA ligases (Caldecott, 2001). SSBs can be produced directly from 
ROS attack, indirectly from DNA repair processes, by direct disintegration of deoxyribose, 
or by abortive DNA topoisomerase 1 activity (Dianov & Parsons, 2007; Leppard & 
Campoux, 2005).  
DNA repair mechanisms to maintain the genomic integrity have been described. DNA base 
lesions and single strand breaks resulting from ROS-induced oxidative attack are mainly 
repaired through the base excision repair (BER) pathway (reviewed in (Caldecott, 2003; de 
Murcia & Menissier de Murcia, 1994; Dianov & Parsons, 2007; Wilson, 2007)). In order to 
repair DNA base lesions, BER is initiated by specific DNA glycosylases. For example, 
human 8-oxoguanine DNA-glycosylase 1 (hOGG1), a bifunctional glycosylase, recognizes 
and cleaves 8-oxoguanine and also catalyzes 3’ of the abasic site (AP site). Following this 
initiation step, AP-endonuclease I (APE1) cleaves the AP site making a gap between the 
DNA 3’-OH and the 5’-phosphate. The SSBs, produced either directly from ROS attack or 
indirectly from DNA repair processes, can then be recognized by the enzyme poly (ADP-
ribose) polymerase-1 (PARP1). Binding of PARP-1 to the AP sites stimulates the formation 
of poly (ADP-ribose) polymers and dissociation of PARP-1 from the DNA-recruiting BER 
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proteins at the damage site. DNA polymerase β fills the gap by DNA synthesis. Finally the 
resulting nick is sealed by DNA ligase, completing the short-patch repair pathway. In this 
pathway X-ray cross-complementing 1 (XRCC1) plays a major role in facilitating the 
interaction among the proteins involved in the BER pathway such as APE1, DNA 
polymerase β and DNA ligase III (Caldecott, 2003). Depending on the nature of AP sites, 
some AP sites are repaired by the long-patch repair pathway requiring different enzymes 
including flap endonuclease and DNA ligase I. Even though the basic DNA repair 
mechanisms are well described, recent evidence suggests that DNA repair mechanisms are 
quite complicated with more than 100 proteins involved in the repair of various lesions 
(Wood et al., 2001).  
Deficiencies in DNA repair systems have been shown in several types of cancer (Langland et 
al., 2002; Lynch & Smyrk, 1996; Marchetto et al., 2004). However, whether such deficiencies 
in DNA repair enzymes are associated with single nucleotide polymorphisms (SNPs) is still 
arguable.  
Several studies have examined the DNA repair capacity of different cells upon exposure to 
environmental agents such as oxidants or antioxidants (Astley et al., 2002; Collins et al., 
1995, 2003; Torbergsen & Collins, 2000). Most studies have either only monitored DNA 
damage or determined the mRNA expression levels of DNA repair enzymes, mostly 
hOGG1, in order to elucidate the role of oxidants or antioxidants on DNA repair activity. 
However, monitoring only DNA damage for DNA repair kinetics reflects more global 
effects instead of specific aspects of repair (Berwick & Vineis, 2000). In addition, the exact 
relationships between oxidative stress, DNA damage and induction of the mRNA 
expression levels of repair enzymes including hOGG1 is unclear (Hodges & Chipman, 2002; 
Kim et al., 2001) although hOGG1 has been shown to be inducible responding to various 
oxidative conditions (Kim et al., 2001; Lan et al., 2003).  
As these previous studies indicate, multiple methods and markers of DNA damage and 
repair may be needed in order to explain molecular responses to DNA damaging agents. 
Furthermore, information is still lacking about the rate of DNA repair immediately 
following treatment with oxidants or antioxidants; this information may be important in 
determining steady-state damage levels following induction of oxidative stress (Collins  
& Harrington, 2002). Therefore the current study was undertaken to better understand the 
relationship between cellular DNA damage and induction of mRNA expression  
of repair enzymes following acute oxidant treatment using Caco-2 cells (human  
colon cancer cells). Oxidant (H2O2) treated cells were monitored over an extended 
recovery period, and both DNA damage levels and mRNA levels of several DNA BER 
enzymes (hOGG1, APE1, PARP1, XRCC1) were quantified over time in order to better 
understand DNA repair kinetics and the molecular responses to an oxidative DNA 
damaging agent. 

2. Materials and methods 
2.1 Chemicals and reagents 
Caco-2 cells were generously donated by Dr. Bo Lonnerdal (University of California, Davis). 
Hydrogen peroxide, penicillin and streptomycin were purchased from Sigma-Aldrich (St. 
Louis, MO). Minimum essential medium (MEM) with Earl’s salts, including 1-glutamine 
and 0.25% trypsin-EDTA solution, were from Gibco (Invitrogen, Carlsbad, CA). Fetal bovine 
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serum was obtained from Gemini (West Sacramento, CA). For the single cell gel 
electrophoresis assay, a commercial kit was purchased from Trevigen Co. (Gaithersburg, 
MD). For real time PCR, reverse transcription kits and SYBR Green PCR master mix were 
purchased from Applied Biosystems (Foster City, CA) and Roche (Mannheim, Germany), 
respectively. 

2.2 Cell culture and treatments 
Caco-2 cells were grown in MEM, supplemented with 10% (v/v) fetal bovine serum, L-
glutamine, 1% penicillin and streptomycin (10 units/mL and 1 mg/mL respectively) at 37°C 
in a humidified environment composed of 5% CO2 and 95% air; the growing medium was 
changed every two days. Cells were subcultured at 80-90% confluency. After seeding onto a 
100 mm cell culture plate with a density of 5×106 cells/plate, cells were grown for one day 
and treated with fresh hydrogen peroxide (100 µM) for 30 min at 37°C, a physiologically 
relevant temperature, or for 10 min at 4°C, a condition where DNA repair should be 
minimized. After washing with phosphate buffered saline (PBS), cells were incubated in 
growing medium (including serum) at 37°C for up to 5 h. For the cells treated with oxidant 
at 37°C, they were further incubated for 8 hours in order to confirm the mRNA expression 
pattern of some DNA repair genes. Some cells were collected for comet assay and the others 
were collected for RNA extraction. Each experimental treatment was performed in duplicate 
on 3 different days. 

2.3 Measurement of DNA damage 
After incubation in growing medium for 0-5 h, cells were harvested with trypsin-EDTA 
solution, washed twice with ice-cold PBS, and cell viability was determined with the trypan 
blue exclusion test. The single cell gel electrophoresis (comet assay) procedure was based on 
methods of Singh et al. with slight modifications (Singh et al., 1988). A commercial comet 
assay kit was used to measure strand breaks following the manufacturer’s protocols. Briefly, 
cells were diluted with PBS in order to have a cell density of 1× 105 cells/mL and embedded 
into low melting point agarose on comet slides. Embedded cells were lysed in lysis solution 
(including 1% sodium lauryl sarcosinate) for 1 hour and unwound in alkaline solution (300 
mM NaOH, 1 mM EDTA, pH > 13). Subsequently, electrophoresis was performed for 30 min 
at 300 mA. Cells were neutralized by washing with water, dried following immersion in 
ethanol, and kept at room temperature in the dark until silver staining. Silver stained cells 
were imaged using a Nikon E600 with a Leica LEI-750 camera.  
Images were analyzed by measuring % tail DNA of each cell using CometScore software 
(version 1.5, www.autocomet.com). Cells (75 total) were collected from 2 slides per 
treatment and the whole procedure for DNA damage measurement was repeated three 
times independently. Slides were coded and counted blindly; after imaging and counting, 
slides were decoded in order to quantify differences among samples. 

2.4 Measurement of expression of DNA repair enzymes 
2.4.1 Total RNA extraction  
Total RNA was extracted from Caco-2 cells using Trizol (Invitrogen, Grand Island, NY) 
according to the manufacturer’s instructions. The concentrations of extracted RNA were 
determined using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, 



 
DNA Repair and Human Health 

 

650 

proteins at the damage site. DNA polymerase β fills the gap by DNA synthesis. Finally the 
resulting nick is sealed by DNA ligase, completing the short-patch repair pathway. In this 
pathway X-ray cross-complementing 1 (XRCC1) plays a major role in facilitating the 
interaction among the proteins involved in the BER pathway such as APE1, DNA 
polymerase β and DNA ligase III (Caldecott, 2003). Depending on the nature of AP sites, 
some AP sites are repaired by the long-patch repair pathway requiring different enzymes 
including flap endonuclease and DNA ligase I. Even though the basic DNA repair 
mechanisms are well described, recent evidence suggests that DNA repair mechanisms are 
quite complicated with more than 100 proteins involved in the repair of various lesions 
(Wood et al., 2001).  
Deficiencies in DNA repair systems have been shown in several types of cancer (Langland et 
al., 2002; Lynch & Smyrk, 1996; Marchetto et al., 2004). However, whether such deficiencies 
in DNA repair enzymes are associated with single nucleotide polymorphisms (SNPs) is still 
arguable.  
Several studies have examined the DNA repair capacity of different cells upon exposure to 
environmental agents such as oxidants or antioxidants (Astley et al., 2002; Collins et al., 
1995, 2003; Torbergsen & Collins, 2000). Most studies have either only monitored DNA 
damage or determined the mRNA expression levels of DNA repair enzymes, mostly 
hOGG1, in order to elucidate the role of oxidants or antioxidants on DNA repair activity. 
However, monitoring only DNA damage for DNA repair kinetics reflects more global 
effects instead of specific aspects of repair (Berwick & Vineis, 2000). In addition, the exact 
relationships between oxidative stress, DNA damage and induction of the mRNA 
expression levels of repair enzymes including hOGG1 is unclear (Hodges & Chipman, 2002; 
Kim et al., 2001) although hOGG1 has been shown to be inducible responding to various 
oxidative conditions (Kim et al., 2001; Lan et al., 2003).  
As these previous studies indicate, multiple methods and markers of DNA damage and 
repair may be needed in order to explain molecular responses to DNA damaging agents. 
Furthermore, information is still lacking about the rate of DNA repair immediately 
following treatment with oxidants or antioxidants; this information may be important in 
determining steady-state damage levels following induction of oxidative stress (Collins  
& Harrington, 2002). Therefore the current study was undertaken to better understand the 
relationship between cellular DNA damage and induction of mRNA expression  
of repair enzymes following acute oxidant treatment using Caco-2 cells (human  
colon cancer cells). Oxidant (H2O2) treated cells were monitored over an extended 
recovery period, and both DNA damage levels and mRNA levels of several DNA BER 
enzymes (hOGG1, APE1, PARP1, XRCC1) were quantified over time in order to better 
understand DNA repair kinetics and the molecular responses to an oxidative DNA 
damaging agent. 

2. Materials and methods 
2.1 Chemicals and reagents 
Caco-2 cells were generously donated by Dr. Bo Lonnerdal (University of California, Davis). 
Hydrogen peroxide, penicillin and streptomycin were purchased from Sigma-Aldrich (St. 
Louis, MO). Minimum essential medium (MEM) with Earl’s salts, including 1-glutamine 
and 0.25% trypsin-EDTA solution, were from Gibco (Invitrogen, Carlsbad, CA). Fetal bovine 

DNA Damage and mRNA Levels of DNA Base Excision  
Repair Enzymes Following H2O2 Challenge at Different Temperatures 

 

651 

serum was obtained from Gemini (West Sacramento, CA). For the single cell gel 
electrophoresis assay, a commercial kit was purchased from Trevigen Co. (Gaithersburg, 
MD). For real time PCR, reverse transcription kits and SYBR Green PCR master mix were 
purchased from Applied Biosystems (Foster City, CA) and Roche (Mannheim, Germany), 
respectively. 

2.2 Cell culture and treatments 
Caco-2 cells were grown in MEM, supplemented with 10% (v/v) fetal bovine serum, L-
glutamine, 1% penicillin and streptomycin (10 units/mL and 1 mg/mL respectively) at 37°C 
in a humidified environment composed of 5% CO2 and 95% air; the growing medium was 
changed every two days. Cells were subcultured at 80-90% confluency. After seeding onto a 
100 mm cell culture plate with a density of 5×106 cells/plate, cells were grown for one day 
and treated with fresh hydrogen peroxide (100 µM) for 30 min at 37°C, a physiologically 
relevant temperature, or for 10 min at 4°C, a condition where DNA repair should be 
minimized. After washing with phosphate buffered saline (PBS), cells were incubated in 
growing medium (including serum) at 37°C for up to 5 h. For the cells treated with oxidant 
at 37°C, they were further incubated for 8 hours in order to confirm the mRNA expression 
pattern of some DNA repair genes. Some cells were collected for comet assay and the others 
were collected for RNA extraction. Each experimental treatment was performed in duplicate 
on 3 different days. 

2.3 Measurement of DNA damage 
After incubation in growing medium for 0-5 h, cells were harvested with trypsin-EDTA 
solution, washed twice with ice-cold PBS, and cell viability was determined with the trypan 
blue exclusion test. The single cell gel electrophoresis (comet assay) procedure was based on 
methods of Singh et al. with slight modifications (Singh et al., 1988). A commercial comet 
assay kit was used to measure strand breaks following the manufacturer’s protocols. Briefly, 
cells were diluted with PBS in order to have a cell density of 1× 105 cells/mL and embedded 
into low melting point agarose on comet slides. Embedded cells were lysed in lysis solution 
(including 1% sodium lauryl sarcosinate) for 1 hour and unwound in alkaline solution (300 
mM NaOH, 1 mM EDTA, pH > 13). Subsequently, electrophoresis was performed for 30 min 
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Total RNA was extracted from Caco-2 cells using Trizol (Invitrogen, Grand Island, NY) 
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DE) with the quality of RNA determined from the absorbance ratio of A260/A280 > 1.8 and 
confirmed by gel electrophoresis. Extracted RNA was preserved at -80°C until used. cDNA 
was synthesized using 5 µg total RNA, oligo d(T)16 primers, and MultiScribe Reverse 
Transcriptase (Applied Biosystems, Foster City, CA). Reverse transcription was performed 
by following the manufacturer’s protocol. 

2.4.2 Real-time quantitative RT-PCR (qRT-PCR) 
In order to detect DNA repair enzyme genes (hOGG1, APE1, PARP1 and XRCC1) and β-
actin (used as a reference gene), qRT-PCR was performed using SYBR Green PCR Master 
Mix reagents (Roche, Mannheim, Germany) on a PRISM 7700 Sequence Detection System 
(Applied Biosystems, Foster City, CA). Specific primers for each gene are shown  
in Table1. Real time quantitative RT-PCR (real time qRT-PCR) was performed through the 
amplification for 40 cycles of 95°C (30 sec), 58°C (30 sec) and 60°C (1 min) after activation  
of enzyme at 95°C (10 min). The data were normalized using β-actin as an internal standard. 
Relative fold changes were calculated using the formula of 2-ΔΔCt by comparing mRNA levels 
to the control.  Triplicate qRT-PCR analyses were run for each sample. 
 

Primers Sequences (5’→ 3’) Size 
(bp) References 

β-actin 
Forward TCACCCAACACTGTGCCCATCTACGA 

180 Mambo et 
al., 2005 

Reverse TCGGTGAGGATCTTCATGAGGTA 

hOGG1 
Forward GCGACTGCTGCGACAAGAC 

250 Chevillard 
et al., 1998 

Reverse TCGGGCACTGGCACTCAC 

APE1 
Forward GAG TAA GAC GGC CGC AAA GAA 

AAA 
296 Collins et 

al., 2003 
Reverse CCG AAG GAG CTG ACC AGT ATT 

GAT 

PARP1 
Forward CAA CTT TGC TGG GAT CCT GT 

185 Mayer et 
al., 2002 

Reverse TGT TTC CAA GGG CAA CTT CT 

XRCC1 
Forward CGC TGG GGA GCA AGA CTA TG 

517 Noe et al., 
2004 

Reverse CAA ATC CAA CTT CCT CTT CC’ 

Table 1. Primers of DNA repair enzyme genes and reference gene for RT-PCR analysis. 

2.5 Statistical analysis 
Each experiment was performed three times independently. Statistical evaluations were 
performed with GraphPad Prism (GraphPad software, San Diego, CA). One-way analysis of 
variance (ANOVA) was used to determine the significance of the experimental variables. 
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Mean values for each treatment were compared with the Dunnett’s multiple comparison 
post-test at a 95% confidence interval. Student’s t-test was used to compare effects of the 
temperature. 

3. Results 
Caco-2 cells were treated with sublethal concentrations (100 µM) of hydrogen peroxide at 
two different temperatures. This concentration of hydrogen peroxide showed no significant 
effects on the viability of Caco-2 cells under these experimental conditions and was 
confirmed to generate significant DNA damage including DNA SSBs and oxidative DNA 
adducts (Min & Ebeler, 2009). Oxidant treatment at 4°C for 10 min has been adopted in 
several previous studies to reduce DNA repair and so was adopted in this study as a 
comparison treatment where DNA repair should be minimized (Astley et al., 2002; Collins et 
al., 1995). The higher temperature (37°C) was used to represent physiological temperature 
conditions. Neither condition affected cell viability in the present study (data not shown). 
Levels of DNA damage (SSBs) was monitored over time by comet assay and mRNA levels 
of several BER enzymes were correspondingly determined by real time qRT-PCR.  
Fig. 1 shows DNA damage levels during the recovery time following oxidant treatment at 
4°C. Immediately after hydrogen peroxide treatment (time 0), DNA damage increased 
significantly. Levels of damage then decreased consistently throughout the recovery period. 
Fig. 2 shows corresponding levels of mRNA for several DNA BER enzymes following 
oxidant challenge at 4°C. Except for XRCC1, mRNA levels for all DNA repair enzymes 
varied significantly during the recovery time following oxidant treatment (p < 0.05). mRNA 
levels of PARP1 increased immediately after oxidant treatment at time 0. In contrast, 
expression levels of hOGG1, which cleaves the 8-oxoguanine lesion, decreased initially (0 h) 
and remained lower than control throughout the recovery period. APE1 expression also 
decreased initially (0 h) but then increased again over the recovery period following 
treatment at 4°C.  
 

 
Fig. 1. DNA damage under oxidant challenge at 4°C. Bars represent mean ± SD. Bars not 
sharing a letter are significantly different (P < 0.05) (for each time, n=6 independent 
replications x 2 slides per replication). 
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DE) with the quality of RNA determined from the absorbance ratio of A260/A280 > 1.8 and 
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by following the manufacturer’s protocol. 
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Primers Sequences (5’→ 3’) Size 
(bp) References 

β-actin 
Forward TCACCCAACACTGTGCCCATCTACGA 

180 Mambo et 
al., 2005 

Reverse TCGGTGAGGATCTTCATGAGGTA 

hOGG1 
Forward GCGACTGCTGCGACAAGAC 

250 Chevillard 
et al., 1998 

Reverse TCGGGCACTGGCACTCAC 

APE1 
Forward GAG TAA GAC GGC CGC AAA GAA 

AAA 
296 Collins et 

al., 2003 
Reverse CCG AAG GAG CTG ACC AGT ATT 

GAT 

PARP1 
Forward CAA CTT TGC TGG GAT CCT GT 

185 Mayer et 
al., 2002 

Reverse TGT TTC CAA GGG CAA CTT CT 

XRCC1 
Forward CGC TGG GGA GCA AGA CTA TG 

517 Noe et al., 
2004 

Reverse CAA ATC CAA CTT CCT CTT CC’ 

Table 1. Primers of DNA repair enzyme genes and reference gene for RT-PCR analysis. 

2.5 Statistical analysis 
Each experiment was performed three times independently. Statistical evaluations were 
performed with GraphPad Prism (GraphPad software, San Diego, CA). One-way analysis of 
variance (ANOVA) was used to determine the significance of the experimental variables. 
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Mean values for each treatment were compared with the Dunnett’s multiple comparison 
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temperature. 
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Fig. 2 shows corresponding levels of mRNA for several DNA BER enzymes following 
oxidant challenge at 4°C. Except for XRCC1, mRNA levels for all DNA repair enzymes 
varied significantly during the recovery time following oxidant treatment (p < 0.05). mRNA 
levels of PARP1 increased immediately after oxidant treatment at time 0. In contrast, 
expression levels of hOGG1, which cleaves the 8-oxoguanine lesion, decreased initially (0 h) 
and remained lower than control throughout the recovery period. APE1 expression also 
decreased initially (0 h) but then increased again over the recovery period following 
treatment at 4°C.  
 

 
Fig. 1. DNA damage under oxidant challenge at 4°C. Bars represent mean ± SD. Bars not 
sharing a letter are significantly different (P < 0.05) (for each time, n=6 independent 
replications x 2 slides per replication). 
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Fig. 3 and 4 show DNA damage change and corresponding mRNA levels of DNA repair 
enzymes following oxidant challenge at 37°C. Levels of DNA damage increased 
significantly immediately following hydrogen peroxide treatment although the amount of 
damage was less than that of cells treated with oxidant at 4°C (t-test; p < 0.001) (Fig.3). The 
level of DNA damage decreased by 39% during the first 0.5 h, a rate of decrease that was 
faster than that observed following oxidant treatment at 4°C. However, the level of DNA 
damage did not maintain this rapid decrease over an extended period and DNA damage 
actually increased slightly after 3 h. Nonetheless, the level of damage was still lower than 
that at 0 h and levels of damaged DNA again decreased at 5 h.  
 

 
Fig. 2. Relative mRNA levels of DNA repair enzymes under oxidant challenge at 4°C.  
Levels are reported relative to 0 time. Bars represent mean ± SD. Bars not sharing a letter are 
significantly different (P < 0.05) (for each time, n=3 independent replications and  
qRT-PCR was analyzed in triplicate for each sample). 

Unlike at 4°C mRNA levels did not change significantly for any of the repair enzymes 
immediately (0 h) after hydrogen peroxide treatment at 37°C (Fig. 4). However, hOGG1 
levels did increase at 0.5 h and then gradually decreased during the recovery. XRCC1 levels 
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also decreased late in the recovery period. On the other hand, APE1 expression increased 
late in the recovery time (3-5 h) and showed an approximately inverse relationship with 
hOGG1 levels. mRNA expression levels of PARP1, a SSB recognizing enzyme, changed 
dynamically at 4°C however, at 37°C PARP1 levels generally were maintained at the basal 
levels except for decreases which occurred at 3 and 5 h (Fig. 4). 
 

 
Fig. 3. DNA damage under oxidant challenge at 37°C. Bars represent mean ± SD. Bars not 
sharing a letter are significantly different (P < 0.05) (for each time, n=6 independent 
replications x 2 slides per replication). 

4. Discussion 
SSBs are a common type of DNA damage produced not only by ROS directly, but also 
indirectly during DNA repair processes. Moreover, no matter what the origins of SSBs are, 
SSBs are mostly repaired by the BER pathway. In this study, acute oxidative stress was 
induced in the Caco-2 cells by H2O2 treatment. Hydrogen peroxide has been shown 
previously to generate significant DNA damage including DNA base lesions and SSBs 
(Cantoni et al., 1987; Dizdaroglu, 1994; Min & Ebeler, 2009). In order to obtain a more 
complete picture of the cellular response to DNA damaging agents, DNA damage as a 
function of SSBs and corresponding mRNA expression levels of DNA repair enzymes were 
monitored. The measured DNA damage is the result of a balance between production of 
breaks by specific DNA base lesion glycosylases and the sealing of gaps by polymerases and 
ligases (Cantoni et al., 1987). Among DNA BER enzymes, PARP1, which recognizes and 
binds to AP sites, and XRCC1, a coordinating protein of the DNA BER pathway, were 
evaluated here. In addition, hOGG1, a glycosylase which cleaves 8-oxoguanine, and APE1, 
an endonuclease which cleaves AP sites, were also monitored. We examined DNA damage 
and repair at two different temperatures. Several studies have induced DNA damage at low 
temperature in order to minimize the possibilities of DNA repair (Astley et al., 2002; Collins 
et al., 1995). Accordingly our study adopted low temperature as a reference condition and 
also monitored responses at 37°C in order to elucidate the biochemical responses to DNA 
damaging agents at physiological temperature.  
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an endonuclease which cleaves AP sites, were also monitored. We examined DNA damage 
and repair at two different temperatures. Several studies have induced DNA damage at low 
temperature in order to minimize the possibilities of DNA repair (Astley et al., 2002; Collins 
et al., 1995). Accordingly our study adopted low temperature as a reference condition and 
also monitored responses at 37°C in order to elucidate the biochemical responses to DNA 
damaging agents at physiological temperature.  
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Fig. 4. Relative mRNA levels of DNA repair enzymes under oxidant challenge at 37°C. 
Levels are reported relative to the 0 time. Bars represent mean ± SD. Bars not sharing a letter 
are significantly different (P < 0.05) (for each time, n=3 independent treatments and qRT-
PCR was analyzed in triplicate for each sample). 

Higher levels of DNA damage followed by steady repair over time were observed following 
oxidant treatment at 4°C compared to treatment at 37°C. Foray et al. (1995) have shown 
more DNA double strand breaks at 4°C compared to 37°C following ionizing radiation, 
consistent with our study using a chemical oxidant. In our study, mRNA levels of PARP1 
responded quickly to increased DNA damage at 4°C while the expression levels of hOGG1 
and APE1 decreased immediately following oxidant treatment. Early decreases of APE 1 
have been shown by Morita-Fujimura et al. after cold-injury induced brain trauma in mice 
(Morita-Fujimura et al., 1999). The increase of PARP1 immediately after oxidant treatment 
and the late gradual increase of APE1 may be factors contributing to the decrease in DNA 
damage (i.e., increase in repair) over time following the low temperature oxidant challenge. 
Therefore, although low temperature is typically associated with reduced metabolic and 
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enzymatic activity, the effects of cold temperature on DNA damage appear to be complex 
and more investigations are needed to understand the effects of cold temperature on DNA 
damage and subsequent repair activity.  
Levels of SSBs initially and over time, were different following oxidant challenge at 37°C 
compared to oxidant challenge at 4°C. It is possible that DNA repair was actually initiated 
during the hydrogen peroxide treatment at the higher temperature resulting in lower DNA 
damage levels immediately after oxidant treatment. This could at least partially account for 
the lower level of damage observed at 0 h compared to the treatment at 4°C. In addition, 
mRNA expression patterns of the repair genes were different from those at 4°C. For 
example, increased levels of hOGG1 within the first 0.5 h following oxidant challenge were 
consistent with greater DNA repair (i.e., decreased levels of DNA damage) that was 
observed following oxidant treatment at 37°C. The inverse relationship between APE1 and 
hOGG1 mRNA levels from 3 to 8 h at 37°C is consistent with hOGG1 producing AP sites 
which then induce mRNA production of APE1 (Hill et al., 2001).  
Measuring the mRNA expression levels of DNA BER genes has been indicated to be a 
sensitive end point for determining the effects of chronic oxidative stress to DNA (Rusyn et 
al., 2004). In addition, consistent with our results following oxidant challenge at 37°C 
expression of hOGG1 mRNA, has been shown to be inducible responding to various 
conditions and reflecting DNA repair, at least initially. However, our results indicate that no 
single gene reflects the overall DNA repair response at any one point in time following 
oxidant treatment and it is difficult to fully relate changes in mRNA expression levels to the 
observed DNA damage repair kinetics.  

5. Conclusions 
Our study indicates that DNA damage induced by oxidant at physiological temperature 
(37°C) is lower as compared to damage at low temperatures. In addition, the pattern of 
mRNA expression of DNA repair processing enzymes is different over time following 
treatment. Some of the changes in DNA damage levels over the extended recovery period 
could be associated with the overall pattern of mRNA expression of several DNA repair 
enzymes, however, our results indicate that an individual gene alone may not accurately 
reflect the overall DNA repair capacity. Our study also indicates that protocols using low 
temperatures to minimize DNA repair may actually result in conditions that enhance DNA 
damage and result in very different repair kinetics than those that occur at a physiologic 
temperature. Experimental protocols should be carefully evaluated and interpreted if 
nonphysiologic conditions are used. Further studies comparing oxidative damage, mRNA 
expression and protein/enzyme levels and their activity are needed in order to fully 
understand the molecular responses to DNA damaging agents in the DNA damage/repair 
processes under variety of conditions.  
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1. Introduction 
It is estimated that the human genome incurs on the order of 1, 000-1,000,000 DNA 
lesions/cell/day (Lodish 2000). A majority of these are thought to be due to endogenous 
sources, including reactive oxygen and nitrogen species (ROS, RNS) that can oxidize cellular 
macromolecules including lipid, protein and nucleic acid. These free radicals can  be 
generated for specific purposes by cellular enzymes; for example, nitric oxide synthases 
generate NO in endothelial cells for signaling purposes, while NADPH oxidase and 
myeloperoxidase generate ROS in granulocytes to kill invading pathogens. However, ROS 
can also occur as a byproduct of cellular energy metabolism (Beckman and Ames 1998). 
Most cells use mitochondrial respiration as a means of energy production. The process of 
moving electrons across the mitochondrial membrane can at some frequency result in their 
transfer to molecular oxygen and the generation of superoxide and hydrogen peroxide, 
which together can generate the highly reactive hydroxyl radical and damage nearby 
molecules, including DNA.  
The frequency of superoxide formation is influenced by many factors, including the rate of 
electron transport and the capacity of the mitochondria to couple the proton gradient created 
across the inner membrane to ATP production, or to dissipate it in the form of heat through 
the use of uncoupling proteins. High rates of electron transport and efficient ATP production 
or uncoupling are consistent with reduced ROS generation, while low rates of transport or 
inefficient ATP production (for example when ATP/ADP ratios are already high) are 
consistent with increased ROS generation. Different substrates may also influence 
mitochondrial ROS production. Oxidation of ketone bodies, for example, may generate more 
ROS than oxidation of acetyl CoA from glucose (Tieu et al. 2003). Substrate utilization further 
depends on cell type and nutritional status. For example, neurons prefer to oxidize glucose, 
but can also use ketone bodies derived from fat oxidation in the liver. Skeletal muscle can use 
either fat or glucose, depending on availability, but tends to use one at the exclusion of the 
other (Randle et al. 1963). In cooperation with mitochondria, peroxisomes also play a major 
role in energy metabolism by oxidizing long-chain fatty acids. Peroxisomes can further 
participate in ketogenesis, amino acid oxidation and the oxidative phase of the pentose 
phosphate pathway depending on substrate availability. Like mitochondria, they are a major 
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source of ROS and RNS generating enzymes, and thus a potential source of oxidative 
macromolecular damage by leakage of ROS/RNS across the organelle membrane. 
Mitochondria and peroxisomes also produce abundant amounts of antioxidants enzymes such 
as superoxide dismutase and catalase to neutralize ROS. Thus, mitochondria and peroxisomes 
can both contribute to ROS as well as play a role in ROS detoxification. 
In order to generate energy efficiently, cells oxidize carbon units derived from glucose, 
amino acids or fatty acids in mitochondria. The use of these substrates is governed by 
nutritional status and is further subject to hormonal control. Insulin and glucagon are major 
regulators of organismal substrate utilization. In the fed state, elevated blood glucose 
promotes insulin secretion by the pancreas and transport of glucose into insulin-responsive 
tissues including liver, muscle and fat. In the liver, glucose is stored as glycogen or used as a 
substrate for de novo lipogenesis. Insulin signaling also inhibits release of free fatty acids 
from white adipose tissue and promotes de novo lipogenesis and dietary lipid repackaging in 
the liver for storage in white adipose tissue. After a meal, glucose levels fall and counter-
regulatory hormones such as glucagon reverse the actions of insulin and glucose by 
promoting hepatic glycogenolysis and gluconeogenesis for glucose-dependent tissues such 
as red blood cells and neurons, and release of fatty acids from the white adipose tissue for 
oxidation in other organs. Defects in insulin signaling caused by overeating are associated 
with a spectrum of pathologies including diabetes, obesity and atherosclerosis collectively 
known as the metabolic syndrome. Although the underlying mechanisms are not entirely 
clear, it is associated with chronic inflammation and oxidative stress (Hotamisligil 2006). In 
stark contrast to metabolic syndrome is the spectrum of phenotypes associated with dietary 
restriction (DR, also known as calorie restriction), defined as reduced food intake without 
malnutrition. Originally described in rodents to reduce the incidence of cancer and extend 
lifespan (McCay, Crowel, and Maynard 1935), DR has proven efficacy at increasing lifespan, 
stress resistance and metabolic fitness in a wide range of experimental organisms. In 
mammals, the DR state is characterized by reduced serum glucose, reduced growth factors 
and growth factor signaling, improved insulin sensitivity, increased resistance to oxidative 
stress and reduced adiposity (Fontana and Klein 2007). While the molecular mechanisms 
underlying the benefits of DR remain unclear, reduced steady state levels of 
macromolecular oxidative damage suggest reduced ROS production and/or increased 
antioxidant defenses play a role.  
When DNA damage occurs, there are a number of overlapping repair pathways that 
recognize and remove the damage, as well as a battery of signaling pathways that influence 
immediate decisions on cell fate and longer-term adaptations to stress. DNA damage repair 
pathways are distinguished in large part by the lesions that they recognize. Oxidative base 
lesions are typically recognized by the base excision repair (BER) pathway, while bulky 
helix distorting lesions are typically removed by the nucleotide excision repair (NER) 
pathway. Although the latter is chiefly responsible for removal of UV lesions from sunlight, 
endogenous oxidative lesions are also partially dependent on NER pathways (Brooks et al. 
2000). Oxidative stress can also cause breaks in the sugar-phosphate backbone, resulting in 
single strand breaks that can interrupt transcription or replication. When the density of such 
breaks is high, they can occur nearby on opposite strands and result in double strand 
breaks. Such lesions can be repaired by homologous recombination in the presence of a 
sister chromatid (for example during S phase of the cell cycle) or by non-homologous 
recombination during other phases of the cell cycle when the sister chromatid is not readily 
available to serve as a template for repair.  The so-called DNA damage response (DDR) is 
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not a single response but a network of signaling and repair pathways activated by genotoxic 
stress. Upon DNA damage such as a double strand break or a collapsed replication fork, the 
serine/threonine kinases ATM or ATR, respectively, initiate a cascade of cellular responses 
resulting in cell cycle arrest and recruitment of repair factors. One of the targets of ATM and 
ATR is the tumor suppressor p53, which is stabilized by phosphorylation and activates 
transcription of genes involved in cell fate, including apoptosis or senescence. Other 
proteins such as poly ADP ribose polymerase (PARP) are activated by DNA damage and 
can have indirect effects on cell fate decisions by depleting ATP and NAD+. 
Given the connection between production of ROS by cellular metabolism and DNA damage, 
one might predict coordinate regulation of the cellular response to DNA damage and 
growth and metabolism on the cellular and organismal levels. In this chapter, we will 
discuss existing evidence of such a connection. First, we will consider metabolic changes 
associated with defects in NER disorders and their resemblance to the adaptive response to 
DR, particularly in mouse models of these diseases. Next, we will consider metabolic 
changes in a variety of other DNA damage repair and signaling disorders, ranging from DR-
like phenotypes to metabolic disorder. We will conclude by reviewing the evidence linking 
DNA damage repair and signaling pathways directly and indirectly to changes in cellular 
growth and energy metabolism. 

2. Metabolic defects in nucleotide excision repair deficiency syndromes 
Although the mutations causing the segmental progerias Cockayne syndrome (CS) and 
trichothiodystrophy (TTD) are known, how alterations in the associated nucleotide excision 
DNA repair proteins cause pleiotrophic disease symptoms including dwarfism and cachexia 
are not yet clear. In mouse models of these disorders, unrepaired endogenous DNA damage 
is linked to perturbations in energy metabolism and alterations in insulin/insulin-like 
growth factor-1 (IGF-1) signaling. Paradoxically, these changes resemble beneficial adaptive 
responses to DR associated with improved metabolic fitness and extended longevity. In this 
section, we will discuss perturbations in growth and energy metabolism associated with 
defects in NER proteins in human disease and mouse models, and the potential role of DNA 
damage in eliciting these changes. 

2.1 Cockayne syndrome and trichothiodystrophy  
NER is an evolutionarily conserved pathway required for the removal of UV-induced DNA 
damage. It is divided into two branches based on how the lesion is initially recognized. 
Global genome (GG)-NER can occur anywhere in the genome upon recognition of DNA 
helical distortions by the XPC/HR23B/CEN2 complex. Transcription-coupled (TC)-NER 
occurs only on the transcribed DNA strand and is initiated by the stalling of an elongating 
RNA polymerase, for example by steric hindrance at the site of a bulky adduct. TC-NER 
specific proteins CSA and CSB participate in the upstream events surrounding the stalling of 
an RNA polymerase at the site of DNA damage. Although both CSA and CSB are involved 
in ubiquitination and protein turnover – CSA is a component of a ubiquitin ligase complex 
(Groisman et al. 2003), and CSB contains a ubiquitin-binding domain required for UV 
damage repair  (Anindya et al. 2010) - their exact roles in TC-NER remain unclear. Once the 
TC-NER or GG-NER machinery recognizes the lesion, the helicases XPB and XPD unwind 
the damaged DNA, allowing validation of the lesion by XPA, endonuclealytic cleavage of 
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the phosphodiester backbone by XPG and XPF-ERCC1 and removal of the damaged 
oligonucleotide in preparation for repair DNA synthesis.  
Mutations in CSA, CSB, XPG, XPD and XPB are associated with CS, a rare progressive 
disease characterized by photosensitivity, dwarfism, loss of subcutaneous fat and 
neurodegeneration.  CS was first described by Edward Cockayne in 1936 (Cockayne 1936). 
To date, approximately 200 cases have been reported in the literature (Nance and Berry 
1992; Ozdirim et al. 1996; Pasquier et al. 2006; Rapin et al. 2006). Despite UV sensitivity, CS 
is not associated with an elevated risk of skin cancer as observed in the related NER 
deficiency syndrome xeroderma pigmentosum (XP). Although there is a range in the onset 
and severity of CS, typical presentation involves normal in utero growth and birth weight 
followed by a profound postnatal growth failure within the first two years. This growth 
failure is also observed in the postnatal brain, resulting in developmental microcephaly and 
cognitive impairment. Neuropathological defects include demyelination and atrophy of 
white matter, calcification of the basal ganglia, cerebellar atrophy, demyelination of 
peripheral nerves, retinopathy, and neuronal loss in the inner ear (Weidenheim, Dickson, 
and Rapin 2009). Based on the involvement of white matter, CS is considered a form of 
leukodystrophy. Interestingly, such white matter diseases can be caused by various genetic 
defects in lysosome or peroxisome metabolism and typically present postnatally after 
normal birth and early development (Kohlschutter et al. 2010).  Diabetes mellitus, early 
hypertension and atherosclerosis are also prevalent in CS (Rapin et al. 2006). Besides the 
nervous system and adipose tissue, other organ systems appear proportionately smaller in 
size yet unimpaired (Weidenheim, Dickson, and Rapin 2009). Death occurs around 12 years 
of age often from cachexia or an intercurrent illness such as respiratory infection. 
The fact that weight is more affected than height in CS led to the use of the term cachexia, or 
wasting, in association with this disease (Nance and Berry 1992). Although it is not clear that 
lean mass is preferentially affected as is typical with cachexia, adipose tissue is clearly 
affected. CS is classified as a lipodystrophy, indicating the abnormal redistribution of fat.  
Subcutaneous fat loss leads to sunken eyes and a wizened appearance that are further 
defining characteristics of the disease. Adipocytes are a major site of energy storage in the 
form of triglycerides, as well as a source of lipokines involved in a variety of processes 
including appetite control, immune function and temperature regulation. CS patients 
presumably still have functioning adipocytes that can produce adipokines but do not store 
triglycerides for reasons that remain unclear. This is distinct from generalized lipoatrophy, 
in which adipocytes and associated adiopkines are lost, resulting in hyperlipidemia and 
insulin resistance despite the paucity of fat. Interestingly, lipids are also a major component 
of myelin sheaths that are lost in CS, although no connection between altered lipid 
metabolism and demyelination has been reported. 
The cause of dwarfism in CS is not known; however there are no consistent data to suggest 
alteration of endocrine function (Rapin et al. 2006; Nance and Berry 1992). For example, 
growth hormone (GH) levels are normal to elevated. Whether or not transient perturbation 
of GH/IGF-1 signaling, which has been reported in mouse models (see below), is relevant in 
the human disease remains unknown.   
Mutations in XPD and XPB, as well as another TFIIH component, p8, can cause another 
photosensitivity disorder with characteristic growth failure and neurological involvement 
known as TTD (Morice-Picard et al. 2009). Unlike CS, TTD patients present with 
characteristic brittle hair and nails caused by a transcriptional defect in terminally 
differentiating keratinocytes.  Despite this difference, there are many similarities between 
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the diseases as would be expected if they share a common basis in defective transcription-
coupled DNA repair. As with CS, TTD shows no increase skin cancer risk despite 
photosensitivity. TTD patients also demonstrate dysmyelination and lipodystrophy. Despite 
the hypothesis that CS and TTD share a common basis in defect transcription-coupled  
DNA repair (Andressoo, Hoeijmakers, and Mitchell 2006), this is by no means the only 
hypothesis regarding the etiology of these diseases. For example, the requirement for the 
CAK complex of TFIIH in the phosphorylation and regulation of nuclear hormone receptors, 
which play a major role in cellular and organismal metabolism, has led to the competing 
hypothesis that disease symptoms are caused by defects in gene expression regulated  
by these transcriptional activators (Compe et al. 2007; Keriel et al. 2002; Brooks, Cheng,  
and Cooper 2008). 

2.2 Mouse models of NER progeria  
Mouse models of CS engineered by disabling the CSA or CSB genes share some 
characteristics of human CS but in a milder form. Knockout mice are born normally, but are 
photosensitive and display an age-dependent loss of photoreceptor cells (van der Horst et 
al. 2002; van der Horst et al. 1997). Although they develop normally, CSB mice remain lean 
in adulthood and have normal lifespans (Dolle et al. 2006). Interestingly, CSA and CSB mice 
are resistant to renal ischemia reperfusion injury, a form of acute oxidative and 
inflammatory stress, and display improved glucose tolerance and insulin sensitivity (Susa et 
al. 2009). Both of these phenotypes are typical of DR mice (Mitchell et al. 2009). TTD mice 
created by mutating residue 722 from an R to a W in the XPD C terminus faithfully 
recapitulate the brittle hair phenotype of the human TTD, but like the CS mice have an 
overall milder phenotype than the corresponding human disease (de Boer et al. 1998). TTD 
mice display end of life pathologies consistent with both accelerated aging (osteoporosis, 
aortic sarcopenia, lymphoid depletion) as well as DR (reduced inflammatory dermatitis, 
reduced pituitary adenoma, reduced subcutaneous fat) (Wijnhoven et al. 2005). Duodenal 
epithelial hyperplasia has been proposed to play a role in reduced food absorbance leading 
to the overall DR-like phenotype (Wijnhoven et al. 2005). XP-CS mice, engineered with a 
different point mutation in the XPD gene (G602D) associated in patients with the symptoms 
of both CS and XP also recapitulate the mild features of mouse CS as well as the severe skin 
cancer susceptibility of XP (Andressoo et al. 2006). 
Another group of mouse models of NER deficiency share a more severe core phenotype of 
dwarfism, ataxia, failure to thrive and death before weaning at 3-4 weeks of age. This so-
called “NER progeria” was first described in mice lacking the endonuclease Ercc1 (Melton et 
al. 1998; Weeda et al. 1997) and subsequently in a number of genetic models of NER 
deficiency, including CSB/XPA (Murai et al. 2001), XPA/TTD (de Boer et al. 1998), 
XPA/XPCS (Andressoo et al. 2006), CSB/XPC (Laposa, Huang, and Cleaver 2007) double 
homozygous mutants as well as XPG (Sun et al. 2003) and XPF (Tian et al. 2004) single 
homozygous mutants.  
Common metabolic features of NER progeria in mice include reduced blood glucose and 
reduced insulin, disproportionate reduction of white adipose tissue weight, and 
accumulation of triglycerides in the liver (van de Ven et al. 2007). Although the cause of 
death is not clear, animals may inevitably succumb to hypoglycemia. Reduced food intake 
does not seem to be the cause of metabolic perturbations. Liver transcriptome analysis of 
Ercc1-/- and CSB/XPA mice revealed altered expression of genes involved in carbohydrate 
and oxidative metabolism and peroxisome biogenesis suggestive of increased glycogen 
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the phosphodiester backbone by XPG and XPF-ERCC1 and removal of the damaged 
oligonucleotide in preparation for repair DNA synthesis.  
Mutations in CSA, CSB, XPG, XPD and XPB are associated with CS, a rare progressive 
disease characterized by photosensitivity, dwarfism, loss of subcutaneous fat and 
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The cause of dwarfism in CS is not known; however there are no consistent data to suggest 
alteration of endocrine function (Rapin et al. 2006; Nance and Berry 1992). For example, 
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of GH/IGF-1 signaling, which has been reported in mouse models (see below), is relevant in 
the human disease remains unknown.   
Mutations in XPD and XPB, as well as another TFIIH component, p8, can cause another 
photosensitivity disorder with characteristic growth failure and neurological involvement 
known as TTD (Morice-Picard et al. 2009). Unlike CS, TTD patients present with 
characteristic brittle hair and nails caused by a transcriptional defect in terminally 
differentiating keratinocytes.  Despite this difference, there are many similarities between 
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created by mutating residue 722 from an R to a W in the XPD C terminus faithfully 
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different point mutation in the XPD gene (G602D) associated in patients with the symptoms 
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called “NER progeria” was first described in mice lacking the endonuclease Ercc1 (Melton et 
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homozygous mutants.  
Common metabolic features of NER progeria in mice include reduced blood glucose and 
reduced insulin, disproportionate reduction of white adipose tissue weight, and 
accumulation of triglycerides in the liver (van de Ven et al. 2007). Although the cause of 
death is not clear, animals may inevitably succumb to hypoglycemia. Reduced food intake 
does not seem to be the cause of metabolic perturbations. Liver transcriptome analysis of 
Ercc1-/- and CSB/XPA mice revealed altered expression of genes involved in carbohydrate 
and oxidative metabolism and peroxisome biogenesis suggestive of increased glycogen 
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synthesis, decreased glycolysis, and decreased oxidative metabolism (Niedernhofer et al. 
2006). Global metabolic profiling by NMR revealed that Ercc1-/- mice have altered lipid and 
energy metabolism and a shift toward ketosis when compared to age-matched controls 
(Nevedomskaya et al. 2010). Ercc1-/- mice show several metabolic adaptations that resemble 
those seen in DR, including decreased LDL and VLDL, increased HDL, and decreased 
serum glucose (Nevedomskaya et al. 2010).  
Another common feature of NER progeria that may underlie the growth retardation is 
reduced mRNA and serum protein expression of IGF-1 (Niedernhofer et al. 2006; van der 
Pluijm et al. 2007; van de Ven et al. 2006). Unlike long-lived endocrine deficient dwarfs 
(Ames, Snell) with reduced GH secretion due to defective anterior pituitary development 
(Bartke and Brown-Borg 2004), NER-deficient mice have an intact pituitary and normal to 
elevated GH levels, consistent with normal hypothalamic and pituitary function. Instead, 
GH receptor mRNA levels are reduced in multiple tissues, resulting in reduced GH-
dependent IGF-1 production. Liver transcriptome analysis confirmed a general 
downregulation of multiple components of the postnatal GH/IGF-1 axis. Nonetheless, in 
select mouse models of severe NER progeria, effects on serum IGF-1 and glycemic index can 
be transient, occurring prior to weaning but normalizing in animals that survive this 
apparent developmental bottleneck (van de Ven et al. 2006). 
Global profiling of gene expression in liver confirmed a significant overlap between NER 
progeria and long-lived dwarfism (Schumacher et al. 2008) consistent with the physiologic 
data. Paradoxically, the core feature of IGF-1 signaling attenuation increases lifespan in several 
species (Rincon et al. 2004; Longo and Finch 2003) but is associated with decreased longevity in 
NER progeria. Altered growth and energy metabolism has thus been interpreted as an 
adaptive response to endogenous genotoxic stress. Whether or not this response is 
maladaptive in this model is not known, but does appear to be so in mouse models of models 
of Hutchinson-Gilford progeria syndrome (HGPS) (Marino et al. 2010) as discussed below.  

2.3 Evidence for a role of DNA repair in CD and TTD phenotypes  
What is the evidence that defects in DNA repair, and in particular TC-NER, are causative of 
the pleiotropic disease symptoms including disturbances in growth and energy metabolism? 
Most NER proteins associated with disorders in man and mouse are multifunctional with 
distinct roles in several different cellular processes. For example, CSB was originally cloned 
as a TC-NER factor, but can also function in chromatin remodeling, transcriptional initiation 
(Le May, Mota-Fernandes et al. 2010), transcriptional elongation (Le May, Egly, and Coin 
2010), BER via interactions with the BER glycosylase Ogg1 and stimulation of APE1 incision 
(Wong et al. 2007) and rRNA synthesis (Bradsher et al. 2002). Similarly, the TFIIH complex 
containing the XPB and XPD helicases plays a role in transcriptional initiation and activated 
transcription by a subset of nuclear hormone receptors (Keriel et al. 2002; Compe et al. 2007). 
Roles for many of these functions have been proposed to be causative of one or more 
symptoms of CS, TTD or XP. However, due in large part to the high degree of overlap 
between symptoms in multiple different mouse models, where the effects of homozygous 
mutations can be interrogated against a standardized genetic and environmental 
background, it has been hypothesized that these conditions have a common underlying 
cause (Andressoo, Hoeijmakers, and Mitchell 2006; van de Ven et al. 2007). Currently, the 
only known common function of each of the proteins, including CSA, CSB, XPD, XPB and 
XPG, is the transcription-coupled arm of NER. Based on current data, this makes a defect in 
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TC-NER a plausible cause of overlapping disease symptoms, but does not rule out common 
pathways that are currently unknown or untested for all relevant disease loci. 
If indeed defects in the TC-NER pathway are causative of disease symptoms, what are the 
relevant endogenous DNA lesions? Most of what is known about the function of TC-NER 
proteins is derived from cell-based experiments with UV as the source of DNA damage. UV 
irradiation produces two types of bulky lesions which are substrates for NER; cyclobutane 
pyrimidine dimers, mainly removed by TC-NER and pyrimidine 6-4 pyrimidone 
photoproducts, typically processed by GG-NER. Indeed, cells deficient in CSB fail to repair 
cyclobutane dimers but repair 6-4 photoproducts efficiently (Barrett et al. 1991).  UV light 
may possibly damage keratinocytes of CS patients, but has little capacity to induce lesions in 
other relevant tissues. Most bulky lesions are induced by exogenous sources, but some 
bulky lesions are created by endogenous sources (De Bont and van Larebeke 2004). 
8,5’-cyclopurine-2’-deoxynucleaosides (cyPudNs) are endogenous lesions formed in DNA 
by the hydroxyl radical (Jaruga, Theruvathu, et al. 2004; Dizdaroglu et al. 1987).  cyPudNs 
are chemically stable lesions which are expected to accumulate slowly and are candidates 
for lesions which could cause neurodegeneration (Kuraoka et al. 2000; Brooks 2008). 
cyPudNs block transcription and, unlike most oxidative DNA lesions, cyPudNs are repaired 
by NER rather than BER (Brooks et al. 2000; Kuraoka et al. 2000). In vitro assays using CHO 
and NER-deficient CHO cells show that ERCC1 and XPG are required for excision of the 
8,5’-(S)-cyclo-2’deoxyadenosine (cyclo-dA) lesion, while BER glycosylases are not active on 
the cyclo-dA lesion (Brooks et al. 2000). Using a host cell reactivation assay, Brooks et. al. 
found that cyclo-dA is a substrate for NER in vivo (Brooks et al. 2000). Oxidative lesions are 
elevated in and may contribute to neurodegeneration (Kruman 2004).  TC-NER may protect 
neurons from oxidative lesions, the accumulation of which may lead to the neuronal death 
observed in CS. Nonetheless, it remains controversial whether or not cells from CS patients 
or mice are hypersensitive to oxidative stress (van de Ven et al. 2006). Thus despite the 
growing literature on molecular functions of CSA, CSB and other TC-NER proteins, proof 
that unrepaired endogenous oxidative lesions cause CS and/or TTD is lacking. 
Identification of such a lesion and its target tissue awaits.  

3. Metabolic defects in other DNA repair and maintenance disorders 
A number of human syndromes and mouse models with defects in DNA damage repair and 
signaling also display perturbations in growth and energy metabolism. Some of these show 
characteristics of adaptive changes reminiscent of DR as described above in TC-NER 
syndromes, while others display insulin resistance and atherosclerosis resembling metabolic 
syndrome on the opposite end of the energy spectrum. In this section, we will  describe a 
number of syndromes and/or mouse models with known defects in DNA repair, genome 
maintenance or DNA damage-related signal transduction with an emphasis on changes in 
growth, energy metabolism, adiposity and glucose homeostasis. 

3.1 Hutchinson-Gilford Progeria Syndrome  
Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare autosomal dominant progeria 
characterized by failure to thrive, growth retardation unrelated to GH deficiency, baldness 
and decreased body fat without insulin resistance (Merideth et al. 2008). Atherosclerosis is 
thought to result from the general accelerated aging observed in all tissues and organs 
rather than from elevated serum lipoproteins (Al-Shali and Hegele 2004). Vascular disease 



 
DNA Repair and Human Health 

 

666 

synthesis, decreased glycolysis, and decreased oxidative metabolism (Niedernhofer et al. 
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those seen in DR, including decreased LDL and VLDL, increased HDL, and decreased 
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Another common feature of NER progeria that may underlie the growth retardation is 
reduced mRNA and serum protein expression of IGF-1 (Niedernhofer et al. 2006; van der 
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(Ames, Snell) with reduced GH secretion due to defective anterior pituitary development 
(Bartke and Brown-Borg 2004), NER-deficient mice have an intact pituitary and normal to 
elevated GH levels, consistent with normal hypothalamic and pituitary function. Instead, 
GH receptor mRNA levels are reduced in multiple tissues, resulting in reduced GH-
dependent IGF-1 production. Liver transcriptome analysis confirmed a general 
downregulation of multiple components of the postnatal GH/IGF-1 axis. Nonetheless, in 
select mouse models of severe NER progeria, effects on serum IGF-1 and glycemic index can 
be transient, occurring prior to weaning but normalizing in animals that survive this 
apparent developmental bottleneck (van de Ven et al. 2006). 
Global profiling of gene expression in liver confirmed a significant overlap between NER 
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data. Paradoxically, the core feature of IGF-1 signaling attenuation increases lifespan in several 
species (Rincon et al. 2004; Longo and Finch 2003) but is associated with decreased longevity in 
NER progeria. Altered growth and energy metabolism has thus been interpreted as an 
adaptive response to endogenous genotoxic stress. Whether or not this response is 
maladaptive in this model is not known, but does appear to be so in mouse models of models 
of Hutchinson-Gilford progeria syndrome (HGPS) (Marino et al. 2010) as discussed below.  
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Most NER proteins associated with disorders in man and mouse are multifunctional with 
distinct roles in several different cellular processes. For example, CSB was originally cloned 
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containing the XPB and XPD helicases plays a role in transcriptional initiation and activated 
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Roles for many of these functions have been proposed to be causative of one or more 
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between symptoms in multiple different mouse models, where the effects of homozygous 
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background, it has been hypothesized that these conditions have a common underlying 
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only known common function of each of the proteins, including CSA, CSB, XPD, XPB and 
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TC-NER a plausible cause of overlapping disease symptoms, but does not rule out common 
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rather than from elevated serum lipoproteins (Al-Shali and Hegele 2004). Vascular disease 



 
DNA Repair and Human Health 

 

668 

and stroke are the main causes of death in HGPS, with a life expectancy of about 13 years of 
age (Merideth et al. 2008). HGPS is caused by a mutation in Lamin A, a component of the 
nuclear envelope, which leads to a truncated protein missing the Zpmste24 cleavage site 
(Merideth et al. 2008).  
Mouse models deficient in Zmpste24 exhibit nuclear architecture abnormalities, severe 
growth retardation, loss of subcutaneous adipose tissue, accumulation of lipid in ectopic 
sites such as liver, and premature death (Pendas et al. 2002; Varela et al. 2005). Aberrations 
in cardiac muscle of Zmpste24 mice include thinning of the ventricular wall, muscle 
degeneration, increased inflammation and interstitial fibrosis, suggesting that 
cardiomyopathy and heart failure contribute to death in this model (Pendas et al. 2002). 
Zmpste24 mice exhibit increased autophagy in skeletal muscle, possibly due to decreased 
circulating glucose and insulin and increased adiponectin, resulting in AMPK activation and 
suppression of the mTOR pathway (Marino et al. 2008). Gene expression data of livers of 
Zmpste24 mice indicate a shift from glucose to lipid metabolism, a response also seen in 
starvation (Marino et al. 2008). Zmpste24 mice show decreased IGF-1 and GHR expression 
in the liver, along with suppressed levels of IGF-1 and increased levels of GH in the serum 
(Marino et al. 2010). Treatment of Zmpste24 mice with recombinant IGF-1 using a 
subcutaneous minipump rescues some of the progeroid phenotypes, resulting in improved 
body weight, increased subcutaneous fat, reduced kyphosis and reduced alopecia (Marino 
et al. 2010). Serum GH levels were restored (reduced to normal) and lifespan of Zmpste24 
mice was expended by 18% by IGF-1 treatment (Marino et al. 2010).  Thus, chronic 
perturbation of the somatotroph axis in response to defects in nuclear architecture has been 
interpreted as a maladaptive response that actually accelerates disease symptoms. 
Does nuclear architecture have any impact on DNA damage repair or signaling? Evidence 
for a connection between nuclear architecture and DNA damage comes from cells of 
Zmpste24 deficient mice. These cells display increased chromosomal abnormalities and γ-
H2AX phosphorylation indicative of greater DNA damage and reduced genomic stability 
(Liu et al. 2005). Fibroblasts from HGPS patients senesce prematurely, indicating a cell-
autonomous alteration in proliferative capacity (Bridger and Kill 2004; Allsopp et al. 1992). 
Thus, alterations in nuclear architecture leading to chromosome instability can indirectly 
activate the DNA damage response (Liu et al. 2005; Verstraeten et al. 2007). 

3.2 Werner syndrome 
Werner syndrome is a segmental progeria characterized by short stature, early graying and 
loss of hair. There is no evidence for endocrine deficiency as an explanation for growth 
deficiency (Monnat 2010). Type 2 diabetes mellitus and dyslipidemia leading to 
atherosclerosis are also common features of Werner syndrome. Patients with Werner 
syndrome typically live into their mid-50s and die from premature cardiovascular disease or 
cancer (Huang et al. 2006; Martin 1985). Werner syndrome patients show accelerated brain 
accumulation of amyloid β peptide and hyperphosphorylated tau, both common in age-
associated disorders (Leverenz, Yu, and Schellenberg 1998).  Werner syndrome is also 
associated with loss of myelin fibers in both the central and peripheral nervous system 
(Umehara et al. 1993) although without the significant delays in neuronal development 
observed in CS. Werner syndrome is caused by a defect in Werner (WRN), a Rec-Q helicase 
which hydrolyzes ATP to separate double-stranded DNA for replication, recombination, 
transcription and repair (Monnat 2010).  The WRN protein is also essential for maintaining 
chromosomal integrity through intact recombination or DNA replication (Monnat 2010). 
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Many features of Werner syndrome are faithfully recapitulated in a mouse model in which 
the WRN gene is lacking the helicase domain (WRN∆hel/∆hel) (Huang et al. 2006; Lachapelle, 
Oesterreich, and Lebel 2011). WRN∆hel/∆hel mice have elevated levels of ROS and oxidative 
DNA damage in liver and heart, and elevated serum triglycerides, glucose and insulin; all of 
which return to wildtype level upon long-term vitamin C treatment (Lebel et al. 2010). WRN 
appears to play a role in protecting cells from oxidative damage, and the loss of WRN leads 
to changes resembling the metabolic syndrome.   

3.3 Ataxia Telangiectasia 
Deficiency in the DNA damage sensor ATM (Ataxia Telangiectasia Mutated) leads to ataxia 
telangiectasia (A-T). A-T is a rare autosomal disorder characterized by cerebellar ataxia, 
elevated cancer incidence, immune dysfunction and elevated sensitivity to ionizing 
radiation (Shackelford 2005). The life expectancy for patients with A-T is roughly 20 years 
(Chun and Gatti 2004).  A-T patients display signs of premature aging as well as insulin 
resistance and lowered insulin receptor affinity (Lavin 2000). Mouse models of ATM 
deficiency show an age-dependent increase in blood glucose and decrease in insulin 
sensitivity, consistent with a conserved role of this protein in metabolic function (Miles et al. 
2007). In an ApoE-/- mouse model, haploinsufficiency of ATM leads to accelerated 
atherosclerosis and multiple features of metabolic syndrome relative to the ApoE-/- mouse 
(Mercer et al. 2010). 

3.4 Seckel syndrome 
Stalled replication forks activate A-T and Rad-related protein (ATR), which leads to  
cell cycle checkpoint activation. Defective ATR signaling in humans causes Seckel 
syndrome, characterized by growth retardation and severe microcephaly (O'Driscoll and 
Jeggo 2008). While growth hormone secretion is normal, Seckel syndrome features high 
circulating IGF-1 levels and slightly decreased binding affinity for the IGF-1 receptor 
(Ducos et al. 2001; Schmidt et al. 2002). Whether this represents a constitutive defect  
in IGF-1 signalling or an adaptive response to a defective DNA damage response remains 
unknown.  

3.5 TP53 
Activation of the tumor suppressor p53 by genotoxic or other forms of stress can trigger 
various outcomes that reduce the chance of a damaged cell progressing into a tumor, 
ranging from cellular senescence to apoptosis. Besides its role in the response to genotoxic 
stress, p53 plays a central role in cellular energy metabolism through regulation of 
oxidative phosphorylation, glucose transporter expression and fatty acid synthase 
(Zhang, Qin, and Wang 2010). Mice engineered with defects in p53 are highly cancer 
prone, but also display a number of metabolic phenotypes. For example, phosphorylation 
of p53 at Ser18 by ATM is an important regulator of glucose homeostasis, as a S18A 
mutation renders mice insulin resistant (Armata et al. 2010). p53 is activated in adipose 
tissue upon high fat diet-induced obesity and insulin resistance in mice; inhibition of p53 
in adipose tissue rescues senescence and insulin resistance in diabetic mice (Minamino et 
al. 2009). Taken together, these data suggest that p53 activation, for example by oxidative 
stress derived from over-nutrition and potentially by isolated DNA damage, can promote 
the onset of metabolic syndrome. 
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3.6 DNA-PK, KU 
DNA-PK, Ku70 and Ku80 form a complex at double strand breaks to facilitate non-
homologous end joining (NHEJ). Mice deficient in the catalytic subunit of DNA-PK (DNA-
PKcs) exhibit accelerated aging, growth defects and decreased lifespan (Espejel et al. 2004). 
Mice deficient in Ku80 display premature aging symptoms including osteopenia, atrophic 
skin, hepatocellular degeneration and age-specific mortality; Ku70-/- mice display growth 
retardation (Gu et al. 1997; Vogel et al. 1999). Increased lymphoma and defects in B and T 
cells of DNA-PK, Ku70 and Ku80 mice are attributed to their lack of NHEJ resulting in 
deficient V(D)J recombination required for adaptive immunity; however, premature aging 
phenotypes are not seen in Rag-1 (V(D)J deficient) mice and thus not related to the lack of 
adaptive immunity and associated inflammation (Holcomb, Vogel, and Hasty 2007). 
Reduced size in Ku80 mice is not due to reduced IGF-1, but may instead be related to defects 
in cell-autonomous proliferation (van de Ven et al. 2006). 

3.7 NEIL1 DNA glycosylase deficiency 
NEIL1 glycoslyase is the homologue of the bacterial formamidopyrimidine DNA 
glycolyslase and initiates repair of oxidative lesions in BER, acting specifically on 2,6-
diamino-4-hydroxy-5-formamidopyrimidine and 4,6-diamino-5-formamidopyrimidine 
lesions (Jaruga, Birincioglu, et al. 2004). A mouse model deficient in NEIL-1 glycosylase 
develops severe obesity, dyslipidemia, fatty liver disease and hyperinsulinemia in the 
absence of exogenous oxidative stress (Vartanian et al. 2006).  The development of metabolic 
syndrome in NEIL1-/- mice is accelerated on a high-fat diet, indicating NEIL1 absence 
renders mice more susceptible to oxidative stress-induced metabolic syndrome (Sampath et 
al. 2011). Although no human diseases are associated with deficiency of NEIL1, several 
polymorphisms of NEIL1 with different activities on oxidized bases are found in humans 
(Roy et al. 2007). Whether or not these polymorphisms may lead to susceptibility to 
metabolic disease is not understood.   

3.8 SIRT6  
SIRT6 is the mammalian homologue of yeast Sir2 and is an NAD-dependent histone 
deacetylase. SIRT6 was originally described as a component of the BER system, as SIRT6 
deficient MEFs are hypersensitive to BER-lesion inducting agents such as methyl 
methanesulfonate and hydrogen peroxide; sensitivity was restored to that of wildtype by 
introducing the dRP lyase domain of Polβ (Mostoslavsky et al. 2006). Although no direct 
interaction between SIRT6 and BER factors has been reported to date, SIRT6 appears to 
impact DNA repair by stabilizing chromatin and facilitating DNA-PK dependent damage 
signaling (Lombard 2009; McCord et al. 2009). SIRT6 also influences metabolism both by 
deacetylating histone H3 lysine 9 and by repressing HIF1α to control the expression of 
glycolytic genes, which explains the glucose imbalance seen in SIRT6 knockout mice (Zhong 
et al. 2010). The SIRT6 phenotype is predominantly a metabolic one, with mice developing 
normally, although smaller than wildtypes, until 2 weeks of age, when they suffer from a 
degenerative wasting and severe hypoglycemia resulting in death (Mostoslavsky et al. 
2006). Like NER progeria, SIRT6 knockout mice also have reduced serum IGF-1, likely 
contributing to their small size. Neural-specific deletion of SIRT6 does not rescue the 
postnatal growth failure, but does rescue the severe hypoglycemia that leads to death in 
full-body knockouts of SIRT 6 (Schwer et al. 2010; Mostoslavsky et al. 2006). Neural-specific 
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SIRT6 mice survive much longer than the whole-body knockouts, and by one year of age 
become obese (Schwer et al. 2010). 
 

Syndrome Affected gene Metabolic feature 
Cockayne Syndrome CSA/CSB Loss of subcutaneous fat 
Trichothiodystrophy XPB/XPD/TTDA Loss of subcutaneous fat 
Hutchinson-Gilford 
Progeria Syndrome Lamin A Loss of subcutaneous fat, atheroslcerosis 

Werner Syndrome WRN Lipid accumulation in blood, insulin 
resistance 

Ataxia telangiectasia ATM Insulin resistance 
Seckel syndrome ATR Increased IGF-1 

Table 1. Human DNA repair diseases resulting in aberrant metabolism. 

4. Cell culture models 
In cultured cells, a number of recent studies on gene expression, signal transduction and 
protein interaction networks upon genotoxic stress point to both direct and indirect links 
between various forms of DNA damage and pathways regulating growth and energy 
metabolism.  
In mammals, organismal growth and metabolism are controlled by availability of nutrients 
and energy, which in turn influence secretion of circulating regulatory hormones including 
insulin from the pancreas, growth hormone from the pituitary, and growth-hormone 
dependent IGF-1 from the liver. Cellular responses to nutrients, energy and growth factor 
availability are controlled at the cell surface by receptor tyrosine kinases including the 
insulin receptor (IR) and IGF-1 receptor (IGF-1R). Binding of peptide hormones to their 
cognate receptors activates a signal transduction cascade resulting in the phosphorylation 
and activation of downstream kinases including AKT and mTOR. AKT exerts control over 
energy metabolism by phosphorylating and inactivating FOXO transcription factors as well 
as TSC1, a major negative regulator of mTOR. mTOR activation, which requires growth 
factors as well as nutrients (amino acids) and energy, results in phosphorylation and 
activation of ribosomal protein S6 kinase, promoting protein translation and increased cell 
size and growth. mTOR also phosphorylates and inactivates the translational repressor eIF-
4E-binding protein 1 (4EBP1), further promoting protein synthesis.  
The role of protein kinases in DNA repair and the DDR is firmly established. In response to 
ionizing radiation, DNA damage response proteins ATM and ATR phosphorylate 
checkpoint kinases Chk1 and Chk2, as well as p53 to block cell cycle progression (Stokes et 
al. 2007). The kinase DNA-PK, a PI3-type protein kinase in the same family as ATM and 
ATR, is directly involved in the repair of DNA double strand breaks through the process of 
NHEJ. However, each of these kinases can target additional substrates involved in growth 
and energy metabolism outside of canonical DNA repair and damage signaling pathways in 
response to growth factor stimulation. For example, DNA-PK is recruited by the upstream-
stimulatory factor to the promoter of fatty acid synthase (FAS), the master regulator of fatty 
acid synthesis, upon insulin stimulation (Wong et al. 2009).  DNA-PK is required for 
transient DNA breaks at the FAS promoter and transcription of FAS (Wong et al. 2009). 
ATM is required for phosphorylation of 4EBP1 on Ser 111 to promote protein anabolism 
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upon insulin stimulation (Yang and Kastan 2000). This may be due indirectly to 
phosphorylation and inactivation of the mTOR repressor TSC2 by ATM (Alexander et al. 
2010; Yang and Kastan 2000). ATM is also required for IGF-1 stimulated phosphorylation 
(activation) of AMPK, a cellular sensor of energy activated by low ATP/AMP ratios, to 
suppress energy-demanding processes such as cell growth in PANC and HeLa cells (Suzuki 
et al. 2004). ATM is also capable of inhibiting the stress signaling kinase JNK, whose activity 
is linked to several features of the metabolic syndrome (Schneider et al. 2006). Recently, 
ATM has been shown to be involved in the activation of autophagy through inhibition of 
mTOR (Alexander et al. 2010). DNA damage response proteins thus appear to be important 
regulators of cell growth and energy metabolism in response to environmental cues such as 
nutrient availability. 
Importantly, there is mounting evidence that DDR proteins can also control these same 
metabolic pathways in response to DNA damage. One of the first clues was that ATM 
regulates expression of the IGF-1R in response to ionizing radiation (Peretz et al. 2001). 
Subsequent analysis of the ATM and ATR substrate pathway following ionizing radiation 
revealed several connections to the insulin-IGF-1-AKT pathway, including previously 
unidentified substrates insulin receptor substrate 2 (IRS2), AKT3 and its regulators HSP90 
(heat shock protein 90) and PP2A (protein phosphatase 2A) (Matsuoka et al. 2007).  
Downstream targets of AKT including the transcription factor FOXO1, TSC1, S6K and 4E-
BP1 were also identified as ATM and/or ATR substrates (Matsuoka et al. 2007). Cells 
lacking ATM demonstrate elevated mTOR and glycerophospholipid pathways when 
exposed to ionizing radiation (Varghese et al. 2010). Upon UV irradiation, DNA-PK is also 
required for translational reprogramming by directly or indirectly targeting the amino acid 
deprivation sensor GCN2  (Powley et al. 2009). The net outcome of this signal transduction 
cascade is to reduce general translation while at the same time to increase translation of 
proteins involved in adaptation to DNA damage, including NER proteins.  
In addition to direct effects on cellular metabolism, activation of the DDR can trigger 
senescence-associated inflammatory cytokine secretion including IL-6 that can have an 
indirect effect on metabolism (Rodier et al. 2009).  In 3T3-L1 adipocytes, for example, IL-6 
inhibits phosphoenolpyruvate carboxykinase, which is required for triglyceride 
biosynthesis, thus increasing fatty acid mobilization (Feingold et al. 2011).   
Another target of DNA damage-induced signal transduction is the tumor suppressor p53. 
p53 is normally a short-lived protein, but stabilization by phosphorylation promotes its 
activity as a transcriptional activator of cell-cycle inhibitors such as p21. p53 is stabilized as a 
result of multiple forms of stress, including genotoxic stress from ionizing radiation, 
ultraviolet radiation and ROS. In addition to cell cycle targets, p53 targets include genes 
involved directly in glycolysis (repression of phosphoglycerate mutase, (Kondoh et al. 
2007)), and indirectly in respiration (activation of synthesis of cytochrome oxidase 2, a factor 
involved in COX assembly (Matoba et al. 2006)). In both cases, loss of p53 results in an 
increased glycolytic rate and decreased oxidative metabolism as is typically seen in cancer 
cells. TIGAR, another p53 target, is activated by low levels of stress and functions to repress 
glycolysis and to increase flux through the pentose phosphate pathway, resulting in 
increased generation of reduced glutathione, reduced ROS levels and protection from 
apoptosis (Bensaad et al. 2006). In some cells, glucose utilization by glycolysis competes 
with the pentose phosphate pathway responsible for generating NADPH reducing 
equivalents. Because NADPH is required for production of one of the major cellular 
antioxidants, reduced glutathione, increased glycolysis can come at the expense of 
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increased, rather than decreased, ROS. However, it is worth pointing out that this may be 
cell-type specific, as in other cells reduced glycolysis results in increased apoptosis. 
ATR may be the kinase responsible for phosphorylating and stabilizing p53 in response to 
genotoxic stress (Colman, Afshari, and Barrett 2000). ATR is recruited to stalled replication 
forks by the single strand DNA binding protein RPA and the ATR-interacting protein 
ATRIP. Single-stranded DNA regions serve as a platform for RPA-ATRIP-ATR recruitment 
in the context of stalled elongating replication machinery (Ljungman 2007). p53 can be also 
be stabilized even in the absence of DNA damage by inhibiting transcriptional elongation by 
RNA PolII (Bode and Dong 2004; Ljungman 2007). Thus, lesions that block an elongating 
RNA PolII and activate TC-NER can also signal through p53. Interestingly, the production 
of UV-induced DNA damage foci in quiescent fibroblasts requires ATR and is defective in 
primary cells from patients with Seckel syndrome (O'Driscoll et al. 2003).  
In cells deficient in TC-NER, unrepaired UV-induced lesions cause downregulation of both 
the GHR and IGF-1R (Garinis et al. 2009). This is consistent with the finding in NER 
progeroid mice of reduced insulin/IGF-1 signaling (Niedernhofer et al. 2006; van der Pluijm 
et al. 2007; van de Ven et al. 2006), and suggests that this effect can be cell autonomous in 
vivo rather than driven primarily by neuronal or neuroendocrine control. Interestingly, 
downregulation of growth receptors upon UV treatment was not inhibited in vitro by 
inhibitors of AKT, MAPK or JAK, but whether it requires DDR signaling through ATM, 
ATR or DNA-PK is not reported (Garinis et al. 2009). The identity of the signaling pathway 
from the lesion to receptor downregulation is currently not known.  
In addition to impacting cellular metabolism by activating signal transduction pathways, 
DNA damage repair pathways can also directly affect cellular energy status. PARP is 
activated upon oxidative base damage and consumes both ATP and NAD+ in the 
polyadenylation of various local substrates (Gagne et al. 2006), thus reducing available 
cellular energy currencies. Depending on the amount of damage and level of PARP 
activation, cellular energy stores can be depleted to pathological levels resulting in cell 
death. In the absence of exogenous DNA damage, PARP ablation results in increased 
NAD+ levels and increased activation of the NAD+-dependent deacetylase SIRT1, 
phenocopying aspects of SIRT1 deacetylase activation on mitochondrial metabolism (Bai 
et al. 2011). Thus, PARP provides a link between DNA damage and energy metabolism 
through direct effects on energy currencies as well as indirect effects of NAD+ and ATP 
dependent enzymes.  

5. Conclusions 
Cellular energy metabolism is a major source of ROS that can damage cellular components, 
including DNA. Oxidative DNA damage can in turn activate the DDR, a network of repair 
and signaling activities required for damage removal and stress adaptation. Inborn errors in 
DNA damage repair and signaling in human syndromes and mouse models typically 
display pathologies consistent with perturbation of growth and energy metabolism, 
including dwarfism and changes in insulin signaling and lipid accumulation. Interestingly, 
some disorders present with phenotypes reminiscent of the maladaptive response to 
nutrient/energy excess seen in metabolic syndrome. For example, in in A-T and Werner 
syndrome, these symptoms include dyslipidemia and insulin resistance. In other disorders, 
including mouse models of CS and TTD, symptoms appear on the opposite end of the 
nutrient/energy spectrum, with hypoglycemia, increased insulin sensitivity and reduced 
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upon insulin stimulation (Yang and Kastan 2000). This may be due indirectly to 
phosphorylation and inactivation of the mTOR repressor TSC2 by ATM (Alexander et al. 
2010; Yang and Kastan 2000). ATM is also required for IGF-1 stimulated phosphorylation 
(activation) of AMPK, a cellular sensor of energy activated by low ATP/AMP ratios, to 
suppress energy-demanding processes such as cell growth in PANC and HeLa cells (Suzuki 
et al. 2004). ATM is also capable of inhibiting the stress signaling kinase JNK, whose activity 
is linked to several features of the metabolic syndrome (Schneider et al. 2006). Recently, 
ATM has been shown to be involved in the activation of autophagy through inhibition of 
mTOR (Alexander et al. 2010). DNA damage response proteins thus appear to be important 
regulators of cell growth and energy metabolism in response to environmental cues such as 
nutrient availability. 
Importantly, there is mounting evidence that DDR proteins can also control these same 
metabolic pathways in response to DNA damage. One of the first clues was that ATM 
regulates expression of the IGF-1R in response to ionizing radiation (Peretz et al. 2001). 
Subsequent analysis of the ATM and ATR substrate pathway following ionizing radiation 
revealed several connections to the insulin-IGF-1-AKT pathway, including previously 
unidentified substrates insulin receptor substrate 2 (IRS2), AKT3 and its regulators HSP90 
(heat shock protein 90) and PP2A (protein phosphatase 2A) (Matsuoka et al. 2007).  
Downstream targets of AKT including the transcription factor FOXO1, TSC1, S6K and 4E-
BP1 were also identified as ATM and/or ATR substrates (Matsuoka et al. 2007). Cells 
lacking ATM demonstrate elevated mTOR and glycerophospholipid pathways when 
exposed to ionizing radiation (Varghese et al. 2010). Upon UV irradiation, DNA-PK is also 
required for translational reprogramming by directly or indirectly targeting the amino acid 
deprivation sensor GCN2  (Powley et al. 2009). The net outcome of this signal transduction 
cascade is to reduce general translation while at the same time to increase translation of 
proteins involved in adaptation to DNA damage, including NER proteins.  
In addition to direct effects on cellular metabolism, activation of the DDR can trigger 
senescence-associated inflammatory cytokine secretion including IL-6 that can have an 
indirect effect on metabolism (Rodier et al. 2009).  In 3T3-L1 adipocytes, for example, IL-6 
inhibits phosphoenolpyruvate carboxykinase, which is required for triglyceride 
biosynthesis, thus increasing fatty acid mobilization (Feingold et al. 2011).   
Another target of DNA damage-induced signal transduction is the tumor suppressor p53. 
p53 is normally a short-lived protein, but stabilization by phosphorylation promotes its 
activity as a transcriptional activator of cell-cycle inhibitors such as p21. p53 is stabilized as a 
result of multiple forms of stress, including genotoxic stress from ionizing radiation, 
ultraviolet radiation and ROS. In addition to cell cycle targets, p53 targets include genes 
involved directly in glycolysis (repression of phosphoglycerate mutase, (Kondoh et al. 
2007)), and indirectly in respiration (activation of synthesis of cytochrome oxidase 2, a factor 
involved in COX assembly (Matoba et al. 2006)). In both cases, loss of p53 results in an 
increased glycolytic rate and decreased oxidative metabolism as is typically seen in cancer 
cells. TIGAR, another p53 target, is activated by low levels of stress and functions to repress 
glycolysis and to increase flux through the pentose phosphate pathway, resulting in 
increased generation of reduced glutathione, reduced ROS levels and protection from 
apoptosis (Bensaad et al. 2006). In some cells, glucose utilization by glycolysis competes 
with the pentose phosphate pathway responsible for generating NADPH reducing 
equivalents. Because NADPH is required for production of one of the major cellular 
antioxidants, reduced glutathione, increased glycolysis can come at the expense of 
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increased, rather than decreased, ROS. However, it is worth pointing out that this may be 
cell-type specific, as in other cells reduced glycolysis results in increased apoptosis. 
ATR may be the kinase responsible for phosphorylating and stabilizing p53 in response to 
genotoxic stress (Colman, Afshari, and Barrett 2000). ATR is recruited to stalled replication 
forks by the single strand DNA binding protein RPA and the ATR-interacting protein 
ATRIP. Single-stranded DNA regions serve as a platform for RPA-ATRIP-ATR recruitment 
in the context of stalled elongating replication machinery (Ljungman 2007). p53 can be also 
be stabilized even in the absence of DNA damage by inhibiting transcriptional elongation by 
RNA PolII (Bode and Dong 2004; Ljungman 2007). Thus, lesions that block an elongating 
RNA PolII and activate TC-NER can also signal through p53. Interestingly, the production 
of UV-induced DNA damage foci in quiescent fibroblasts requires ATR and is defective in 
primary cells from patients with Seckel syndrome (O'Driscoll et al. 2003).  
In cells deficient in TC-NER, unrepaired UV-induced lesions cause downregulation of both 
the GHR and IGF-1R (Garinis et al. 2009). This is consistent with the finding in NER 
progeroid mice of reduced insulin/IGF-1 signaling (Niedernhofer et al. 2006; van der Pluijm 
et al. 2007; van de Ven et al. 2006), and suggests that this effect can be cell autonomous in 
vivo rather than driven primarily by neuronal or neuroendocrine control. Interestingly, 
downregulation of growth receptors upon UV treatment was not inhibited in vitro by 
inhibitors of AKT, MAPK or JAK, but whether it requires DDR signaling through ATM, 
ATR or DNA-PK is not reported (Garinis et al. 2009). The identity of the signaling pathway 
from the lesion to receptor downregulation is currently not known.  
In addition to impacting cellular metabolism by activating signal transduction pathways, 
DNA damage repair pathways can also directly affect cellular energy status. PARP is 
activated upon oxidative base damage and consumes both ATP and NAD+ in the 
polyadenylation of various local substrates (Gagne et al. 2006), thus reducing available 
cellular energy currencies. Depending on the amount of damage and level of PARP 
activation, cellular energy stores can be depleted to pathological levels resulting in cell 
death. In the absence of exogenous DNA damage, PARP ablation results in increased 
NAD+ levels and increased activation of the NAD+-dependent deacetylase SIRT1, 
phenocopying aspects of SIRT1 deacetylase activation on mitochondrial metabolism (Bai 
et al. 2011). Thus, PARP provides a link between DNA damage and energy metabolism 
through direct effects on energy currencies as well as indirect effects of NAD+ and ATP 
dependent enzymes.  

5. Conclusions 
Cellular energy metabolism is a major source of ROS that can damage cellular components, 
including DNA. Oxidative DNA damage can in turn activate the DDR, a network of repair 
and signaling activities required for damage removal and stress adaptation. Inborn errors in 
DNA damage repair and signaling in human syndromes and mouse models typically 
display pathologies consistent with perturbation of growth and energy metabolism, 
including dwarfism and changes in insulin signaling and lipid accumulation. Interestingly, 
some disorders present with phenotypes reminiscent of the maladaptive response to 
nutrient/energy excess seen in metabolic syndrome. For example, in in A-T and Werner 
syndrome, these symptoms include dyslipidemia and insulin resistance. In other disorders, 
including mouse models of CS and TTD, symptoms appear on the opposite end of the 
nutrient/energy spectrum, with hypoglycemia, increased insulin sensitivity and reduced 
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adiposity reminiscent of the beneficial adaptations to DR. Over time, however, chronic 
activation of adaptations such as reduced IGF-1 that may be beneficial in the context of a 
wildtype mammal on a restricted diet may in fact become maladaptive in the context of 
genome instability. For example, mouse models of severe NER progeria have reduced IGF-1, 
but nonetheless have shortened lifespans, while restoration of IGF-1 levels in a mouse 
model of HGPS ameliorates disease symptoms. On the cellular level, recent data suggest 
that proteins involved in the DNA damage response can exert both direct and indirect 
control over pathways involved in energy metabolism and substrate utilization, including 
insulin and IGF-1 signaling. Which of these genetic defects leads to constitutive alterations 
in metabolic processes and which to adaptive responses to genotoxic stress remains to be 
fully elucidated. Furthermore, to what degree unrepaired DNA damage itself serves as the 
trigger for metabolic changes, and the identity of the causative lesion, is in most cases 
unknown. In conclusion, despite recent emerging data on a connection between the DNA 
damage response and energy metabolism, there is a relative dearth of studies on cellular or 
organismal energy metabolism in the context of genome instability disorders, with much 
remaining to be done in this burgeoning field. 
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wildtype mammal on a restricted diet may in fact become maladaptive in the context of 
genome instability. For example, mouse models of severe NER progeria have reduced IGF-1, 
but nonetheless have shortened lifespans, while restoration of IGF-1 levels in a mouse 
model of HGPS ameliorates disease symptoms. On the cellular level, recent data suggest 
that proteins involved in the DNA damage response can exert both direct and indirect 
control over pathways involved in energy metabolism and substrate utilization, including 
insulin and IGF-1 signaling. Which of these genetic defects leads to constitutive alterations 
in metabolic processes and which to adaptive responses to genotoxic stress remains to be 
fully elucidated. Furthermore, to what degree unrepaired DNA damage itself serves as the 
trigger for metabolic changes, and the identity of the causative lesion, is in most cases 
unknown. In conclusion, despite recent emerging data on a connection between the DNA 
damage response and energy metabolism, there is a relative dearth of studies on cellular or 
organismal energy metabolism in the context of genome instability disorders, with much 
remaining to be done in this burgeoning field. 
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1. Introduction  
Cellular DNA is constantly being damaged not only by extrinsic factors such as ionizing 
radiation and environmental carcinogens but also by intrinsic agents such as reactive 
oxygen species arising during normal cellular metabolism. Of the myriad of DNA lesions, 
inflicted by extrinsic and intrinsic genome damaging agents, DNA double strand break 
(DSB) is the most threatening. Replication fork arrest at DNA lesions could also be a threat 
since stalled replication forks, if fail to restart appropriately, induce DNA strand breaks. 
When cells encounter such strand breaks and other types of DNA damage, they mount a 
DNA damage response (DDR) (Harper & Elledge, 2007) that senses DNA damage and 
initiates a cascade of signal transduction pathways consequently culminating in cell cycle 
arrest, DNA repair and/or apoptosis when the DNA lesions become irreparable. Although 
cells are equipped with such DNA damage sensing and repair machinery primarily to 
handle damaged cellular DNA, triggers and receivers of DDR are not necessarily the cells' 
own genetic materials. DDR can also be provoked by essentially non-damaged DNA 
exogenously introduced into cells, most commonly viral genetic materials in nature and 
recombinant DNA (e.g., viral vectors for gene delivery) in laboratory.  
During virus-host interaction, viruses manipulate DDR upon infection of cells in a way that 
benefits their life cycles, while host cells fight against them to eliminate the invaders. DDR is 
detrimental to viral life cycles in many instances; therefore, DDR is often viewed as an innate 
antiviral host defense mechanism. For example, adenoviruses express viral proteins that block 
                                                                 
1 Abbreviations: AAV, adeno-associated virus; ATM, Ataxia telangiectasia mutated; ATR, Ataxia 
telangiectasia and Rad3 related; ATR-IP, ATR-interacting protein; BLM, Bloom syndrome protein; 
CARE, the cis-acting replication element within the p5 promoter; DDR, DNA damage response; DNA-
PKcs, DNA-dependent protein kinase catalytic subunit; ds, double-stranded; DSB, double strand break; 
HR, homologous recombination; MRN, Mre11/Rad50/NBS1; NHEJ, non-homologous end joining; 
rAAV, recombinant AAV; RBS, Rep-binding site; RPA, replication protein A; SCID, severe combined 
immune deficiency; ss, single-stranded; TopBP1, DNA topoisomerase II-binding protein 1; WRN, 
Warner protein; wtAAV, wild type AAV. The demarcation between wtAAV and rAAV is often not 
important. If this is the case, AAV without wt or r prefix is used. 
2 Current affiliation: Department of Molecular & Medical Genetics, Oregon Health & Science University School 
of Medicine, USA 
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the cellular non-homologous end joining (NHEJ) pathway, which, unless inactivated, 
concatemerizes viral genomes and prohibits viral genome packaging into virions (Evans & 
Hearing, 2005; Stracker et al., 2002). Viruses may also take advantage of DDR in their life cycle 
as seen in retroviruses, which exploit the NHEJ pathway to complete insertion of their 
genomic materials into host cellular DNA (Daniel et al., 1999; Li et al., 2001). Similar but 
distinct types of "intervention" by viruses on DDR have been found in many other viruses 
(Lilley et al., 2007; Weitzman et al., 2004, 2010). Thus, understanding DDR and DNA repair 
machinery is imperative for elucidating the biology of viruses and viral vectors, and 
conversely, studying virus biology provides new insights into fundamental biological 
processes elicited by DNA damage. In this context, interactions between viruses and host DDR 
and DNA repair machinery have recently gained attention and established a new area of basic 
research. Importantly, this field of study is relevant to gene therapy research in overcoming its 
limitations and drawbacks and improving the current molecular therapy approaches. 
Adeno-associated virus (AAV) represents a good example for exploring this new research 
field, which studies the interactions between viruses and DNA repair machinery. AAV has 
become increasingly popular as a promising gene delivery vehicle. Wild type AAV 
(wtAAV) is replication defective and recombinant AAV (rAAV) is devoid of virally encoded 
genes. Despite their replication-defective nature and/or lack of expression of viral proteins, 
there are significant interactions between virus and host DNA repair machinery, which 
determine the fates of the virus and the host cells following infection. In this chapter, we 
provide an overview of how wtAAV and rAAV alter the fate of the host cells through DDR, 
and how DDR processes the viral genomic DNA by exerting DNA repair machinery to 
establish the lytic and latent life cycles of wtAAV and transduction of rAAV. 

2. Adeno-associated virus (AAV) 
Adeno-associated virus (AAV) is a non-enveloped replication-defective animal virus of 
approximately 20 nm in diameter (Figure 1a). It belongs to Dependovirus, a genus of the 
family Parvoviridae, which has a viral capsid in the simplest icosahedral shape composed of 
60 units of viral structural proteins. Productive AAV replication requires co-infection of a 
helper virus such as adenoviruses and herpesviruses. A virion has an approximately 5-kb 
single-stranded DNA genome of either plus or minus polarity at an equal probability. AAV 
serotype 2 and many other serotypes are prevalent in human populations worldwide and 
up to 80% of adult humans have been infected with AAV in their childhood (Boutin et al., 
2010; Calcedo et al., 2009; Erles et al., 1999). AAV is generally considered as a non-
pathogenic virus, and clinical relevance of AAV infection in humans appears to be limited to 
male infertility (Erles et al., 2001), early miscarriage in pregnant women (Burguete et al., 
1999; Pereira et al., 2010) and protection against cervical cancer (Su & Wu, 1996; Walz & 
Schlehofer, 1992) although some studies have shown negative results (Strickler et al., 1999). 
The current relevance of AAV in biological and medical research primarily stems from its 
benefits as a tool for gene delivery and genetic engineering of the cellular genome and as a 
refined agent for inducing DDR without damaging the cellular genome (Table 1).  

2.1 Wild type adeno-associated virus serotype 2 (wtAAV2)  
2.1.1 Structural organization of wtAAV2  
AAV was first identified as a contaminant in adenovirus stocks in early 1960s (Atchison et 
al., 1965). Since infectious wild type AAV2 (wtAAV2) clones were generated from  
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AAV-derived 
agents and 

tools 
Applications 

rAAV of any 
serotypes 

• Delivery of exogenous genetic materials to cells with no 
toxicity 

• Targeted genetic manipulation of cells (i.e., precise 
introduction of insertion, deletion or a small mutation at a 
defined location in the cellular genome in a predicted 
manner) 

• Introduction of DDR without damaging the cellular genome 
• Identification of DNA breakage sites in the cellular genome 

 
wtAAV2 • Introduction of DDR without damaging the cellular genome 

• Tumor cell-specific killing  
 

Rep68/78 • Site-specific insertion of exogenous genetic materials at the 
AAVS1 site in the human chromosome 19q13.42 

Table 1. AAV as biological agents and tools 

 

 
Fig. 1. Wild-type AAV (wtAAV) and recombinant AAV (rAAV). (a) Structural organization 
of wtAAV and rAAV. wtAAV genome is a single-stranded DNA with ITRs at the both ends. 
The two viral genes (the rep and cap genes) encode five non-structural (Rep and AAP) and 
three structural (VP) proteins, and they are controlled by the three viral promoters (p5, p19, 
and p40). AAV virion particle consists of VP1, VP2, and VP3. AAP supports assembly of VP 
proteins. rAAV genome is devoid of the viral components except for the ITRs, and contains 
an exogenous DNA of interest. (b) Representative photomicrographs of XGal-stained 
sections of the murine liver and heart transduced AAV8-EF1α-nlslacZ and AAV8-CMV-lacZ 
vectors at a high dose (7.2.x 1012 viral particles per mouse), respectively. All the hepatocytes 
and cardiomyocytes express the lacZ marker gene product, which turns transduced cells 
blue by the XGal staining. 
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recombinant plasmids (Samulski et al., 1982), AAV2 has been most extensively studied for 
viral capsid structure, genome organization, virally encoded protein functions, AAV life 
cycle and infection pathways (reviewed in Berns & Parrish, 2007; Carter et al., 2009; Smith 
& Kotin, 2002). WtAAV2 has a single-stranded DNA genome of 4679 nucleotides (nt) in 
length (GenBank accession no. AF043303) that comprises the region encoding 2 viral 
genes (e.g., the rep and the cap genes), their promoters (p5, p19 and p40 promoters), a 
polyadenylation signal, and two 145-nt inverted terminal repeats (ITR) forming T-shaped 
DNA hairpins at each viral genome terminus (Figure 1a). WtAAV2 expresses a total of 3 
structural proteins (VP1, VP2 and VP3 from the cap gene) and 5 non-structural proteins 
(Rep40, Rep52, Rep68, and Rep78 from the rep gene and AAP from an alternative open 
reading frame from the cap gene). VP proteins form the AAV viral capsids while Rep 
proteins play roles in viral genome replication, packaging and site-specific viral genome 
integration at the AAVS1 site in the human chromosome 19 (Kotin et al., 1990, 1992). AAP 
protein (AAP stands for assembly-activating protein), which was identified in 2010, plays 
a role in directing VP proteins to nucleolus, the organelle where new AAV virions 
assemble (Sonntag et al., 2010).  

2.1.2 The viral life cycle of wtAAV2  
The life cycle of wtAAV2 consists of the lytic and the latent phases. Following infection 
through its surface receptors including heparan sulfate proteoglycan (Summerford & 
Samulski, 1998), wtAAV2 viral particles are carried to the nucleus where single-stranded 
viral genomes are released from virions into nucleoplasm. When an adenovirus co- or 
super-infects cells that are infected with wtAAV2, adenovirus helper functions are supplied 
and wtAAV2 enters the lytic phase where productive viral genome replication takes place. 
Adenoviral E1a, E1b55k, E4orf6, DNA-binding protein (DPB), and virus-associated RNA I 
(VAI-RNA) have been identified as the helper functions required for the growth of wtAAV2 
and rAAV (Berns & Parrish, 2007; Geoffroy & Salvetti, 2005). In the lytic cycle, there are 
significant interactions between viral components and host DDR mediated by adenoviral E1 
and E4 gene products and AAV large Rep proteins (i.e., Rep68/78). The interactions are 
primarily aimed at blocking the cell cycle and suppressing the NHEJ DNA repair pathway 
(more details are described in 3.2.). 
In the absence of helper virus co-infection, most of the viral genomes are lost during cell 
division in dividing cells because they do not replicate or segregate together with  
the cellular genome into daughter cells. However, a certain proportion of AAV genomes 
establishes a latent phase by integration into the cellular genome, particularly at  
the AAVS1 site located within the human chromosome 19q13.42 (Kotin et al., 1992; 
Samulski et al., 1991). The AAVS1 site has a 33-nt DNA sequence within the myosin 
binding subunit (MBS) 85 gene and this short DNA sequence serves as the target for  
the site-specific integration (Linden et al., 1996b; Tan et al., 2001). The site-specific 
integration process requires expression of Rep68/78, which binds to a GCTC repeat 
element termed Rep binding site (RBS) and creates a nick at a nearby 3'-CCGGT/TG-5', 
designated terminal resolution site (trs). A set of these two recognition sequences is 
located within the AAV-ITR and the AAVS1 site (Brister & Muzyczka, 1999; McCarty et 
al., 1994). Several cellular factors have been shown to modulate Rep68/78-mediated site-
specific integration (Figure 2b), although the experimental observations appear to be  
in conflict in some aspects. High mobility group protein 1 (HMG1) binds to Rep78, 
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enhances its RBS binding and nicking activities, and promotes site-specific integration at 
the AAVS1 site (Costello et al., 1997). In addition, the human immunodeficiency virus 
type 1 (HIV-1) TAR RNA binding protein 185 (TRP-185) binds to the RBS within the 
AAVS1 site, interact with Rep68, enhances Rep68's helicase activity, and controls selection 
of AAV genome integration sites within the AAVS1 locus (Figure 2b) (Yamamoto et al., 
2007). This mode of latency is unique to wtAAV2 among the animal viruses, and is the 
case at least in cultured cells. In latently-infected human tissues, a majority of wtAAV2 
genomes persist as circular genomes and no site-specific integration has been 
demonstrated even by sensitive PCR-based assays (Schnepp et al., 2005); therefore, the 
significance of the site-specific integration of wtAAV2 in natural infection in humans 
remains elusive. 

2.1.3 wtAAV2 viral components that evoke DDR 
Among the viral components, large Rep proteins, the cis-acting replication element (CARE) 
within the p5 promoter (Fragkos et al., 2008; Francois et al., 2005; Nony et al., 2001; Tullis  
&  Shenk, 2000), AAV-ITR, and the unusual single-stranded nature of the viral genome  
are particularly important in AAV-evoked DDR and interaction with DNA repair 
machinery. These elements could potentially activate DDR without AAV viral genome 
replication. 

2.2 Recombinant AAV (rAAV) vectors 
Recombinant AAV (rAAV) vectors are genetically-engineered viral agents that carry 
heterologous DNA to be delivered to target cells and are devoid of all the viral genome 
sequence except for the 145-nt (ITR) at each genome terminus. Until early 2000s, rAAV 
vectors were primarily derived from AAV2 due to the limited availability of alternative 
serotypes at that time. rAAV2 vectors have a broad host range and outstanding ability to 
deliver genes of interest to both dividing and non-dividing cells of various types in vitro. 
However, rAAV2 exhibits limited transduction efficiency in tissues and organs in vivo when 
administered in experimental animals. This drawback of rAAV2 has recently been overcome 
by the discovery of new serotypes exemplified by AAV serotypes 8 and 9 (AAV8 and 
AAV9) (Gao et al., 2002, 2004). rAAV vectors derived from serotypes alternative to AAV2 
have become widely available at present and been shown to exhibit unprecedented robust 
transduction in various tissues and organs by intravascular injection of the vector (Figure 
1b) (Foust et al., 2009; Ghosh et al., 2007; Inagaki et al., 2006; Nakai et al., 2005a; Sarkar et al., 
2006; Vandendriessche et al., 2007; Wang et al., 2005). It should be noted that alternative 
serotype rAAV vectors are in general those containing a rAAV2 viral genome encapsidated 
with an alternative serotype viral coat (i.e., pseudoserotyped rAAV2 vectors) (Rabinowitz et 
al., 2002). Therefore, they are often referred to AAV2/8 and AAV2/9 (genotype/serotype) 
when rAAV2 genome is contained in AAV8 and AAV9 viral coats, respectively. In addition 
to the exploitation of AAV capsids derived from various serotypes and variants present in 
nature, recent advances in genetic engineering of viral capsids aiming for the creation of 
specific cell type/tissue-targeting vectors have significantly broadened the utility of this 
vector system (Asokan et al., 2010; Excoffon et al., 2009; Koerber et al., 2009; Yang et al., 
2009). Double-stranded (ds) rAAV vectors and gene targeting rAAV vectors are also worthy 
of note. Ds rAAV contains a ds viral genome in place of a single-stranded (ss) DNA 
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AAVS1 site, interact with Rep68, enhances Rep68's helicase activity, and controls selection 
of AAV genome integration sites within the AAVS1 locus (Figure 2b) (Yamamoto et al., 
2007). This mode of latency is unique to wtAAV2 among the animal viruses, and is the 
case at least in cultured cells. In latently-infected human tissues, a majority of wtAAV2 
genomes persist as circular genomes and no site-specific integration has been 
demonstrated even by sensitive PCR-based assays (Schnepp et al., 2005); therefore, the 
significance of the site-specific integration of wtAAV2 in natural infection in humans 
remains elusive. 

2.1.3 wtAAV2 viral components that evoke DDR 
Among the viral components, large Rep proteins, the cis-acting replication element (CARE) 
within the p5 promoter (Fragkos et al., 2008; Francois et al., 2005; Nony et al., 2001; Tullis  
&  Shenk, 2000), AAV-ITR, and the unusual single-stranded nature of the viral genome  
are particularly important in AAV-evoked DDR and interaction with DNA repair 
machinery. These elements could potentially activate DDR without AAV viral genome 
replication. 

2.2 Recombinant AAV (rAAV) vectors 
Recombinant AAV (rAAV) vectors are genetically-engineered viral agents that carry 
heterologous DNA to be delivered to target cells and are devoid of all the viral genome 
sequence except for the 145-nt (ITR) at each genome terminus. Until early 2000s, rAAV 
vectors were primarily derived from AAV2 due to the limited availability of alternative 
serotypes at that time. rAAV2 vectors have a broad host range and outstanding ability to 
deliver genes of interest to both dividing and non-dividing cells of various types in vitro. 
However, rAAV2 exhibits limited transduction efficiency in tissues and organs in vivo when 
administered in experimental animals. This drawback of rAAV2 has recently been overcome 
by the discovery of new serotypes exemplified by AAV serotypes 8 and 9 (AAV8 and 
AAV9) (Gao et al., 2002, 2004). rAAV vectors derived from serotypes alternative to AAV2 
have become widely available at present and been shown to exhibit unprecedented robust 
transduction in various tissues and organs by intravascular injection of the vector (Figure 
1b) (Foust et al., 2009; Ghosh et al., 2007; Inagaki et al., 2006; Nakai et al., 2005a; Sarkar et al., 
2006; Vandendriessche et al., 2007; Wang et al., 2005). It should be noted that alternative 
serotype rAAV vectors are in general those containing a rAAV2 viral genome encapsidated 
with an alternative serotype viral coat (i.e., pseudoserotyped rAAV2 vectors) (Rabinowitz et 
al., 2002). Therefore, they are often referred to AAV2/8 and AAV2/9 (genotype/serotype) 
when rAAV2 genome is contained in AAV8 and AAV9 viral coats, respectively. In addition 
to the exploitation of AAV capsids derived from various serotypes and variants present in 
nature, recent advances in genetic engineering of viral capsids aiming for the creation of 
specific cell type/tissue-targeting vectors have significantly broadened the utility of this 
vector system (Asokan et al., 2010; Excoffon et al., 2009; Koerber et al., 2009; Yang et al., 
2009). Double-stranded (ds) rAAV vectors and gene targeting rAAV vectors are also worthy 
of note. Ds rAAV contains a ds viral genome in place of a single-stranded (ss) DNA 
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(McCarty, 2008). Because ds rAAV vectors overcome the rate-limiting step in transduction, 
i.e., conversion from ss to ds DNA in infected cells, they exhibit a 1-2 log higher transduction 
efficiency than that achievable with the conventional ss vectors (McCarty et al., 2003; Wang 
et al., 2003). Gene-targeting rAAV vectors have the ability to introduce genomic alterations 
precisely and site-specifically at high frequencies of up to 1% (Russell & Hirata, 1998; 
Vasileva & Jessberger, 2005), which is several logs higher than that achievable by the 
conventional homologous recombination (HR) approaches  (Thomas & Capecchi, 1987) 
(please refer to 3.5 for more details).  Nonetheless, even if rAAV vectors are devoid of 
several key components that trigger DDR (i.e., large Rep expression and the CARE), 
establishment of rAAV transduction heavily relies on the interactions between rAAV viral 
genomes and DNA repair machinery irrespective of serotypes or nature of viral genomes 
(i.e., ss rAAV or ds rAAV).  

3. AAV and DNA repair pathways 
An overview of AAV and DNA repair pathways is summarized in Figure 2. 

3.1 AAV-evoked DDR 
3.1.1 Earlier evidence for the role of DDR in the AAV genome processing 
Although the interplay between virus and DDR is a relatively new area of research, earlier 
studies indicated potential roles of DDR in the AAV life cycle or viral genome processing. 
The first indicative evidence came from the observation that cells treated with a wide 
variety of genotoxic agents including UV irradiation and carcinogens such as 
hydroxyurea could support wtAAV2 genome replication in the absence of helper virus  
co-infection (Yakinoglu et al., 1988; Yakobson et al., 1987, 1989). Subsequently,  
such treatment was found to augment rAAV2 transduction efficiency in both dividing and 
non-dividing cells with the latter showing a more dramatic enhancing effect (Alexander et 
al., 1994; Russell et al., 1995). These earlier observations suggested that activated DNA 
repair pathways following DNA damage induced by genotoxic treatment somehow 
facilitated the conversion of rAAV genomes from ss to ds DNA by second-strand 
synthesis (Figure 2f, g and h) (Ferrari et al., 1996; Fisher et al., 1996). As mentioned earlier, 
the formation of ds AAV genomes is a critical step for wtAAV to initiate productive 
infection and for rAAV to undergo abortive infection and express transgene products.  
A better response to the treatment in non-dividing cells conforms to the idea that DNA 
repair pathways are constitutively activated to a greater extent in dividing cells. Such 
activation is required to repair DNA replication errors that occur naturally and 
unavoidably. Although the underlying mechanism of this effect still remains elusive,  
one can speculate that up-regulation of DNA repair pathways increases the pool of 
cellular factors required for AAV genome processing. Alternatively, factors inhibitory for 
wtAAV genome replication or rAAV transduction may become sequestered from AAV 
genomes to multiple DNA repair foci formed on the damaged cellular genome (Figure 2f 
and g). A recent observation that the MRN complex and ATM, the major DDR proteins, 
have an inhibitory effect on rAAV transduction supports the latter model (Cataldi &  
McCarty 2010; Cervelli et al., 2008; Choi et al., 2006; Sanlioglu et al., 2000; Schwartz et  
al., 2007). 
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(McCarty, 2008). Because ds rAAV vectors overcome the rate-limiting step in transduction, 
i.e., conversion from ss to ds DNA in infected cells, they exhibit a 1-2 log higher transduction 
efficiency than that achievable with the conventional ss vectors (McCarty et al., 2003; Wang 
et al., 2003). Gene-targeting rAAV vectors have the ability to introduce genomic alterations 
precisely and site-specifically at high frequencies of up to 1% (Russell & Hirata, 1998; 
Vasileva & Jessberger, 2005), which is several logs higher than that achievable by the 
conventional homologous recombination (HR) approaches  (Thomas & Capecchi, 1987) 
(please refer to 3.5 for more details).  Nonetheless, even if rAAV vectors are devoid of 
several key components that trigger DDR (i.e., large Rep expression and the CARE), 
establishment of rAAV transduction heavily relies on the interactions between rAAV viral 
genomes and DNA repair machinery irrespective of serotypes or nature of viral genomes 
(i.e., ss rAAV or ds rAAV).  

3. AAV and DNA repair pathways 
An overview of AAV and DNA repair pathways is summarized in Figure 2. 

3.1 AAV-evoked DDR 
3.1.1 Earlier evidence for the role of DDR in the AAV genome processing 
Although the interplay between virus and DDR is a relatively new area of research, earlier 
studies indicated potential roles of DDR in the AAV life cycle or viral genome processing. 
The first indicative evidence came from the observation that cells treated with a wide 
variety of genotoxic agents including UV irradiation and carcinogens such as 
hydroxyurea could support wtAAV2 genome replication in the absence of helper virus  
co-infection (Yakinoglu et al., 1988; Yakobson et al., 1987, 1989). Subsequently,  
such treatment was found to augment rAAV2 transduction efficiency in both dividing and 
non-dividing cells with the latter showing a more dramatic enhancing effect (Alexander et 
al., 1994; Russell et al., 1995). These earlier observations suggested that activated DNA 
repair pathways following DNA damage induced by genotoxic treatment somehow 
facilitated the conversion of rAAV genomes from ss to ds DNA by second-strand 
synthesis (Figure 2f, g and h) (Ferrari et al., 1996; Fisher et al., 1996). As mentioned earlier, 
the formation of ds AAV genomes is a critical step for wtAAV to initiate productive 
infection and for rAAV to undergo abortive infection and express transgene products.  
A better response to the treatment in non-dividing cells conforms to the idea that DNA 
repair pathways are constitutively activated to a greater extent in dividing cells. Such 
activation is required to repair DNA replication errors that occur naturally and 
unavoidably. Although the underlying mechanism of this effect still remains elusive,  
one can speculate that up-regulation of DNA repair pathways increases the pool of 
cellular factors required for AAV genome processing. Alternatively, factors inhibitory for 
wtAAV genome replication or rAAV transduction may become sequestered from AAV 
genomes to multiple DNA repair foci formed on the damaged cellular genome (Figure 2f 
and g). A recent observation that the MRN complex and ATM, the major DDR proteins, 
have an inhibitory effect on rAAV transduction supports the latter model (Cataldi &  
McCarty 2010; Cervelli et al., 2008; Choi et al., 2006; Sanlioglu et al., 2000; Schwartz et  
al., 2007). 
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3.1.2 DNA repair proteins associated with AAV genomes in cells 
AAV is composed of only two elements, VP proteins that form viral capsids and a single-
stranded viral genomic DNA. VP proteins primarily determine biological properties of 
various AAV serotypes; i.e., how AAV particles reach cells, enter cells, traffic in cytoplasm 
and nucleoplasm, and uncoat virion shells to release viral genomes. At present there is no 
evidence indicating that the above-mentioned AAV infection pathways driven by the capsid 
trigger DDR. AAV-evoked DDR is all about the cellular responses against AAV viral 
genomes except for wtAAV2, which expresses Rep68/78 proteins that also trigger DDR. It is 
plausible that the structure of single-stranded DNA with T-shaped hairpin termini, which is 
unusual and is not present in the cellular genome, is recognized as damaged DNA and 
triggers DDR. Direct evidence for the association of AAV genomes with DNA repair 
machinery has obtained in chromatin immunoprecipitation (ChIP) studies where AAV 
genomes and their associated cellular factors were crosslinked by formalin and precipitated 
together using antibodies specific to DNA repair proteins. To date, the MRN complex, Ku86, 
Rad52, RPA and DNA polymerase delta have been identified as factors bound to ss AAV 
genomes (Cervelli et al., 2008; Jurvansuu et al., 2005; Zentilin et al., 2001). In addition, 
immunofluorescence microscopy has revealed that the MRN complex, ATR, TopBP1, BLM, 
Brca1, Rad17, RPA, and Rad51 are recruited to the discrete nuclear foci where AAV 
genomes accumulate (Cervelli et al., 2008; Jurvansuu et al., 2005). Table 2 summarizes the 
roles of DNA repair proteins in AAV infection/transduction, AAV genome self-
circularization, and AAV genome integration into the host genome. 

3.1.3 AAV genome activates ATR-mediated DDR 
Although not exclusive, the DNA repair proteins found to be associated with AAV genomes 
described in 3.1.2 are those involved in the ATR-mediated DDR that is triggered by stalled 
replication forks (Figure 2d and e) (reviewed in Branzei & Foiani, 2010 and Shiotani & Zou, 
2009). At stalled replication forks, ss DNA regions become coated with RPA. RPA then 
recruits ATR-ATRIP and the Rad17 complex to the damaged site. The Rad17 complex 
subsequently recruits the ring-shaped trimeric Rad9/Rad1/Hus1 (9-1-1) complex, and 
finally ATR-ATRIP kinase becomes activated by TopBP1 recruited to the site and sends a 
DNA damage checkpoint signal (Figure 2d and e). In addition, Mre11 has also been reported 
to relocalize to stalled replication forks to a limited extent (Mirzoeva & Petrini, 2003). AAV-
ITR exhibits a close structural similarity to stalled replication forks in that it contains both ss 
DNA regions and ss DNA-ds DNA junctions. This strongly supports a model in which 
AAV-ITR is recognized as a stalled replication fork and triggers the checkpoint response via 
ATR kinase. The actual activation of the ATR pathway by AAV genomes has been 
confirmed by the demonstration that the ATR-downstream effector proteins; i.e., Chk1 and 
RPA, become phosphorylated in cells infected with wtAAV2 or UV-irradiated wtAAV2, 
both of which are devoid of the ability to replicate or express viral genes in the system used 
for the experiment (Fragkos et al., 2008; Ingemarsdotter et al., 2010; Jurvansuu et al., 2005, 
2007). Interestingly, rAAV2 genome devoid of the 55-nt CARE within the p5 promoter does 
not evoke the ATR-mediated checkpoint signal, and it has been shown that co-existence of 
both ITR and CARE in an AAV genome is essential for the activation (Fragkos et al., 2008). 
The consequence of the AAV genome-evoked ATR-mediated DDR is G2/M cell cycle arrest 
in wild type cells, while it leads to cell death in p53-deficient cells (Ingemarsdotter et al., 
2010; Jurvansuu et al., 2007) (please see 3.1.4. for more details). Cell cycle arrest in the late S 
and/or G2 phases following infection of wtAAV2 or UV-irradiated wtAAV2 was observed  
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Protein Effects of deficiency2 
Note References3  In vitro  In vivo 

 T C I  T C I 
Artemis     ↓ ↓   1 

ATM ↑ ↓/↑
→ ↑   ↓   2, 3, 4, 5 

ATR ↑/→ → →     wtAAV2-evoked signal ↑ 5 
BLM  ↓       4 
Chk1        wtAAV2-evoked signal ↑  14, 15 

DNA-PKcs ↓ ↓ ↓/↑  ↓ ↓ ↑/→ rAAV2 genome replication ↓ when 
deficient 
wtAAV2 genome replication ↑ when 
deficient 

1, 4, 5, 6, 7, 8, 
15 

Ku70/80(86) ↑ →      wtAAV2 genome replication ↓ when 
deficient 
Targeting efficiency ↑ when deficient 

3, 4 

ligase IV  → ↓      4, 8 
MDC1 ↑        9 
MRN ↑ ↓    →   9, 4, 10 
Rad52 ↓    → →   3, 16 

Rad54B        Targeting efficiency ↓ when deficient 11 
Rad54L        Targeting efficiency ↓ when deficient 11 
WRN  ↓       4 

XRCC3  →      Targeting efficiency ↓ when deficient 4, 11 
pRb        Induction of cell death when deficient 12, 13 
p21        Induction of cell death when deficient 12, 13 
p53        Induction of cell death when deficient 12, 13 

Table 2. DNA repair and AAV 

in an earlier study although how and what DDR is involved was not known at that time 
(Winocour et al., 1988).   

3.1.4 AAV genome-evoked DDR leading to cell death 
A unique aspect of AAV-evoked DDR is the ability to induce cell death without productive 
viral genome amplification, viral gene expression or cellular DNA damage, when cells are 
devoid of p53 expression. In 2001, Raj et al. reported an unexpected experimental 
observation that wtAAV2 infection of an osteosarcoma cell line that lacks expression of 
functional p53 leads to cell death through apoptosis or mitotic catastrophe, whereas the wild 
type control cells merely undergo a transient cell cycle arrest in the G2 phase (Raj et al., 
2001). Mitotic catastrophe is an ill-defined term describing an apoptosis-like cell death 
during mitosis that takes place even in the presence of unrepaired DNA damage (Castedo et 
al., 2004; Vakifahmetoglu et al., 2008). This p53 deficiency-dependent cell killing effect was 
                                                                 
2 Observed effects caused by deficiency or knockdown are summarized.  T, transduction efficiency; C, 
AAV genome self- circularization efficiency; I, AAV genome integration efficiency. In the table, arrows 
indicate an increase (↑), a decrease (↓) or no change (→). 
3 References cited are as follows: 1, Inagaki et al., 2007b; 2, Sanlioglu et al., 2000; 3, Zentilin et al., 2001; 4, 
Choi et al., 2006; 5, Cataldi et al., 2010; 6, Song et al., 2006; 7, Choi et al., 2010; 8, Daya et al., 2009; 9, 
Cervelli et al., 2008; 10, Schwartz et al., 2007; 11, Vasileva et al., 2006; 12, Garner et al., 2007; 13, Raj et al., 
2001; 14, Schwartz et al., 2009; 15, Collaco et al., 2009; 16, Nakai, unpublished. 
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also observed when cells were infected with UV-irradiated wtAAV2 or microinjected with a 
145-nt AAV2-ITR oligonucleotide, demonstrating that the unusual structure of the AAV2-
ITR sequence itself is the culprit (Raj et al., 2001). Initially it was presumed that infection of 
wtAAV2 activates the ATM-p53-mediated DDR, which in turn increases and decreases the 
levels of p21 and CDC25C, respectively, resulting in the G2 arrest (Raj et al., 2001). Although 
the mechanism of p53 deficiency-dependent cell killing by AAV genomes still remains 
elusive, a series of subsequent studies on this phenomenon has revealed at least three 
potentially independent AAV-evoked pathways leading to cell death: the pathways 
involving (1) p53-p21-pRb, (2) p84N5 via caspase 6, and (3) ATR-Chk1. In the first 
mechanism, AAV-evoked DDR signal is transduced to a potent antiapoptotic proteins, pRb, 
via p53 and p21. Therefore, cells defective in this pathway fail to transduce the DDR signal 
to pRb, leading to apoptosis (Garner et al., 2007). In the second mechanism, functional defect 
of the p53-p21-pRb pathway allows activation of the nuclear death domain protein p84N5, 
which otherwise is inhibited by association with pRb (Doostzadeh-Cizeron et al., 1999). The 
activated p84N5 then induces apoptosis via caspase-6 (Garner et al., 2007). In the third 
mechanism, AAV genomes activate ATR, which in turn phosphorylates Chk1, causing a 
transient cell cycle arrest in the G2 phase. In the absence of p53, cells fail to sustain the G2 
arrest following degradation of the unstable Chk1, progress suicidally into mitosis, and die 
via mitotic catastrophe associated with centriole overduplication and the subsequent 
formation of multipolar mitotic spindles (Ingemarsdotter et al., 2010; Jurvansuu et al., 2007). 
Whether all of the pathways or only some of them are triggered by AAV genomes remains 
unknown at present.  

3.1.5 AAV2 Rep68/78-evoked DDR 
In addition to AAV genome as a trigger of DDR, AAV2 large Rep proteins (i.e., Rep68/78) 
themselves also evoke DDR independent of AAV genome. In the lytic phase of the AAV life 
cycle where cells are co-infected with a helper virus, Rep proteins are strongly expressed 
and exert many functions in the network of cellular proteins and viral factors derived from 
adenovirus or other helpers. Rep proteins can also be expressed without helper virus 
infection but only to a limited extent due in part to the large Reps' ability to negatively 
regulate their own promoter (p5) and the promoter for the small Rep proteins (p19) (Beaton 
et al., 1989; Kyostio et al., 1994). The significance of Rep68/78 expression in the absence of 
helper viruses reside in a series of the AAVS1-targeting approaches that exploit wtAAV2's 
ability to introduce exogenously derived DNA into the AAVS1 site in a site-specific manner 
(Figure 2c) (Henckaerts & Linden, 2010; Linden et al., 1996a). In these approaches, a donor 
vector in any context (e.g., plasmid DNA, adenoviral vectors or rAAV) containing a gene of 
interest and RBS is delivered to human cells where AAV2 large Rep expression is supplied 
by the same vector or a separate one. The AAV2-ITR sequence is commonly used as an RBS-
containing cis element; however, the p5 promoter also serves as an alternative (Philpott et 
al., 2002). 
It has been known that Rep68/78 shows significant cellular toxicity due to the strong 
antiproliferative action of the protein (Yang et al., 1994). Rep78 completely blocks the cell 
cycle in the S phase (Saudan et al., 2000). Studies have shown that Rep78 exerts two 
independent but complementing DDR-associated cellular signal transduction pathways to 
arrest the cell cycle. The two pathways are the pRb pathway and the ATM-Chk2 pathway 
(Berthet et al., 2005). In the first pRb pathway, Rep78 expression leads to an increased level 
of the cyclin-dependent kinase inhibitor p21 and accumulation of hypophosphorylated pRb, 
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the active form of pRb protein (Berthet et al., 2005; Saudan et al., 2000) (Figure 2c). 
Consequently, cellular proteins that control cell cycle progression such as cyclin A, cyclin 
B1, and Cdc2, are down-regulated, resulting in slowing down the cell cycle (Saudan et al., 
2000). Supporting this model, this effect is substantially attenuated in pRb-deficient mouse 
embryonic fibroblasts (Saudan et al., 2000). An increased amount of p21 might explain the 
inability to phosphorylate pRb upon large Rep expression, but the transcriptional activation 
of p21 has been shown to occur via a p53-independent pathway (Hermanns et al., 1997). In 
the second ATM-Chk2 pathway, the DNA-nicking activity of Rep68/78 creates multiple 
damaged sites in the cellular genome, which activates the ATM-Chk2 pathway and arrests 
the cell cycle (Figure 2c) (Berthet et al., 2005). Large Rep proteins create a break in only one 
strand of two-stranded DNA, which is not a type of damage that usually activates ATM. It is 
currently unknown how Rep68/78-induced DNA damage triggers this pathway. Worthy to 
note, activation of either one of the above-mentioned two pathways by itself is not sufficient 
for the complete block of the cell cycle, which is attainable by Rep68/78 expression (Berthet 
et al., 2005). It appears that there would be many other Rep68/78-associated DNA repair 
pathways that have yet to be identified. This is because a recent study using a tandem 
affinity purification (TAP) approach has demonstrated physical interaction of Rep78 with 
many DNA repair-associated proteins including DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs), minichromosome maintenance (MCM) proteins, Ku70/80, 
proliferating cell nuclear antigen (PCNA), RPA, and structural maintenance of chromosome 
2 (SMC2) (Nash et al., 2009).    

3.2 wtAAV2 genome replication and DNA repair pathways 
In the lytic phase of the wtAAV2 life cycle, viral genome replication requires co-infection of 
a helper virus. Since human adenoviruses have been most extensively studied in the context 
of AAV virology, this section specifically focuses on the interplay between wtAAV2, human 
adenoviruses, and DNA repair machinery. The adenoviral components required in the lytic 
infection are E1a, E1b55k, E4orf6, DBP, and VAI. A series of adenovirus/AAV co-infection 
studies has provided significant insights into how DDR and DNA repair machinery play 
roles in AAV genome replication in the presence of adenovirus helper functions (Collaco et 
al., 2009; Schwartz et al., 2009). It has been shown that adenoviral E1b55k/E4orf6 degrades 
the MRN complex via the ubiquitin-proteasome pathway and E4orf3 mislocalizes the MRN 
complex to aggresome, abrogating the MRN function in triggering the ATM and ATR 
pathways (Figure 2a) (Collaco et al., 2009). In addition, E4orf6 dissociates ligase IV from 
ligase IV/XRCC complex and degrades it (Jayaram et al., 2008). The main consequence of 
this adenoviral manipulation of DDR is inhibition on NHEJ, which prevents concatemeric 
adenoviral genome formation and promotes adenoviral genome replication and packaging. 
Although it remains elusive how beneficial the inhibition of NHEJ is in the AAV lytic life 
cycle, the significance of E1b/E4-mediated degradation of MRN complex in the wtAAV2 
lytic cycle has been revealed by the observation that the MRN complex binds to AAV-ITR 
and inhibits wtAAV2 genome replication and rAAV vector transduction (Cervelli et al., 
2008; Schwartz et al., 2007). Along the same line, the observation that cells deficient in ATM 
exhibit a higher rAAV transduction efficiency (Sanlioglu et al., 2000) might be explainable 
on the assumption that lack of ATM would be an equivalent to inactivation of the MRN 
complex because the MRN complex serves as a damage sensor that activates the ATM 
pathway (Carson et al., 2003). It is tempting to propose that dislocation of the MRN complex 
and other inhibitory factors from AAV genomes to the sites in the cellular genome where 
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2008; Schwartz et al., 2007). Along the same line, the observation that cells deficient in ATM 
exhibit a higher rAAV transduction efficiency (Sanlioglu et al., 2000) might be explainable 
on the assumption that lack of ATM would be an equivalent to inactivation of the MRN 
complex because the MRN complex serves as a damage sensor that activates the ATM 
pathway (Carson et al., 2003). It is tempting to propose that dislocation of the MRN complex 
and other inhibitory factors from AAV genomes to the sites in the cellular genome where 
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genome integrity is more severely threatened, is the mechanism for the augmentation  
of wtAAV2 genome replication and rAAV vector transduction by genotoxic treatment  
(Figure 2g). Suppression of the NHEJ pathway that involves DNA-PKcs and Ku proteins, 
however, may or may not be beneficial, because one study has shown that deficiency of 
these proteins both resulted in impaired rAAV2 genome replication (Choi et al., 2010) 
whereas another study has reported that siRNA-mediated knockdown of DNA-PKcs 
enhanced wtAAV2 genome replication (Collaco et al., 2009).   
In addition to the adenovirus-evoked DDR, productive wtAAV2 viral genome replication 
triggers DDR distinct from that observed in adenovirus only infection (Collaco et al., 2009; 
Schwartz et al., 2009). Adenovirus-wtAAV2 co-infection results in much more 
pronounced activation of ATM and the checkpoint kinases, Chk1 and Chk2. This 
activation occurs independently of the MRN complex; therefore, the activation sustains 
even if MRN complex starts being degraded by adenoviral E1b/E4 proteins (Collaco et al., 
2009). Other DDR substrate proteins RPA, NBS1 and H2AX become phosphorylated as the 
lytic phase progresses (Collaco et al., 2009; Schwartz et al., 2009). It has been shown that 
AAV genome replication is essential and sufficient to induce the DDR signal transduction 
cascade observed in the adenovirus co-infection, and Rep proteins does not play a role in 
the activation of DDR (Collaco et al., 2009; Schwartz et al., 2009). Among the three 
phosphatidylinositol 3-kinase-like kinases (PIKKs) that initiate signal transduction (i.e., 
ATM, ATR and DNA-PKcs), ATM and DNA-PKcs are the primary kinases that 
phosphorylate downstream DDR substrates, and ATR appears to play only a minor role 
in the lytic phase of the AAV life cycle (Collaco et al., 2009; Schwartz et al., 2009). 
Although the significance of the DDR in the AAV lytic cycle remains unclear, the 
activation of the ATM pathway appears to be beneficial for AAV genome replication 
(Collaco et al., 2009).  

3.3 rAAV genome recombination and DNA repair pathways 
3.3.1 rAAV genome processing is mediated solely by DNA repair machinery 
After entering nuclei, rAAV virion shells break down, releasing single-stranded (ss) vector 
genomes into nucleoplasm, which subsequently convert to various forms of double-
stranded (ds) genomes (Deyle & Russell, 2009; Schultz & Chamberlain, 2008). It should be 
noted that rAAV does not express any viral gene products that can process viral genomes 
such as recombinases and integrases; therefore the processing of viral genomes must heavily 
depend on DNA repair machinery. In addition, unlike the battle between adenovirus and 
the host DNA repair systems as described in 3.2, rAAV has no means to manipulate DNA 
repair pathways once viral genomes evoke DDR. Unless rAAV genomes have been 
processed to completion into stable ds DNA with no free ends, DDR would remain 
activated due to the continued presence of viral DNA in an unusual structure presenting a 
single strand with free ends. In mammalian cells, extrachromosomal free DNA ends at ds 
rAAV genome termini as well as those in ds linear plasmid DNA, when exogenously 
delivered, appear to be removed primarily by ligating two free ends and making a single 
continuous ds DNA strand via NHEJ and/or occasionally HR rather than by DNA 
degradation (Nakai et al., 2003b; Nakai, unpublished observation). In this sense, the rAAV 
genomes processed into various forms in their latency could be viewed as byproducts that 
have been created and disposed of by a cellular defense mechanism against potentially toxic 
exogenous agents.  
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3.3.2 Single-to-double-stranded rAAV genome conversion and DNA repair machinery 
How ss rAAV genomes become ds DNA is not completely understood but the process 
involves the following two mechanisms; second-strand synthesis (Ferrari et al., 1996; Fisher 
et al., 1996; Zhong et al., 2008; Zhou et al., 2008) and annealing of plus and minus strands 
(Hauck et al., 2004; Nakai et al., 2000). It has been shown that, upon rAAV infection, the 
MRN complex becomes activated, physically associates with AAV2-ITR and inhibits 
wtAAV2 replication and rAAV transduction (Figure 2a and h) (Cervelli et al., 2008; 
Schwartz et al., 2007); therefore, MRN appears to have some role in the conversion of ss to 
ds DNA. ATM has also been suggested to be a cellular factor that inhibits the single-to-
double-stranded genome conversion because transduction efficiency with ss rAAV is 
significantly enhanced in ATM-deficient cells in vitro (Figure 2h) (Sanlioglu et al., 2000). 
However, a recent study has proposed an ATM-mediated gene silencing model rather than 
the mechanism involving the second-strand synthesis to explain the ATM's inhibitory effect. 
This model stems from the observation that, in the absence of ATM, ds rAAV transduction 
was enhanced as well, indicating that an alternative mechanism other than second-strand 
synthesis is involved (Cataldi & McCarty, 2010). Another factor that is known to inhibit this 
process is tyrosine-phosphorylated FKBP52, which binds to AAV-ITR and inhibits second-
strand synthesis (Qing et al., 2001). Its dephosphorylation by T-cell protein tyrosine 
phosphatase (TC-PTP) dissociates FKBP52 from AAV-ITR, allowing the formation of ds 
genomes (Qing et al., 2003). In vitro AAV replication studies have identified the DNA 
polymerase that catalyzes second-strand synthesis as DNA polymerase δ (Nash et al., 2007), 
which is a polymerase that fills a single-stranded DNA gap created during the nuclear 
excision repair (Torres-Ramos et al., 1997). Physical association of DNA polymerase δ and 
AAV genome has also been demonstrated (Jurvansuu et al., 2005). At present it remains 
elusive whether and how the above-mentioned signal kinases (i.e., MRN and ATM) and 
effectors (FKBP52 and DNA polymerase δ) are linked in the rAAV-evoked DDR.  

3.3.3 Extrachromosomal rAAV genome recombination and DNA repair machinery 
In addition to the above-mentioned single-to-double-stranded genome conversion, rAAV 
genomes are further processed into the following stable ds forms by intra- or inter-
molecular DNA recombination mediated solely by DNA repair machinery, and establish the 
latent infection. The viral genome forms in the latent phase include ds circular monomers, 
large concatemers (circular and/or linear), and rAAV proviral genomes that are stably 
integrated into the host cellular genome at low frequencies (Deyle & Russell, 2009; Schultz & 
Chamberlain, 2008). It has not been determined when the rAAV genome recombination 
takes place, which may be either before, at, or after completion of the single-to-double-
stranded genome conversion. In dividing cells, extrachromosomal genomes are lost because 
they do not replicate episomally, whereas they can be stabilized and maintained as 
chromatin in quiescent cells in animal tissues (Penaud-Budloo et al., 2008). Earlier studies 
indicated that the formation of large concatemeric rAAV genomes is important for 
transgene expression; however, accumulated observations might favor a model in which 
extrachromosomal circular monomer genomes, not large concatemers or integrated forms, 
are primarily responsible for persistent and stable transgene expression in rAAV-transduced 
animal tissues (Nakai et al., 2001; Nakai et al., 2002; Nathwani et al., 2011).    
In extrachromosomal rAAV genome recombination, AAV-ITR plays a pivotal role in 
mediating recombination. Although it has yet to be elucidated how DDR is evoked by rAAV 
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genome integrity is more severely threatened, is the mechanism for the augmentation  
of wtAAV2 genome replication and rAAV vector transduction by genotoxic treatment  
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genomes in the context of rAAV genome recombination, it is not unreasonable to speculate 
that the T-shaped hairpin structure within the AAV-ITR and/or ss DNA-ds DNA junctions 
in the stem of the hairpin DNA trigger DDR. A set of DNA repair proteins, which includes 
DNA-PKcs, Artemis, ATM, MRN, BLM, and WRN (Figure 2h), has been found to be 
involved in rAAV genome recombination (Cataldi & McCarty, 2010; Choi et al., 2006; Duan 
et al., 2003; Inagaki et al., 2007b; Nakai et al., 2003b; Sanlioglu et al., 2000; Song et al., 2001). 
Deficiency of these proteins impairs intramolecular recombination of ss rAAV and/or ds 
rAAV genomes via the AAV-ITR sequence. DNA-PKcs and Artemis are the two major 
components in the classical NHEJ pathway of DSB repair. Artemis, when activated by DNA-
PKcs, possesses an endonuclease activity and resolves DNA hairpin loops and flaps formed 
at broken DNA ends to facilitate ds DNA end joining (Ma et al., 2005). BLM and WRN are 
members of the RecQ family of DNA helicases. They unwind ds DNA to ensure the 
formation of proper recombination intermediates, and mediate a various types of DNA 
transactions, mainly HR (Bernstein et al., 2010). MRN is a multifaceted protein complex that 
functions as a primary sensor of DSB, binds DNA lesion, recruits ATM, and processes DNA 
ends by utilizing the Mre11 endo- and exo-nuclease activity that creates recombinogenic 3' 
single-stranded tails (Williams et al., 2010). The initial study of the structure of ITR-ITR 
junction sequences revealed that the majority of the recombination junctions in ds circular 
monomer genomes exhibited a 165-nt double-D ITR structure, the hallmark of HR (Duan et 
al., 1999; Xiao et al., 1997). This indicates that HR is the major pathway for intra- and inter-
molecular genome recombination events. Supporting this view, Rad52, which is a key player 
in HR, was identified as a protein that binds to rAAV genomes in cultured cells (Zentilin et 
al., 2001). Interestingly, deficiency of Rad52 does not affect rAAV transduction efficiency or 
genome processing in murine liver (Nakai, unpublished observation). It remains possible 
that HR plays a major role in rAAV genome recombination at least under certain cellular 
environment; however, accumulated observations by us and others rather support a model 
in which NHEJ is the major pathway for extrachromosomal rAAV genome recombination. 
In the absence of DNA-PKcs or Artemis, intramolecular recombination is significantly 
impaired in cultured cells and animal tissues (Cataldi & McCarty, 2010; Duan et al., 2003; 
Inagaki et al., 2007b; Nakai et al., 2003b; Song et al., 2001), and the footprints on junction 
DNA are quite consistent with NHEJ-mediated recombination, showing nucleotide 
deletions of various degrees with occasional microhomology at junctions (Inagaki et al., 
2007b). Interestingly, intra- and inter-molecular recombination events that form ds circular 
monomers and ds concatemers, respectively, are differentially regulated by different DNA 
repair pathways (Figure 2h). Intramolecular recombination heavily depends on the 
Artemis/DNA-PKcs-dependent NHEJ pathway, while the NHEJ pathways that mediate 
intermolecular recombination are redundant because intermolecular recombination occurs 
efficiently in the absence of DNA-PKcs or Artemis (Inagaki et al., 2007b). The DNA-PKcs or 
Artemis-independent NHEJ might be those involving ATM and/or MRN (Cataldi & 
McCarty, 2010; Choi et al., 2006; Duan et al., 2003; Inagaki et al., 2007b; Nakai et al., 2003b; 
Sanlioglu et al., 2000; Song et al., 2001). Alternatively, HR might be the major pathway for 
intermolecular rAAV recombination. This model stems from the observation that 
recombination between two homologous AAV-ITRs derived from the same serotype is 
preferred to that between two non-homologous AAV-ITRs derived from different serotypes 
(Yan et al., 2007). The ATR pathway does not appear to be involved in extrachromosomal 
rAAV genome recombination (Cataldi & McCarty, 2010).  
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How DNA-PKcs and Artemis process rAAV genome termini and mediate recombination 
has been extensively studied in the context of murine tissues. In DNA-PKcs or Artemis-
deficient SCID mice, ds linear rAAV genomes with covalently closed hairpin caps at genome 
termini accumulate in rAAV-transduced tissues (Figure 3b). In SCID mouse thymi, V(D)J 
recombination is impaired resulting in accumulation of covalently-sealed hairpin 
intermediates at V(D)J coding ends in the T cell receptor gene (Rooney et al., 2002; Roth et 
al., 1992) (Figure 3a). These two phenomena are essentially the same in that if hairpin 
structures at DNA ends are not cleaved by the Artemis/DNA-PKcs endonuclease activity, 
covalently closed DNA ends accumulate without undergoing further recombination. 
Therefore, intramolecular recombination most likely uses the same Artemis/DNA-PKcs-
dependent NHEJ pathway used for V(D)J recombination. It is not easy to determine GC-rich 
AAV-ITR hairpin DNA structures at sequencing levels; however this shortcoming has been 
overcome by exploiting the bisulfite PCR technique. Utilizing this method, the primary 
cleavage site by the Artemis/DNA-PKcs endonuclease activity has been mapped to the 5' 
end of the 3-base AAA loop at the AAV-ITR hairpin tips (Figure 3b) (Inagaki et al., 2007b). 
In DNA-PKcs-deficient SCID mouse tissues, the relative proportion of rAAV genome 
recombination junctions exhibiting the hallmark of HR increases, indicating compensatory 
activation of HR in the absence of DNA-PKcs in quiescent cells in animal tissues (Nakai, 
unpublished observation). In this regard, worthy of note are the following observations 
made by us and others that DNA repair pathways might somehow be linked to epigenetic 
modifications of rAAV genomes. We have found that the cytomegalovirus (CMV) 
immediately early gene promoter in rAAV genome can be significantly silenced in Artemis- 
or DNA-PKcs-deficient mouse muscle (Nakai, unpublished observation). Recently, Cataldi 
et al. reported that the CMV promoter is somewhat silenced in ATM-proficient murine 
fibroblasts compared to that in ATM-deficient cells (Cataldi & McCarty, 2010). These 
observations imply that rAAV genome recombination via NHEJ generates more functionally 
active genomes than HR presumably due to a difference in epigenetic modifications of 
rAAV genomes (Cataldi & McCarty, 2010).  

3.4 rAAV genome integration and DNA repair pathways 
rAAV is devoid of Rep68/78 expression; therefore, it lacks the ability to integrate into the 
cellular genome site specifically. In addition, rAAV does not harness machinery designed 
specifically for integration into the cellular genome. rAAV vectors are generally considered 
as episomal vectors, but they do integrate into the cellular genome of both dividing and 
non-dividing cells at low frequencies (Deyle & Russell, 2009; McCarty et al., 2004). This 
process is entirely dependent on the host cellular DNA repair machinery. Although it is not 
easy to determine the frequency of rAAV genome integration in each case and it may vary 
depending on the amount of rAAV genomes delivered to cells, integration has been 
reported to occur at approximately ~0.1% of total input rAAV genomes (Russell et al., 1994) 
or up to ~4% of cell population in rAAV-infected cultured cells (Cataldi & McCarty, 2010), 
or at approximately 0.1% of rAAV-transduced hepatocytes when rAAV is injected into 
newborn mice (Inagaki et al., 2008). rAAV genome integration occurs at nonrandom sites in 
both cultured cells and somatic cells in animals. The preferred genomic sites for integration 
include the 45s pre-ribosomal RNA gene, transcriptionally active genes, DNA palindromes, 
CpG islands, and the neighborhood of transcription start sites (Inagaki et al., 2007a; Miller et 
al., 2005; Nakai et al., 2003a). Although the mechanism of integration remains largely 
unknown, it has been presumed that input rAAV genomes are fortuitously captured at pre- 
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genomes in the context of rAAV genome recombination, it is not unreasonable to speculate 
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involved in rAAV genome recombination (Cataldi & McCarty, 2010; Choi et al., 2006; Duan 
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rAAV genomes via the AAV-ITR sequence. DNA-PKcs and Artemis are the two major 
components in the classical NHEJ pathway of DSB repair. Artemis, when activated by DNA-
PKcs, possesses an endonuclease activity and resolves DNA hairpin loops and flaps formed 
at broken DNA ends to facilitate ds DNA end joining (Ma et al., 2005). BLM and WRN are 
members of the RecQ family of DNA helicases. They unwind ds DNA to ensure the 
formation of proper recombination intermediates, and mediate a various types of DNA 
transactions, mainly HR (Bernstein et al., 2010). MRN is a multifaceted protein complex that 
functions as a primary sensor of DSB, binds DNA lesion, recruits ATM, and processes DNA 
ends by utilizing the Mre11 endo- and exo-nuclease activity that creates recombinogenic 3' 
single-stranded tails (Williams et al., 2010). The initial study of the structure of ITR-ITR 
junction sequences revealed that the majority of the recombination junctions in ds circular 
monomer genomes exhibited a 165-nt double-D ITR structure, the hallmark of HR (Duan et 
al., 1999; Xiao et al., 1997). This indicates that HR is the major pathway for intra- and inter-
molecular genome recombination events. Supporting this view, Rad52, which is a key player 
in HR, was identified as a protein that binds to rAAV genomes in cultured cells (Zentilin et 
al., 2001). Interestingly, deficiency of Rad52 does not affect rAAV transduction efficiency or 
genome processing in murine liver (Nakai, unpublished observation). It remains possible 
that HR plays a major role in rAAV genome recombination at least under certain cellular 
environment; however, accumulated observations by us and others rather support a model 
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impaired in cultured cells and animal tissues (Cataldi & McCarty, 2010; Duan et al., 2003; 
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deletions of various degrees with occasional microhomology at junctions (Inagaki et al., 
2007b). Interestingly, intra- and inter-molecular recombination events that form ds circular 
monomers and ds concatemers, respectively, are differentially regulated by different DNA 
repair pathways (Figure 2h). Intramolecular recombination heavily depends on the 
Artemis/DNA-PKcs-dependent NHEJ pathway, while the NHEJ pathways that mediate 
intermolecular recombination are redundant because intermolecular recombination occurs 
efficiently in the absence of DNA-PKcs or Artemis (Inagaki et al., 2007b). The DNA-PKcs or 
Artemis-independent NHEJ might be those involving ATM and/or MRN (Cataldi & 
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Sanlioglu et al., 2000; Song et al., 2001). Alternatively, HR might be the major pathway for 
intermolecular rAAV recombination. This model stems from the observation that 
recombination between two homologous AAV-ITRs derived from the same serotype is 
preferred to that between two non-homologous AAV-ITRs derived from different serotypes 
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Fig. 3. A similarity of Artemis / DNA-PKcs-mediated hairpin cleavage in V(D)J 
recombination and AAV-ITR recombination. (a) During V(D)J recombination, the 
recombination activating gene products, Rag1 and Rag2 endonucleases, cleave the 
immunoglobulin and T cell receptor genes, forming covalently closed hairpin loops at 
cleaved DNA ends. Artemis/DNA-PKcs complex resolves the hairpin loops, which triggers 
the subsequent recombination between the two coding ends via the classical NHEJ DNA 
repair pathway. In cells deficient in either Artemis or DNA-PKcs (SCID phenotype), hairpin 
coding ends remain unrecombined and accumulate. (b) The same Artemis/DNA-PKcs-
dependent NHEJ pathway mediates intramolecular AAV-ITR recombination, forming 
circular monomer genomes. Intermolecular AAV-ITR recombination occurs independently 
of Artemis/DNA-PKcs. A red arrowhead indicates the primary target for Artemis/DNA-
PKcs-mediated cleavage. In SCID mouse tissues, ds linear rAAV genomes with covalently 
closed AAV-ITR hairpin caps accumulate. 

existing breaks in the cellular genome when the DNA breaks are repaired by DNA repair 
machinery, which establishes rAAV integration. This model has been supported by the 
observations that rAAV genome integrations are frequently found at I-SceI-induced DSBs in 
the cellular genome (Miller et al., 2004) and genotoxic treatments can increase integration 
rates (Russell et al., 1995). Clinically, rAAV vectors are generally considered to be safe; 
however, one study has shown that vector genome integration could cause insertional 
mutagenesis leading to hepatocarcinogenesis in a mouse model (Donsante et al., 2007). 
The detailed analyses of rAAV vector genome-cellular genome junction sequences in 
cultured cells and murine tissues have provided significant insights into which and how 
DNA repair pathways play roles in rAAV integration (Inagaki et al., 2007a; Miller et al., 
2005; Nakai et al., 2005b). rAAV integration does not take place in a neat cut-and-paste 
fashion and always accompanies various degrees of deletions in rAAV genome terminal 
sequences and the cellular genomes around integration sites. Complex genomic 
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rearrangements are not rare and integration often causes a chromosomal translocation. All 
of these observations fit very well with a model in which NHEJ mediates rAAV integration.  
A series of studies has shown that DNA-PKcs has negative or positive effects on integration 
depending on the experimental systems used (Figure 2i). In a cell-free in vitro rAAV 
integration system, ss rAAV integration frequency increases and decreases by the addition 
of DNA-PKcs antibody and purified DNA-PKcs, respectively, leading to a conclusion that 
DNA-PKcs inhibits rAAV integration (Song et al., 2004). Whereas, in a cell culture system 
using DNA-PKcs-proficient M059K and deficient M059J cells, DNA-PKcs has been shown to 
enhance integration of both ss rAAV and ds rAAV (Cataldi & McCarty, 2010; Daya et al., 
2009). In the context of animal experiment, Song et al. have exploited a two-thirds partial 
hepatectomy approach and shown that rAAV genomes integrate in DNA-PKcs-deficient 
SCID mouse livers at a significantly greater frequency than that of wild type control animals 
(i.e., >50% in SCID versus <10% in wild type mice) (Song et al., 2004). Whereas, our most 
recent study has indicated that this effect could be observed at a limited range of liver 
transduction levels, and deficiency of DNA-PKcs may not have a generalized effect on 
rAAV integration frequency (Adachi & Nakai, unpublished observation). Nonetheless, a 
high-throughput ss rAAV integration site analysis in mouse liver, muscle and heart has 
successfully identified many rAAV integration sites in both wild type and SCID mouse 
tissues. This indicates that DNA-PKcs itself does not play a direct role in the process of 
rAAV genome integration (Figure 2i) (Inagaki et al., 2007a). Other DNA repair proteins that 
might participate in the rAAV genome integration process include ATM, which also shows 
varying effects on integration in cell culture experiments depending on the types of cells and 
rAAV (i.e., ss versus ds rAAV) (Cataldi & McCarty, 2010; Sanlioglu et al., 2000). 
Interestingly, our study has implied that rAAV genomes more preferably integrate in the 
cellular genome than remain as extrachromosomal genomes when murine hepatocytes 
receive a minimum rAAV dose to establish latency (Adachi & Nakai, unpublished 
observation). This observation indicates that different DDRs are evoked and recruit different 
DNA repair machinery depending on the amount of DDR triggers in a cell. Collectively, at 
this point, there is no consensus model that explains which and how DNA repair pathways 
mediate rAAV integration. As for the integration of rAAV at the AAVS1 site in the presence 
of Rep68/78 expression, DNA-PKcs enhances site-specific integration of ss rAAV but not ds 
rAAV, indicating differential effects of DNA repair proteins in the Rep-mediated integration 
(Daya et al., 2009). 

3.5 rAAV-mediated gene targeting and DNA repair pathways 
HR mediated by the conventional vector systems occurs with efficiencies of a range of 10-6 to 
10-7. In this regard, rAAV has become increasingly popular as the most efficient tool to 
precisely introduce defined DNA modifications at the target site in the cellular genome with 
remarkably high efficiencies of up to 1% in the cell population (Hendrie & Russell, 2005; 
Khan et al., 2011; Russell & Hirata, 1998; Vasileva & Jessberger, 2005). Targeting efficiencies 
could be increased further by 60-100 fold or more by introducing a DSB at the target site 
with a site-specific endonuclease (Miller et al., 2003; Porteus et al., 2003). This system, named 
the gene targeting rAAV vector system, has been applied in various disciplines, not only for 
gene therapy (Chamberlain et al., 2004) but also for generating knockout animals (Sun et al., 
2008) and other types of basic research (Khan et al., 2011). Gene targeting rAAV serves as a 
donor vector that carries a DNA segment homologous to the chromosomal target sequence 
with a desired modification being introduced. The length of the homology arms can be 1.7 
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however, one study has shown that vector genome integration could cause insertional 
mutagenesis leading to hepatocarcinogenesis in a mouse model (Donsante et al., 2007). 
The detailed analyses of rAAV vector genome-cellular genome junction sequences in 
cultured cells and murine tissues have provided significant insights into which and how 
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fashion and always accompanies various degrees of deletions in rAAV genome terminal 
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rearrangements are not rare and integration often causes a chromosomal translocation. All 
of these observations fit very well with a model in which NHEJ mediates rAAV integration.  
A series of studies has shown that DNA-PKcs has negative or positive effects on integration 
depending on the experimental systems used (Figure 2i). In a cell-free in vitro rAAV 
integration system, ss rAAV integration frequency increases and decreases by the addition 
of DNA-PKcs antibody and purified DNA-PKcs, respectively, leading to a conclusion that 
DNA-PKcs inhibits rAAV integration (Song et al., 2004). Whereas, in a cell culture system 
using DNA-PKcs-proficient M059K and deficient M059J cells, DNA-PKcs has been shown to 
enhance integration of both ss rAAV and ds rAAV (Cataldi & McCarty, 2010; Daya et al., 
2009). In the context of animal experiment, Song et al. have exploited a two-thirds partial 
hepatectomy approach and shown that rAAV genomes integrate in DNA-PKcs-deficient 
SCID mouse livers at a significantly greater frequency than that of wild type control animals 
(i.e., >50% in SCID versus <10% in wild type mice) (Song et al., 2004). Whereas, our most 
recent study has indicated that this effect could be observed at a limited range of liver 
transduction levels, and deficiency of DNA-PKcs may not have a generalized effect on 
rAAV integration frequency (Adachi & Nakai, unpublished observation). Nonetheless, a 
high-throughput ss rAAV integration site analysis in mouse liver, muscle and heart has 
successfully identified many rAAV integration sites in both wild type and SCID mouse 
tissues. This indicates that DNA-PKcs itself does not play a direct role in the process of 
rAAV genome integration (Figure 2i) (Inagaki et al., 2007a). Other DNA repair proteins that 
might participate in the rAAV genome integration process include ATM, which also shows 
varying effects on integration in cell culture experiments depending on the types of cells and 
rAAV (i.e., ss versus ds rAAV) (Cataldi & McCarty, 2010; Sanlioglu et al., 2000). 
Interestingly, our study has implied that rAAV genomes more preferably integrate in the 
cellular genome than remain as extrachromosomal genomes when murine hepatocytes 
receive a minimum rAAV dose to establish latency (Adachi & Nakai, unpublished 
observation). This observation indicates that different DDRs are evoked and recruit different 
DNA repair machinery depending on the amount of DDR triggers in a cell. Collectively, at 
this point, there is no consensus model that explains which and how DNA repair pathways 
mediate rAAV integration. As for the integration of rAAV at the AAVS1 site in the presence 
of Rep68/78 expression, DNA-PKcs enhances site-specific integration of ss rAAV but not ds 
rAAV, indicating differential effects of DNA repair proteins in the Rep-mediated integration 
(Daya et al., 2009). 

3.5 rAAV-mediated gene targeting and DNA repair pathways 
HR mediated by the conventional vector systems occurs with efficiencies of a range of 10-6 to 
10-7. In this regard, rAAV has become increasingly popular as the most efficient tool to 
precisely introduce defined DNA modifications at the target site in the cellular genome with 
remarkably high efficiencies of up to 1% in the cell population (Hendrie & Russell, 2005; 
Khan et al., 2011; Russell & Hirata, 1998; Vasileva & Jessberger, 2005). Targeting efficiencies 
could be increased further by 60-100 fold or more by introducing a DSB at the target site 
with a site-specific endonuclease (Miller et al., 2003; Porteus et al., 2003). This system, named 
the gene targeting rAAV vector system, has been applied in various disciplines, not only for 
gene therapy (Chamberlain et al., 2004) but also for generating knockout animals (Sun et al., 
2008) and other types of basic research (Khan et al., 2011). Gene targeting rAAV serves as a 
donor vector that carries a DNA segment homologous to the chromosomal target sequence 
with a desired modification being introduced. The length of the homology arms can be 1.7 
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kb or potentially shorter, which is an advantage over the conventional targeting vectors that 
require a longer homologous DNA sequence (Hirata & Russell, 2000). Despite significant 
advance in the applications of the system, the underlying mechanism for rAAV-mediated 
gene targeting is poorly understood. As described above, rAAV does not harness any 
machinery designed specifically for mediating highly efficient gene targeting. The unusual 
structure of viral genome DNA is the only element that makes the system much more 
efficient than the conventional approaches.  
The mechanism of rAAV-mediated gene targeting has just begun to be partly elucidated. 
Studies have indicated that the single-stranded nature of gene-targeting rAAV is key to 
efficient gene targeting reactions. Experimental evidence has come from the observation 
that, when mixtures of gene-targeting ss rAAV and ds rAAV vectors were used, gene 
correction rates correlated with the amounts of ss rAAV but not ds rAAV within the 
mixtures (Hirata & Russell, 2000). Another study took advantage of recombinant minute 
virus of mice (rMVM), a rAAV-like parvovirus-based vector that predominantly packages 
viral genomes of minus polarity and does rarely undergo second-strand synthesis to form 
ds viral genomes. When reporter cells were infected with gene-targeting rMVM vectors 
containing either the coding or noncoding strand of a transgene cassette, a significant 
difference in targeting efficiencies was revealed between the two, indicating that ss viral 
genomes are the substrate (Hendrie et al., 2003). However, a recent study points out 
limitations in the previously used assay systems and argues against the above model 
because ds rAAV has also been found to mediate gene targeting at a higher level compared 
with the ss rAAV control (Hirsch et al., 2010). Although the nature of gene targeting 
substrates may be a subject of debate, it is clear that rAAV genome integration and rAAV-
mediated gene targeting use different DNA repair pathways. Genotoxic treatment, which 
significantly augments rAAV genome integrations, does not affect gene targeting efficiency 
(Hirata & Russell, 2000). In addition, rAAV gene targeting occurs preferentially in S-phase 
cells and does not take place at an appreciable level in terminally differentiated murine 
skeletal muscle fibers (Liu et al., 2004; Trobridge et al., 2005). Moreover, the cell cycle 
dependence has not clearly been demonstrated in rAAV integration and a study has 
demonstrated a readily appreciable level of rAAV integration in terminally differentiated 
cardiomyocytes and skeletal myofibers (Inagaki et al., 2007a). Collectively, NHEJ appears to 
be the major DNA repair pathway involved in rAAV integration while rAAV-mediated 
gene targeting uses HR. It has been demonstrated that RAD51/RAD54 pathway of HR is 
required for efficient rAAV-mediated gene targeting (Figure 2j), and deficiency of either of 
the NHEJ proteins, DNA-PKcs and Ku70, enhances the targeting rates (Fattah et al., 2008; 
Vasileva et al., 2006). Although the DNA-PKcs effect appears to be a cell-type dependent 
phenomenon (Fattah et al., 2008), the observations underscore the significant contribution of 
the HR pathways in rAAV-mediated gene targeting. Manipulation of HR and NHEJ 
pathways with small molecules will offer a novel and effective means to further improve 
rAAV-mediated gene targeting approaches to genetically engineer cellular genomes.  

4. AAV as a tool for studying damaged DNA sites, DDR, and DNA repair 
pathways  
AAV has provided the most powerful means to deliver genetic materials to a broad range of 
cell and tissue/organ types without toxicity and to introduce sequence modifications at 
defined locations. What has made AAV more attractive is its utility as an unprecedented 
research tool to study molecular and cellular biology, where gene delivery is not a primary 
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goal. As described in 3.1.3 and 3.1.4, AAV has been successfully exploited as a refined agent 
that can trigger DDR toward cell cycle arrest and apoptosis. AAV can deliver an element 
that triggers DDR (e.g., stalled replication forks) extrachromosomally with minimal 
transcriptional responses (McCaffrey et al., 2008) and without damaging the cellular 
genome. Although the phenomena observed in the AAV-based system may not necessarily 
recapitulate what takes place when the cellular DNA is damaged, it is assumed that 
molecularly defined extrachromosomal DDR triggers would provide a simple and less 
complicated means to study cellular responses to DNA damage. In addition, AAV has been 
exploited to study potential differences in DNA repair pathways among various tissues in 
the context of living animals. This type of study has demonstrated that, in hepatocytes, there 
is significant redundancy of Artemis/DNA-PKcs-independent NHEJ pathways that process 
hairpin DNA ends, while such redundancy is not observed in skeletal myofibers or 
cardiomyocytes in mice (Inagaki et al., 2007b). Moreover, AAV has recently emerged as a 
powerful tool to identify DNA sites damaged either endogenously or exogenously by 
genotoxic treatment or agents. Using rAAV as a tool to label pre-existing damaged DNA 
sites, a study has shown that DNA palindromes with an arm length of > 20 base pairs in the 
cellular genome represent the sites susceptible to breakage in mouse tissues (Inagaki et al., 
2007a). Another study has taken a similar AAV-based labeling approach and demonstrated 
frequent off-target cleavage of the cellular genome by a rare cutting endonuclease, I-SceI, 
following expression of I-SceI in cells (Petek et al., 2010). Perhaps applications of AAV in 
biological and medical research will not be limited to the disciplines described above and 
will continue to expand with the advent of novel rAAV vector technologies.  

5. Conclusions  
The virus-host interaction from a viewpoint of viral components and DNA repair machinery 
is an emerging research area that would offer unprecedented means to study both virology 
and molecular and cellular biology. The interaction in this aspect is most studied with 
adenoviruses, herpesviruses, and retroviruses including human immunodeficiency virus. 
These viruses have evolved sophisticated machinery to benefit them by manipulating or 
controlling DDR, DNA repair machinery, and the cell cycle. In this regard, AAV (i.e., 
wtAAV and rAAV) represents a unique viral agent in that Rep proteins are the sole viral 
components that interact with DNA repair machinery and rAAV expresses no such 
component. Despite the seemingly simple nature of AAV, there are significant virus-host 
interactions that involve DDR and DNA repair machinery in AAV infection, and we have 
just begun to appreciate them as summarized in this chapter. There has been an increasing 
interest in AAV primarily as a promising gene delivery vector and more recently as a new 
tool to study DNA damage, DDR, and DNA repair machinery. Studying AAV from various 
scientific aspects including virology, immunology, physiology, gene therapy, DNA damage, 
DDR, DNA repair, genomic instability, carcinogenesis, and so on, would significantly 
advance our knowledge about AAV and could solve unanswered fundamental biological 
questions that are difficult to address by the conventional approaches.  
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genomes are the substrate (Hendrie et al., 2003). However, a recent study points out 
limitations in the previously used assay systems and argues against the above model 
because ds rAAV has also been found to mediate gene targeting at a higher level compared 
with the ss rAAV control (Hirsch et al., 2010). Although the nature of gene targeting 
substrates may be a subject of debate, it is clear that rAAV genome integration and rAAV-
mediated gene targeting use different DNA repair pathways. Genotoxic treatment, which 
significantly augments rAAV genome integrations, does not affect gene targeting efficiency 
(Hirata & Russell, 2000). In addition, rAAV gene targeting occurs preferentially in S-phase 
cells and does not take place at an appreciable level in terminally differentiated murine 
skeletal muscle fibers (Liu et al., 2004; Trobridge et al., 2005). Moreover, the cell cycle 
dependence has not clearly been demonstrated in rAAV integration and a study has 
demonstrated a readily appreciable level of rAAV integration in terminally differentiated 
cardiomyocytes and skeletal myofibers (Inagaki et al., 2007a). Collectively, NHEJ appears to 
be the major DNA repair pathway involved in rAAV integration while rAAV-mediated 
gene targeting uses HR. It has been demonstrated that RAD51/RAD54 pathway of HR is 
required for efficient rAAV-mediated gene targeting (Figure 2j), and deficiency of either of 
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goal. As described in 3.1.3 and 3.1.4, AAV has been successfully exploited as a refined agent 
that can trigger DDR toward cell cycle arrest and apoptosis. AAV can deliver an element 
that triggers DDR (e.g., stalled replication forks) extrachromosomally with minimal 
transcriptional responses (McCaffrey et al., 2008) and without damaging the cellular 
genome. Although the phenomena observed in the AAV-based system may not necessarily 
recapitulate what takes place when the cellular DNA is damaged, it is assumed that 
molecularly defined extrachromosomal DDR triggers would provide a simple and less 
complicated means to study cellular responses to DNA damage. In addition, AAV has been 
exploited to study potential differences in DNA repair pathways among various tissues in 
the context of living animals. This type of study has demonstrated that, in hepatocytes, there 
is significant redundancy of Artemis/DNA-PKcs-independent NHEJ pathways that process 
hairpin DNA ends, while such redundancy is not observed in skeletal myofibers or 
cardiomyocytes in mice (Inagaki et al., 2007b). Moreover, AAV has recently emerged as a 
powerful tool to identify DNA sites damaged either endogenously or exogenously by 
genotoxic treatment or agents. Using rAAV as a tool to label pre-existing damaged DNA 
sites, a study has shown that DNA palindromes with an arm length of > 20 base pairs in the 
cellular genome represent the sites susceptible to breakage in mouse tissues (Inagaki et al., 
2007a). Another study has taken a similar AAV-based labeling approach and demonstrated 
frequent off-target cleavage of the cellular genome by a rare cutting endonuclease, I-SceI, 
following expression of I-SceI in cells (Petek et al., 2010). Perhaps applications of AAV in 
biological and medical research will not be limited to the disciplines described above and 
will continue to expand with the advent of novel rAAV vector technologies.  

5. Conclusions  
The virus-host interaction from a viewpoint of viral components and DNA repair machinery 
is an emerging research area that would offer unprecedented means to study both virology 
and molecular and cellular biology. The interaction in this aspect is most studied with 
adenoviruses, herpesviruses, and retroviruses including human immunodeficiency virus. 
These viruses have evolved sophisticated machinery to benefit them by manipulating or 
controlling DDR, DNA repair machinery, and the cell cycle. In this regard, AAV (i.e., 
wtAAV and rAAV) represents a unique viral agent in that Rep proteins are the sole viral 
components that interact with DNA repair machinery and rAAV expresses no such 
component. Despite the seemingly simple nature of AAV, there are significant virus-host 
interactions that involve DDR and DNA repair machinery in AAV infection, and we have 
just begun to appreciate them as summarized in this chapter. There has been an increasing 
interest in AAV primarily as a promising gene delivery vector and more recently as a new 
tool to study DNA damage, DDR, and DNA repair machinery. Studying AAV from various 
scientific aspects including virology, immunology, physiology, gene therapy, DNA damage, 
DDR, DNA repair, genomic instability, carcinogenesis, and so on, would significantly 
advance our knowledge about AAV and could solve unanswered fundamental biological 
questions that are difficult to address by the conventional approaches.  

6. Acknowledgment 

Preparation of this chapter is in part supported by the National Institutes of Health (R01 
DK078388). The authors are most grateful to Christopher Naitza and Baskaran Rajasekaran 



 
DNA Repair and Human Health 704 

for their invaluable assistance in preparation of the manuscript. The authors apologize to 
investigators whose papers relevant to the topic of this chapter were not cited due to space 
constraints or inadvertent oversight. 

7. References 
Alexander, I. E., Russell, D. W. & Miller, A. D. (1994). DNA-damaging agents greatly increase 

the transduction of nondividing cells by adeno-associated virus vectors. Journal of 
Virology, Vol.68, No.12, pp. 8282-8287, ISSN 0022-538X 

Asokan, A., Conway, J. C., Phillips, J. L., Li, C., Hegge, J., Sinnott, R., Yadav, S., DiPrimio, N., 
Nam, H. J., Agbandje-McKenna, M., McPhee, S., Wolff, J. & Samulski, R. J. (2010). 
Reengineering a receptor footprint of adeno-associated virus enables selective and 
systemic gene transfer to muscle. Nature Biotechnology, Vol.28, No.1, pp. 79-82, ISSN 
1546-1696 

Atchison, R. W., Casto, B. C. & Hammon, W. M. (1965). Adenovirus-associated defective virus 
particles. Science, Vol.149, pp. 754-756, ISSN 0036-8075 

Beaton, A., Palumbo, P. & Berns, K. I. (1989). Expression from the adeno-associated virus p5 
and p19 promoters is negatively regulated in trans by the rep protein. Journal of 
Virology, Vol.63, No.10, pp. 4450-4454, ISSN 0022-538X 

Berns, K. I. & Parrish C. R.. (2007). Parvoviridae, In Fields VIROLOGY, vol.2, 5th ed., D. M. 
Knipe, P. M. Howley, D. E. Griffin, R. A. Lamb, M. A. Martin, B. Roizman, and S. E. 
Straus (eds.), pp. 2437-2477, LIPPINCOTT WILLIAMS & WILKINS, ISBN 0-7817-
1832-5, Philadelphia, PA. 

Bernstein, K. A., Gangloff, S. & Rothstein, R. (2010). The recq DNA helicases in DNA repair. 
Annual Review of Genetics, Vol.44, pp. 393-417, ISSN 1545-2948 

Berthet, C., Raj, K., Saudan, P. & Beard, P. (2005). How adeno-associated virus rep78 protein 
arrests cells completely in s phase. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.102, No.38, pp. 13634-13639, ISSN 0027-8424 

Boutin, S., Monteilhet, V., Veron, P., Leborgne, C., Benveniste, O., Montus, M. F. & Masurier, 
C. (2010). Prevalence of serum igg and neutralizing factors against adeno-associated 
virus (aav) types 1, 2, 5, 6, 8, and 9 in the healthy population: Implications for gene 
therapy using aav vectors. Human Gene Therapy, Vol.21, No.6, pp. 704-712, ISSN 1557-
7422 

Branzei, D. & Foiani, M. (2010). Maintaining genome stability at the replication fork. Nature 
Reviews Molecular Cell Biology, Vol.11, No.3, pp. 208-219, ISSN 1471-0080 

Brister, J. R. & Muzyczka, N. (1999). Rep-mediated nicking of the adeno-associated virus origin 
requires two biochemical activities, DNA helicase activity and transesterification. 
Journal of Virology, Vol.73, No.11, pp. 9325-9336, ISSN 0022-538X 

Burguete, T., Rabreau, M., Fontanges-Darriet, M., Roset, E., Hager, H. D., Koppel, A., Bischof, 
P. & Schlehofer, J. R. (1999). Evidence for infection of the human embryo with adeno-
associated virus in pregnancy. Human Reproduction, Vol.14, No.9, pp. 2396-2401, ISSN 
0268-1161 

Calcedo, R., Vandenberghe, L. H., Gao, G., Lin, J. & Wilson, J. M. (2009). Worldwide 
epidemiology of neutralizing antibodies to adeno-associated viruses. Journal of 
Infectious Diseases, Vol.199, No.3, pp. 381-390, ISSN 0022-1899 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  705 

Carson, C. T., Schwartz, R. A., Stracker, T. H., Lilley, C. E., Lee, D. V. & Weitzman, M. D. 
(2003). The mre11 complex is required for atm activation and the g2/m checkpoint. 
EMBO Journal, Vol.22, No.24, pp. 6610-6620, ISSN 0261-4189 

Carter, B. J., Burstein, H. & Peluso, R. W. (2009). Adeno-associated virus and AAV vectors for 
gene delivery, In: Gene and cell therapy, N. S. Templeton, (ed.), pp. 115-157, CRC 
press, ISBN 978-0-8493-8768-5, Boca Raton, FL.  

Castedo, M., Perfettini, J. L., Roumier, T., Andreau, K., Medema, R. & Kroemer, G. (2004). Cell 
death by mitotic catastrophe: A molecular definition. Oncogene, Vol.23, No.16, pp. 
2825-2837, ISSN 0950-9232 

Costello, E., Saudan, P., Winocour, E., Pizer, L. & Beard, P. (1997). High mobility group 
chromosomal protein 1 binds to the adeno-associated virus replication protein (rep) 
and promotes rep-mediated site-specific cleavage of DNA, atpase activity and 
transcriptional repression. EMBO Journal, Vol. 16, No. 19, pp. 5943-5954, ISSN 0261-
4189  

Cataldi, M. P. & McCarty, D. M. (2010). Differential effects of DNA double-strand break repair 
pathways on single-strand and self-complementary adeno-associated virus vector 
genomes. Journal of Virology, Vol.84, No.17, pp. 8673-8682, ISSN 1098-5514 

Cervelli, T., Palacios, J. A., Zentilin, L., Mano, M., Schwartz, R. A., Weitzman, M. D. & Giacca, 
M. (2008). Processing of recombinant aav genomes occurs in specific nuclear 
structures that overlap with foci of DNA-damage-response proteins. Journal of Cell 
Science, Vol.121, No.Pt 3, pp. 349-357, ISSN 0021-9533 

Chamberlain, J. R., Schwarze, U., Wang, P. R., Hirata, R. K., Hankenson, K. D., Pace, J. M., 
Underwood, R. A., Song, K. M., Sussman, M., Byers, P. H. & Russell, D. W. (2004). 
Gene targeting in stem cells from individuals with osteogenesis imperfecta. Science, 
Vol.303, No.5661, pp. 1198-1201, ISSN 1095-9203 

Choi, V. W., McCarty, D. M. & Samulski, R. J. (2006). Host cell DNA repair pathways in adeno-
associated viral genome processing. Journal of Virology, Vol.80, No.21, pp. 10346-
10356, ISSN 0022-538X 

Choi, Y. K., Nash, K., Byrne, B. J., Muzyczka, N. & Song, S. (2010). The effect of DNA-
dependent protein kinase on adeno-associated virus replication. PLoS ONE, Vol.5, 
No.12, pp. e15073, ISSN 1932-6203 

Collaco, R. F., Bevington, J. M., Bhrigu, V., Kalman-Maltese, V. & Trempe, J. P. (2009). Adeno-
associated virus and adenovirus coinfection induces a cellular DNA damage and 
repair response via redundant phosphatidylinositol 3-like kinase pathways. Virology, 
Vol.392, No.1, pp. 24-33, ISSN 1096-0341 

Daniel, R., Katz, R. A. & Skalka, A. M. (1999). A role for DNA-pk in retroviral DNA 
integration. Science, Vol.284, No.5414, pp. 644-647, ISSN 0036-8075 

Daya, S., Cortez, N. & Berns, K. I. (2009). Adeno-associated virus site-specific integration is 
mediated by proteins of the nonhomologous end-joining pathway. Journal of Virology, 
Vol.83, No.22, pp. 11655-11664, ISSN 1098-5514 

Deyle, D. R. & Russell, D. W. (2009). Adeno-associated virus vector integration. Current 
Opinion Molecular Therapy, Vol.11, No.4, pp. 442-447, ISSN 2040-3445 

Donsante, A., Miller, D. G., Li, Y., Vogler, C., Brunt, E. M., Russell, D. W. & Sands, M. S. (2007). 
Aav vector integration sites in mouse hepatocellular carcinoma. Science, Vol.317, pp. 
477, ISSN 1095-9203 



 
DNA Repair and Human Health 704 

for their invaluable assistance in preparation of the manuscript. The authors apologize to 
investigators whose papers relevant to the topic of this chapter were not cited due to space 
constraints or inadvertent oversight. 

7. References 
Alexander, I. E., Russell, D. W. & Miller, A. D. (1994). DNA-damaging agents greatly increase 

the transduction of nondividing cells by adeno-associated virus vectors. Journal of 
Virology, Vol.68, No.12, pp. 8282-8287, ISSN 0022-538X 

Asokan, A., Conway, J. C., Phillips, J. L., Li, C., Hegge, J., Sinnott, R., Yadav, S., DiPrimio, N., 
Nam, H. J., Agbandje-McKenna, M., McPhee, S., Wolff, J. & Samulski, R. J. (2010). 
Reengineering a receptor footprint of adeno-associated virus enables selective and 
systemic gene transfer to muscle. Nature Biotechnology, Vol.28, No.1, pp. 79-82, ISSN 
1546-1696 

Atchison, R. W., Casto, B. C. & Hammon, W. M. (1965). Adenovirus-associated defective virus 
particles. Science, Vol.149, pp. 754-756, ISSN 0036-8075 

Beaton, A., Palumbo, P. & Berns, K. I. (1989). Expression from the adeno-associated virus p5 
and p19 promoters is negatively regulated in trans by the rep protein. Journal of 
Virology, Vol.63, No.10, pp. 4450-4454, ISSN 0022-538X 

Berns, K. I. & Parrish C. R.. (2007). Parvoviridae, In Fields VIROLOGY, vol.2, 5th ed., D. M. 
Knipe, P. M. Howley, D. E. Griffin, R. A. Lamb, M. A. Martin, B. Roizman, and S. E. 
Straus (eds.), pp. 2437-2477, LIPPINCOTT WILLIAMS & WILKINS, ISBN 0-7817-
1832-5, Philadelphia, PA. 

Bernstein, K. A., Gangloff, S. & Rothstein, R. (2010). The recq DNA helicases in DNA repair. 
Annual Review of Genetics, Vol.44, pp. 393-417, ISSN 1545-2948 

Berthet, C., Raj, K., Saudan, P. & Beard, P. (2005). How adeno-associated virus rep78 protein 
arrests cells completely in s phase. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.102, No.38, pp. 13634-13639, ISSN 0027-8424 

Boutin, S., Monteilhet, V., Veron, P., Leborgne, C., Benveniste, O., Montus, M. F. & Masurier, 
C. (2010). Prevalence of serum igg and neutralizing factors against adeno-associated 
virus (aav) types 1, 2, 5, 6, 8, and 9 in the healthy population: Implications for gene 
therapy using aav vectors. Human Gene Therapy, Vol.21, No.6, pp. 704-712, ISSN 1557-
7422 

Branzei, D. & Foiani, M. (2010). Maintaining genome stability at the replication fork. Nature 
Reviews Molecular Cell Biology, Vol.11, No.3, pp. 208-219, ISSN 1471-0080 

Brister, J. R. & Muzyczka, N. (1999). Rep-mediated nicking of the adeno-associated virus origin 
requires two biochemical activities, DNA helicase activity and transesterification. 
Journal of Virology, Vol.73, No.11, pp. 9325-9336, ISSN 0022-538X 

Burguete, T., Rabreau, M., Fontanges-Darriet, M., Roset, E., Hager, H. D., Koppel, A., Bischof, 
P. & Schlehofer, J. R. (1999). Evidence for infection of the human embryo with adeno-
associated virus in pregnancy. Human Reproduction, Vol.14, No.9, pp. 2396-2401, ISSN 
0268-1161 

Calcedo, R., Vandenberghe, L. H., Gao, G., Lin, J. & Wilson, J. M. (2009). Worldwide 
epidemiology of neutralizing antibodies to adeno-associated viruses. Journal of 
Infectious Diseases, Vol.199, No.3, pp. 381-390, ISSN 0022-1899 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  705 

Carson, C. T., Schwartz, R. A., Stracker, T. H., Lilley, C. E., Lee, D. V. & Weitzman, M. D. 
(2003). The mre11 complex is required for atm activation and the g2/m checkpoint. 
EMBO Journal, Vol.22, No.24, pp. 6610-6620, ISSN 0261-4189 

Carter, B. J., Burstein, H. & Peluso, R. W. (2009). Adeno-associated virus and AAV vectors for 
gene delivery, In: Gene and cell therapy, N. S. Templeton, (ed.), pp. 115-157, CRC 
press, ISBN 978-0-8493-8768-5, Boca Raton, FL.  

Castedo, M., Perfettini, J. L., Roumier, T., Andreau, K., Medema, R. & Kroemer, G. (2004). Cell 
death by mitotic catastrophe: A molecular definition. Oncogene, Vol.23, No.16, pp. 
2825-2837, ISSN 0950-9232 

Costello, E., Saudan, P., Winocour, E., Pizer, L. & Beard, P. (1997). High mobility group 
chromosomal protein 1 binds to the adeno-associated virus replication protein (rep) 
and promotes rep-mediated site-specific cleavage of DNA, atpase activity and 
transcriptional repression. EMBO Journal, Vol. 16, No. 19, pp. 5943-5954, ISSN 0261-
4189  

Cataldi, M. P. & McCarty, D. M. (2010). Differential effects of DNA double-strand break repair 
pathways on single-strand and self-complementary adeno-associated virus vector 
genomes. Journal of Virology, Vol.84, No.17, pp. 8673-8682, ISSN 1098-5514 

Cervelli, T., Palacios, J. A., Zentilin, L., Mano, M., Schwartz, R. A., Weitzman, M. D. & Giacca, 
M. (2008). Processing of recombinant aav genomes occurs in specific nuclear 
structures that overlap with foci of DNA-damage-response proteins. Journal of Cell 
Science, Vol.121, No.Pt 3, pp. 349-357, ISSN 0021-9533 

Chamberlain, J. R., Schwarze, U., Wang, P. R., Hirata, R. K., Hankenson, K. D., Pace, J. M., 
Underwood, R. A., Song, K. M., Sussman, M., Byers, P. H. & Russell, D. W. (2004). 
Gene targeting in stem cells from individuals with osteogenesis imperfecta. Science, 
Vol.303, No.5661, pp. 1198-1201, ISSN 1095-9203 

Choi, V. W., McCarty, D. M. & Samulski, R. J. (2006). Host cell DNA repair pathways in adeno-
associated viral genome processing. Journal of Virology, Vol.80, No.21, pp. 10346-
10356, ISSN 0022-538X 

Choi, Y. K., Nash, K., Byrne, B. J., Muzyczka, N. & Song, S. (2010). The effect of DNA-
dependent protein kinase on adeno-associated virus replication. PLoS ONE, Vol.5, 
No.12, pp. e15073, ISSN 1932-6203 

Collaco, R. F., Bevington, J. M., Bhrigu, V., Kalman-Maltese, V. & Trempe, J. P. (2009). Adeno-
associated virus and adenovirus coinfection induces a cellular DNA damage and 
repair response via redundant phosphatidylinositol 3-like kinase pathways. Virology, 
Vol.392, No.1, pp. 24-33, ISSN 1096-0341 

Daniel, R., Katz, R. A. & Skalka, A. M. (1999). A role for DNA-pk in retroviral DNA 
integration. Science, Vol.284, No.5414, pp. 644-647, ISSN 0036-8075 

Daya, S., Cortez, N. & Berns, K. I. (2009). Adeno-associated virus site-specific integration is 
mediated by proteins of the nonhomologous end-joining pathway. Journal of Virology, 
Vol.83, No.22, pp. 11655-11664, ISSN 1098-5514 

Deyle, D. R. & Russell, D. W. (2009). Adeno-associated virus vector integration. Current 
Opinion Molecular Therapy, Vol.11, No.4, pp. 442-447, ISSN 2040-3445 

Donsante, A., Miller, D. G., Li, Y., Vogler, C., Brunt, E. M., Russell, D. W. & Sands, M. S. (2007). 
Aav vector integration sites in mouse hepatocellular carcinoma. Science, Vol.317, pp. 
477, ISSN 1095-9203 



 
DNA Repair and Human Health 706 

Doostzadeh-Cizeron, J., Evans, R., Yin, S. & Goodrich, D. W. (1999). Apoptosis induced by the 
nuclear death domain protein p84n5 is inhibited by association with rb protein. 
Molecular Biology of the Cell, Vol.10, No.10, pp. 3251-3261, ISSN 1059-1524 

Duan, D., Yan, Z., Yue, Y. & Engelhardt, J. F. (1999). Structural analysis of adeno-associated 
virus transduction circular intermediates. Virology, Vol.261, No.1, pp. 8-14, ISSN 0042-
6822 

Duan, D., Yue, Y. & Engelhardt, J. F. (2003). Consequences of DNA-dependent protein kinase 
catalytic subunit deficiency on recombinant adeno-associated virus genome 
circularization and heterodimerization in muscle tissue. Journal of Virology, Vol.77, 
No.8, pp. 4751-4759, ISSN 0022-538X 

Erles, K., Sebokova, P. & Schlehofer, J. R. (1999). Update on the prevalence of serum antibodies 
(igg and igm) to adeno-associated virus (aav). Journal of Medical Virology, Vol.59, No.3, 
pp. 406-411, ISSN 0146-6615 

Erles, K., Rohde, V., Thaele, M., Roth, S., Edler, L. & Schlehofer, J. R. (2001). DNA of adeno-
associated virus (aav) in testicular tissue and in abnormal semen samples. Human 
Reproduction, Vol.16, No.11, pp. 2333-2337, ISSN 0268-1161 

Evans, J. D. & Hearing, P. (2005). Relocalization of the mre11-rad50-nbs1 complex by the 
adenovirus e4 orf3 protein is required for viral replication. Journal of Virology, Vol.79, 
No.10, pp. 6207-6215, ISSN 0022-538X 

Excoffon, K. J., Koerber, J. T., Dickey, D. D., Murtha, M., Keshavjee, S., Kaspar, B. K., Zabner, J. 
& Schaffer, D. V. (2009). Directed evolution of adeno-associated virus to an infectious 
respiratory virus. Proceedings of the National Academy of Sciences of the United States of 
America, Vol.106, No.10, pp. 3865-3870, ISSN 1091-6490 

Fattah, F. J., Lichter, N. F., Fattah, K. R., Oh, S. & Hendrickson, E. A. (2008). Ku70, an essential 
gene, modulates the frequency of raav-mediated gene targeting in human somatic 
cells. Proceedings of the National Academy of Sciences of the United States of America, 
Vol.105, No.25, pp. 8703-8708, ISSN 1091-6490 

Ferrari, F. K., Samulski, T., Shenk, T. & Samulski, R. J. (1996). Second-strand synthesis is a rate-
limiting step for efficient transduction by recombinant adeno-associated virus 
vectors. Journal of Virology, Vol.70, No.5, pp. 3227-3234, ISSN 0022-538X 

Fisher, K. J., Gao, G. P., Weitzman, M. D., DeMatteo, R., Burda, J. F. & Wilson, J. M. (1996). 
Transduction with recombinant adeno-associated virus for gene therapy is limited by 
leading-strand synthesis. Journal of Virology, Vol.70, No.1, pp. 520-532, ISSN 0022-
538X 

Foust, K. D., Nurre, E., Montgomery, C. L., Hernandez, A., Chan, C. M. & Kaspar, B. K. (2009). 
Intravascular aav9 preferentially targets neonatal neurons and adult astrocytes. 
Nature Biotechnology, Vol.27, No.1, pp. 59-65, ISSN 1546-1696 

Fragkos, M., Breuleux, M., Clement, N. & Beard, P. (2008). Recombinant adeno-associated viral 
vectors are deficient in provoking a DNA damage response. Journal of Virology, 
Vol.82, No.15, pp. 7379-7387, ISSN 1098-5514 

Francois, A., Guilbaud, M., Awedikian, R., Chadeuf, G., Moullier, P. & Salvetti, A. (2005). The 
cellular tata binding protein is required for rep-dependent replication of a minimal 
adeno-associated virus type 2 p5 element. Journal of Virology, Vol.79, No.17, pp. 
11082-11094, ISSN 0022-538X 

Gao, G., Vandenberghe, L. H., Alvira, M. R., Lu, Y., Calcedo, R., Zhou, X. & Wilson, J. M. 
(2004). Clades of adeno-associated viruses are widely disseminated in human tissues. 
Journal of Virology, Vol.78, No.12, pp. 6381-6388, ISSN 0022-538X 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  707 

Gao, G. P., Alvira, M. R., Wang, L., Calcedo, R., Johnston, J. & Wilson, J. M. (2002). Novel 
adeno-associated viruses from rhesus monkeys as vectors for human gene therapy. 
Proc. Natl. Acad. Sci. U.S.A., Vol.99, No.18, pp. 11854-11859, ISSN 0027-8424 

Garner, E., Martinon, F., Tschopp, J., Beard, P. & Raj, K. (2007). Cells with defective p53-p21-
prb pathway are susceptible to apoptosis induced by p84n5 via caspase-6. Cancer 
Research, Vol.67, No.16, pp. 7631-7637, ISSN 0008-5472 

Geoffroy, M. C. & Salvetti, A. (2005). Helper functions required for wild type and recombinant 
adeno-associated virus growth. Current Gene Therapy, Vol.5, No.3, pp. 265-271, ISSN 
1566-5232 

Ghosh, A., Yue, Y., Long, C., Bostick, B. & Duan, D. (2007). Efficient whole-body transduction 
with trans-splicing adeno-associated viral vectors. Molecular Therapy, Vol.15, No.4, 
pp. 750-755, ISSN 1525-0016 

Harper, J. W. & Elledge, S. J. (2007). The DNA damage response: Ten years after. Molecular Cell, 
Vol.28, No.5, pp. 739-745, ISSN 1097-2765 

Hauck, B., Zhao, W., High, K. & Xiao, W. (2004). Intracellular viral processing, not single-
stranded DNA accumulation, is crucial for recombinant adeno-associated virus 
transduction. Journal of Virology, Vol.78, No.24, pp. 13678-13686, ISSN 0022-538X 

Henckaerts, E. & Linden, R. M. (2010). Adeno-associated virus: A key to the human genome? 
Future Virology, Vol.5, No.5, pp. 555-574, ISSN 1746-0808 

Hendrie, P. C., Hirata, R. K. & Russell, D. W. (2003). Chromosomal integration and 
homologous gene targeting by replication-incompetent vectors based on the 
autonomous parvovirus minute virus of mice. Journal of Virology, Vol.77, No.24, pp. 
13136-13145, ISSN 0022-538X 

Hendrie, P. C. & Russell, D. W. (2005). Gene targeting with viral vectors. Molecular Therapy, 
Vol.12, No.1, pp. 9-17, ISSN 1525-0016 

Hermanns, J., Schulze, A., Jansen-Db1urr, P., Kleinschmidt, J. A., Schmidt, R. & zur Hausen, H. 
(1997). Infection of primary cells by adeno-associated virus type 2 results in a 
modulation of cell cycle-regulating proteins. Journal of Virology, Vol.71, No.8, pp. 
6020-6027, ISSN 0022-538X 

Hirata, R. K. & Russell, D. W. (2000). Design and packaging of adeno-associated virus gene 
targeting vectors. Journal of Virology, Vol.74, No.10, pp. 4612-4620, ISSN 0022-538X 

Hirsch, M. L., Green, L., Porteus, M. H. & Samulski, R. J. (2010). Self-complementary aav 
mediates gene targeting and enhances endonuclease delivery for double-strand break 
repair. Gene Therapy, Vol.17, No.9, pp. 1175-1180, ISSN 1476-5462 

Inagaki, K., Fuess, S., Storm, T. A., Gibson, G. A., McTiernan, C. F., Kay, M. A. & Nakai, H. 
(2006). Robust systemic transduction with aav9 vectors in mice: Efficient global 
cardiac gene transfer superior to that of aav8. Molecular Therapy, Vol.14, No.1, pp. 45-
53, ISSN 1525-0016 

Inagaki, K., Lewis, S. M., Wu, X., Ma, C., Munroe, D. J., Fuess, S., Storm, T. A., Kay, M. A. & 
Nakai, H. (2007a). DNA palindromes with a modest arm length of greater, similar 20 
base pairs are a significant target for recombinant adeno-associated virus vector 
integration in the liver, muscles, and heart in mice. Journal of Virology, Vol.81, No.20, 
pp. 11290-11303, ISSN 0022-538X 

Inagaki, K., Ma, C., Storm, T. A., Kay, M. A. & Nakai, H. (2007b). The role of DNA-pkcs and 
artemis in opening viral DNA hairpin termini in various tissues in mice. Journal of 
Virology, Vol.81, No.20, pp. 11304-11321, ISSN 0022-538X 



 
DNA Repair and Human Health 706 

Doostzadeh-Cizeron, J., Evans, R., Yin, S. & Goodrich, D. W. (1999). Apoptosis induced by the 
nuclear death domain protein p84n5 is inhibited by association with rb protein. 
Molecular Biology of the Cell, Vol.10, No.10, pp. 3251-3261, ISSN 1059-1524 

Duan, D., Yan, Z., Yue, Y. & Engelhardt, J. F. (1999). Structural analysis of adeno-associated 
virus transduction circular intermediates. Virology, Vol.261, No.1, pp. 8-14, ISSN 0042-
6822 

Duan, D., Yue, Y. & Engelhardt, J. F. (2003). Consequences of DNA-dependent protein kinase 
catalytic subunit deficiency on recombinant adeno-associated virus genome 
circularization and heterodimerization in muscle tissue. Journal of Virology, Vol.77, 
No.8, pp. 4751-4759, ISSN 0022-538X 

Erles, K., Sebokova, P. & Schlehofer, J. R. (1999). Update on the prevalence of serum antibodies 
(igg and igm) to adeno-associated virus (aav). Journal of Medical Virology, Vol.59, No.3, 
pp. 406-411, ISSN 0146-6615 

Erles, K., Rohde, V., Thaele, M., Roth, S., Edler, L. & Schlehofer, J. R. (2001). DNA of adeno-
associated virus (aav) in testicular tissue and in abnormal semen samples. Human 
Reproduction, Vol.16, No.11, pp. 2333-2337, ISSN 0268-1161 

Evans, J. D. & Hearing, P. (2005). Relocalization of the mre11-rad50-nbs1 complex by the 
adenovirus e4 orf3 protein is required for viral replication. Journal of Virology, Vol.79, 
No.10, pp. 6207-6215, ISSN 0022-538X 

Excoffon, K. J., Koerber, J. T., Dickey, D. D., Murtha, M., Keshavjee, S., Kaspar, B. K., Zabner, J. 
& Schaffer, D. V. (2009). Directed evolution of adeno-associated virus to an infectious 
respiratory virus. Proceedings of the National Academy of Sciences of the United States of 
America, Vol.106, No.10, pp. 3865-3870, ISSN 1091-6490 

Fattah, F. J., Lichter, N. F., Fattah, K. R., Oh, S. & Hendrickson, E. A. (2008). Ku70, an essential 
gene, modulates the frequency of raav-mediated gene targeting in human somatic 
cells. Proceedings of the National Academy of Sciences of the United States of America, 
Vol.105, No.25, pp. 8703-8708, ISSN 1091-6490 

Ferrari, F. K., Samulski, T., Shenk, T. & Samulski, R. J. (1996). Second-strand synthesis is a rate-
limiting step for efficient transduction by recombinant adeno-associated virus 
vectors. Journal of Virology, Vol.70, No.5, pp. 3227-3234, ISSN 0022-538X 

Fisher, K. J., Gao, G. P., Weitzman, M. D., DeMatteo, R., Burda, J. F. & Wilson, J. M. (1996). 
Transduction with recombinant adeno-associated virus for gene therapy is limited by 
leading-strand synthesis. Journal of Virology, Vol.70, No.1, pp. 520-532, ISSN 0022-
538X 

Foust, K. D., Nurre, E., Montgomery, C. L., Hernandez, A., Chan, C. M. & Kaspar, B. K. (2009). 
Intravascular aav9 preferentially targets neonatal neurons and adult astrocytes. 
Nature Biotechnology, Vol.27, No.1, pp. 59-65, ISSN 1546-1696 

Fragkos, M., Breuleux, M., Clement, N. & Beard, P. (2008). Recombinant adeno-associated viral 
vectors are deficient in provoking a DNA damage response. Journal of Virology, 
Vol.82, No.15, pp. 7379-7387, ISSN 1098-5514 

Francois, A., Guilbaud, M., Awedikian, R., Chadeuf, G., Moullier, P. & Salvetti, A. (2005). The 
cellular tata binding protein is required for rep-dependent replication of a minimal 
adeno-associated virus type 2 p5 element. Journal of Virology, Vol.79, No.17, pp. 
11082-11094, ISSN 0022-538X 

Gao, G., Vandenberghe, L. H., Alvira, M. R., Lu, Y., Calcedo, R., Zhou, X. & Wilson, J. M. 
(2004). Clades of adeno-associated viruses are widely disseminated in human tissues. 
Journal of Virology, Vol.78, No.12, pp. 6381-6388, ISSN 0022-538X 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  707 

Gao, G. P., Alvira, M. R., Wang, L., Calcedo, R., Johnston, J. & Wilson, J. M. (2002). Novel 
adeno-associated viruses from rhesus monkeys as vectors for human gene therapy. 
Proc. Natl. Acad. Sci. U.S.A., Vol.99, No.18, pp. 11854-11859, ISSN 0027-8424 

Garner, E., Martinon, F., Tschopp, J., Beard, P. & Raj, K. (2007). Cells with defective p53-p21-
prb pathway are susceptible to apoptosis induced by p84n5 via caspase-6. Cancer 
Research, Vol.67, No.16, pp. 7631-7637, ISSN 0008-5472 

Geoffroy, M. C. & Salvetti, A. (2005). Helper functions required for wild type and recombinant 
adeno-associated virus growth. Current Gene Therapy, Vol.5, No.3, pp. 265-271, ISSN 
1566-5232 

Ghosh, A., Yue, Y., Long, C., Bostick, B. & Duan, D. (2007). Efficient whole-body transduction 
with trans-splicing adeno-associated viral vectors. Molecular Therapy, Vol.15, No.4, 
pp. 750-755, ISSN 1525-0016 

Harper, J. W. & Elledge, S. J. (2007). The DNA damage response: Ten years after. Molecular Cell, 
Vol.28, No.5, pp. 739-745, ISSN 1097-2765 

Hauck, B., Zhao, W., High, K. & Xiao, W. (2004). Intracellular viral processing, not single-
stranded DNA accumulation, is crucial for recombinant adeno-associated virus 
transduction. Journal of Virology, Vol.78, No.24, pp. 13678-13686, ISSN 0022-538X 

Henckaerts, E. & Linden, R. M. (2010). Adeno-associated virus: A key to the human genome? 
Future Virology, Vol.5, No.5, pp. 555-574, ISSN 1746-0808 

Hendrie, P. C., Hirata, R. K. & Russell, D. W. (2003). Chromosomal integration and 
homologous gene targeting by replication-incompetent vectors based on the 
autonomous parvovirus minute virus of mice. Journal of Virology, Vol.77, No.24, pp. 
13136-13145, ISSN 0022-538X 

Hendrie, P. C. & Russell, D. W. (2005). Gene targeting with viral vectors. Molecular Therapy, 
Vol.12, No.1, pp. 9-17, ISSN 1525-0016 

Hermanns, J., Schulze, A., Jansen-Db1urr, P., Kleinschmidt, J. A., Schmidt, R. & zur Hausen, H. 
(1997). Infection of primary cells by adeno-associated virus type 2 results in a 
modulation of cell cycle-regulating proteins. Journal of Virology, Vol.71, No.8, pp. 
6020-6027, ISSN 0022-538X 

Hirata, R. K. & Russell, D. W. (2000). Design and packaging of adeno-associated virus gene 
targeting vectors. Journal of Virology, Vol.74, No.10, pp. 4612-4620, ISSN 0022-538X 

Hirsch, M. L., Green, L., Porteus, M. H. & Samulski, R. J. (2010). Self-complementary aav 
mediates gene targeting and enhances endonuclease delivery for double-strand break 
repair. Gene Therapy, Vol.17, No.9, pp. 1175-1180, ISSN 1476-5462 

Inagaki, K., Fuess, S., Storm, T. A., Gibson, G. A., McTiernan, C. F., Kay, M. A. & Nakai, H. 
(2006). Robust systemic transduction with aav9 vectors in mice: Efficient global 
cardiac gene transfer superior to that of aav8. Molecular Therapy, Vol.14, No.1, pp. 45-
53, ISSN 1525-0016 

Inagaki, K., Lewis, S. M., Wu, X., Ma, C., Munroe, D. J., Fuess, S., Storm, T. A., Kay, M. A. & 
Nakai, H. (2007a). DNA palindromes with a modest arm length of greater, similar 20 
base pairs are a significant target for recombinant adeno-associated virus vector 
integration in the liver, muscles, and heart in mice. Journal of Virology, Vol.81, No.20, 
pp. 11290-11303, ISSN 0022-538X 

Inagaki, K., Ma, C., Storm, T. A., Kay, M. A. & Nakai, H. (2007b). The role of DNA-pkcs and 
artemis in opening viral DNA hairpin termini in various tissues in mice. Journal of 
Virology, Vol.81, No.20, pp. 11304-11321, ISSN 0022-538X 



 
DNA Repair and Human Health 708 

Inagaki, K., Piao, C., Kotchey, N. M., Wu, X. & Nakai, H. (2008). Frequency and spectrum of 
genomic integration of recombinant adeno-associated virus serotype 8 vector in 
neonatal mouse liver. Journal of Virology, Vol.82, No.19, pp. 9513-9524, ISSN 1098-5514 

Ingemarsdotter, C., Keller, D. & Beard, P. (2010). The DNA damage response to non-
replicating adeno-associated virus: Centriole overduplication and mitotic catastrophe 
independent of the spindle checkpoint. Virology, Vol.400, No.2, pp. 271-286, ISSN 
1096-0341 

Jayaram, S., Gilson, T., Ehrlich, E. S., Yu, X. F., Ketner, G. & Hanakahi, L. (2008). E1b 55k-
independent dissociation of the DNA ligase iv/xrcc4 complex by e4 34k during 
adenovirus infection. Virology, Vol.382, No.2, pp. 163-170, ISSN 1096-0341 

Jurvansuu, J., Raj, K., Stasiak, A. & Beard, P. (2005). Viral transport of DNA damage that 
mimics a stalled replication fork. Journal of Virology, Vol.79, No.1, pp. 569-580, ISSN 
0022-538X 

Jurvansuu, J., Fragkos, M., Ingemarsdotter, C. & Beard, P. (2007). Chk1 instability is coupled to 
mitotic cell death of p53-deficient cells in response to virus-induced DNA damage 
signaling. Journal of Molecular Biology, Vol.372, No.2, pp. 397-406, ISSN 0022-2836 

Khan, I. F., Hirata, R. K. & Russell, D. W. (2011). Aav-mediated gene targeting methods for 
human cells. Nature Protocol, Vol.6, No.4, pp. 482-501, ISSN 1750-2799 

Koerber, J. T., Klimczak, R., Jang, J. H., Dalkara, D., Flannery, J. G. & Schaffer, D. V. (2009). 
Molecular evolution of adeno-associated virus for enhanced glial gene delivery. 
Molecular Therapy, Vol.17, No.12, pp. 2088-2095, ISSN 1525-0024 

Kotin, R. M., Siniscalco, M., Samulski, R. J., Zhu, X. D., Hunter, L., Laughlin, C. A., 
McLaughlin, S., Muzyczka, N., Rocchi, M. & Berns, K. I. (1990). Site-specific 
integration by adeno-associated virus. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.87, No.6, pp. 2211-2215, ISSN 0027-8424 

Kotin, R. M., Linden, R. M. & Berns, K. I. (1992). Characterization of a preferred site on human 
chromosome 19q for integration of adeno-associated virus DNA by non-homologous 
recombination. EMBO Journal, Vol. 11, No. 13, pp. 5071-5078, ISSN 0261-4189 

Kyostio, S. R., Owens, R. A., Weitzman, M. D., Antoni, B. A., Chejanovsky, N. & Carter, B. J. 
(1994). Analysis of adeno-associated virus (aav) wild-type and mutant rep proteins 
for their abilities to negatively regulate aav p5 and p19 mrna levels. Journal of 
Virology, Vol.68, No.5, pp. 2947-2957, ISSN 0022-538X 

Li, L., Olvera, J. M., Yoder, K. E., Mitchell, R. S., Butler, S. L., Lieber, M., Martin, S. L. & 
Bushman, F. D. (2001). Role of the non-homologous DNA end joining pathway in the 
early steps of retroviral infection. EMBO Journal, Vol.20, No.12, pp. 3272-3281, ISSN 
0261-4189 

Lilley, C. E., Schwartz, R. A. & Weitzman, M. D. (2007). Using or abusing: Viruses and the 
cellular DNA damage response. Trends in Microbiology, Vol.15, No.3, pp. 119-126, 
ISSN 0966-842X 

Linden, R. M., Ward, P., Giraud, C., Winocour, E. & Berns, K. I. (1996a). Site-specific 
integration by adeno-associated virus. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.93, No.21, pp. 11288-11294, ISSN 0027-8424 

Linden, R. M., Winocour, E. & Berns, K. I. (1996b). The recombination signals for adeno-
associated virus site-specific integration. Proceedings of the National Academy of Sciences 
of the United States of America, Vol.93, No.15, pp. 7966-7972, ISSN 0027-8424 

Liu, X., Yan, Z., Luo, M., Zak, R., Li, Z., Driskell, R. R., Huang, Y., Tran, N. & Engelhardt, J. F. 
(2004). Targeted correction of single-base-pair mutations with adeno-associated virus 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  709 

vectors under nonselective conditions. Journal of Virology, Vol.78, No.8, pp. 4165-4175, 
ISSN 0022-538X 

Ma, Y., Schwarz, K. & Lieber, M. R. (2005). The artemis:DNA-pkcs endonuclease cleaves DNA 
loops, flaps, and gaps. DNA Repair, Vol.4, No.7, pp. 845-851, ISSN 1568-7864 

McCaffrey, A. P., Fawcett, P., Nakai, H., McCaffrey, R. L., Ehrhardt, A., Pham, T. T., Pandey, 
K., Xu, H., Feuss, S., Storm, T. A. & Kay, M. A. (2008). The host response to 
adenovirus, helper-dependent adenovirus, and adeno-associated virus in mouse 
liver. Molecular Therapy, Vol.16, No.5, pp. 931-941, ISSN 1525-0024 

McCarty, D. M., Pereira, D. J., Zolotukhin, I., Zhou, X., Ryan, J. H. & Muzyczka, N. (1994). 
Identification of linear DNA sequences that specifically bind the adeno- associated 
virus rep protein. Journal of Virology, Vol.68, No.8, pp. 4988-4997, ISSN 0022-538X 

McCarty, D. M., Fu, H., Monahan, P. E., Toulson, C. E., Naik, P. & Samulski, R. J. (2003). 
Adeno-associated virus terminal repeat (tr) mutant generates self-complementary 
vectors to overcome the rate-limiting step to transduction in vivo. Gene Therapy, 
Vol.10, No.26, pp. 2112-2118, ISSN 0969-7128 

McCarty, D. M., Young, S. M., Jr. & Samulski, R. J. (2004). Integration of adeno-associated virus 
(aav) and recombinant aav vectors. Annual Review of Genetics, Vol.38, pp. 819-845, 
ISSN 0066-4197 

McCarty, D. M. (2008). Self-complementary aav vectors; advances and applications. Molecular 
Therapy, Vol.16, No.10, pp. 1648-1656, ISSN 1525-0024 

Miller, D. G., Petek, L. M. & Russell, D. W. (2003). Human gene targeting by adeno-associated 
virus vectors is enhanced by DNA double-strand breaks. Molecular and Cellular 
Biology, Vol.23, No.10, pp. 3550-3557, ISSN 0270-7306 

Miller, D. G., Petek, L. M. & Russell, D. W. (2004). Adeno-associated virus vectors integrate at 
chromosome breakage sites. Nature Genetics, Vol.36, No.7, pp. 767-773, ISSN 1061-
4036 

Miller, D. G., Trobridge, G. D., Petek, L. M., Jacobs, M. A., Kaul, R. & Russell, D. W. (2005). 
Large-scale analysis of adeno-associated virus vector integration sites in normal 
human cells. Journal of Virology, Vol.79, No.17, pp. 11434-11442, ISSN 0022-538X 

Mirzoeva, O. K. & Petrini, J. H. (2003). DNA replication-dependent nuclear dynamics of the 
mre11 complex. Molecular Cancer Research, Vol.1, No.3, pp. 207-218, ISSN 1541-7786 

Nakai, H., Storm, T. A. & Kay, M. A. (2000). Recruitment of single-stranded recombinant 
adeno-associated virus vector genomes and intermolecular recombination are 
responsible for stable transduction of liver in vivo. Journal of Virology, Vol.74, No.20, 
pp. 9451-9463, ISSN 0022-538X 

Nakai, H., Yant, S. R., Storm, T. A., Fuess, S., Meuse, L. & Kay, M. A. (2001). Extrachromosomal 
recombinant adeno-associated virus vector genomes are primarily responsible for 
stable liver transduction in vivo. Journal of Virology, Vol.75, No.15, pp. 6969-6976, ISSN 
0022-538X 

Nakai, H., Thomas, C. E., Storm, T. A., Fuess, S., Powell, S., Wright, J. F. & Kay, M. A. (2002). A 
limited number of transducible hepatocytes restricts a wide-range linear vector dose 
response in recombinant adeno-associated virus-mediated liver transduction. Journal 
of Virology, Vol.76, No.22, pp. 11343-11349, ISSN 0022-538X 

Nakai, H., Montini, E., Fuess, S., Storm, T. A., Grompe, M. & Kay, M. A. (2003a). Aav serotype 
2 vectors preferentially integrate into active genes in mice. Nature Genetics, Vol.34, 
No.3, pp. 297-302, ISSN 1061-4036 



 
DNA Repair and Human Health 708 

Inagaki, K., Piao, C., Kotchey, N. M., Wu, X. & Nakai, H. (2008). Frequency and spectrum of 
genomic integration of recombinant adeno-associated virus serotype 8 vector in 
neonatal mouse liver. Journal of Virology, Vol.82, No.19, pp. 9513-9524, ISSN 1098-5514 

Ingemarsdotter, C., Keller, D. & Beard, P. (2010). The DNA damage response to non-
replicating adeno-associated virus: Centriole overduplication and mitotic catastrophe 
independent of the spindle checkpoint. Virology, Vol.400, No.2, pp. 271-286, ISSN 
1096-0341 

Jayaram, S., Gilson, T., Ehrlich, E. S., Yu, X. F., Ketner, G. & Hanakahi, L. (2008). E1b 55k-
independent dissociation of the DNA ligase iv/xrcc4 complex by e4 34k during 
adenovirus infection. Virology, Vol.382, No.2, pp. 163-170, ISSN 1096-0341 

Jurvansuu, J., Raj, K., Stasiak, A. & Beard, P. (2005). Viral transport of DNA damage that 
mimics a stalled replication fork. Journal of Virology, Vol.79, No.1, pp. 569-580, ISSN 
0022-538X 

Jurvansuu, J., Fragkos, M., Ingemarsdotter, C. & Beard, P. (2007). Chk1 instability is coupled to 
mitotic cell death of p53-deficient cells in response to virus-induced DNA damage 
signaling. Journal of Molecular Biology, Vol.372, No.2, pp. 397-406, ISSN 0022-2836 

Khan, I. F., Hirata, R. K. & Russell, D. W. (2011). Aav-mediated gene targeting methods for 
human cells. Nature Protocol, Vol.6, No.4, pp. 482-501, ISSN 1750-2799 

Koerber, J. T., Klimczak, R., Jang, J. H., Dalkara, D., Flannery, J. G. & Schaffer, D. V. (2009). 
Molecular evolution of adeno-associated virus for enhanced glial gene delivery. 
Molecular Therapy, Vol.17, No.12, pp. 2088-2095, ISSN 1525-0024 

Kotin, R. M., Siniscalco, M., Samulski, R. J., Zhu, X. D., Hunter, L., Laughlin, C. A., 
McLaughlin, S., Muzyczka, N., Rocchi, M. & Berns, K. I. (1990). Site-specific 
integration by adeno-associated virus. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.87, No.6, pp. 2211-2215, ISSN 0027-8424 

Kotin, R. M., Linden, R. M. & Berns, K. I. (1992). Characterization of a preferred site on human 
chromosome 19q for integration of adeno-associated virus DNA by non-homologous 
recombination. EMBO Journal, Vol. 11, No. 13, pp. 5071-5078, ISSN 0261-4189 

Kyostio, S. R., Owens, R. A., Weitzman, M. D., Antoni, B. A., Chejanovsky, N. & Carter, B. J. 
(1994). Analysis of adeno-associated virus (aav) wild-type and mutant rep proteins 
for their abilities to negatively regulate aav p5 and p19 mrna levels. Journal of 
Virology, Vol.68, No.5, pp. 2947-2957, ISSN 0022-538X 

Li, L., Olvera, J. M., Yoder, K. E., Mitchell, R. S., Butler, S. L., Lieber, M., Martin, S. L. & 
Bushman, F. D. (2001). Role of the non-homologous DNA end joining pathway in the 
early steps of retroviral infection. EMBO Journal, Vol.20, No.12, pp. 3272-3281, ISSN 
0261-4189 

Lilley, C. E., Schwartz, R. A. & Weitzman, M. D. (2007). Using or abusing: Viruses and the 
cellular DNA damage response. Trends in Microbiology, Vol.15, No.3, pp. 119-126, 
ISSN 0966-842X 

Linden, R. M., Ward, P., Giraud, C., Winocour, E. & Berns, K. I. (1996a). Site-specific 
integration by adeno-associated virus. Proceedings of the National Academy of Sciences of 
the United States of America, Vol.93, No.21, pp. 11288-11294, ISSN 0027-8424 

Linden, R. M., Winocour, E. & Berns, K. I. (1996b). The recombination signals for adeno-
associated virus site-specific integration. Proceedings of the National Academy of Sciences 
of the United States of America, Vol.93, No.15, pp. 7966-7972, ISSN 0027-8424 

Liu, X., Yan, Z., Luo, M., Zak, R., Li, Z., Driskell, R. R., Huang, Y., Tran, N. & Engelhardt, J. F. 
(2004). Targeted correction of single-base-pair mutations with adeno-associated virus 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  709 

vectors under nonselective conditions. Journal of Virology, Vol.78, No.8, pp. 4165-4175, 
ISSN 0022-538X 

Ma, Y., Schwarz, K. & Lieber, M. R. (2005). The artemis:DNA-pkcs endonuclease cleaves DNA 
loops, flaps, and gaps. DNA Repair, Vol.4, No.7, pp. 845-851, ISSN 1568-7864 

McCaffrey, A. P., Fawcett, P., Nakai, H., McCaffrey, R. L., Ehrhardt, A., Pham, T. T., Pandey, 
K., Xu, H., Feuss, S., Storm, T. A. & Kay, M. A. (2008). The host response to 
adenovirus, helper-dependent adenovirus, and adeno-associated virus in mouse 
liver. Molecular Therapy, Vol.16, No.5, pp. 931-941, ISSN 1525-0024 

McCarty, D. M., Pereira, D. J., Zolotukhin, I., Zhou, X., Ryan, J. H. & Muzyczka, N. (1994). 
Identification of linear DNA sequences that specifically bind the adeno- associated 
virus rep protein. Journal of Virology, Vol.68, No.8, pp. 4988-4997, ISSN 0022-538X 

McCarty, D. M., Fu, H., Monahan, P. E., Toulson, C. E., Naik, P. & Samulski, R. J. (2003). 
Adeno-associated virus terminal repeat (tr) mutant generates self-complementary 
vectors to overcome the rate-limiting step to transduction in vivo. Gene Therapy, 
Vol.10, No.26, pp. 2112-2118, ISSN 0969-7128 

McCarty, D. M., Young, S. M., Jr. & Samulski, R. J. (2004). Integration of adeno-associated virus 
(aav) and recombinant aav vectors. Annual Review of Genetics, Vol.38, pp. 819-845, 
ISSN 0066-4197 

McCarty, D. M. (2008). Self-complementary aav vectors; advances and applications. Molecular 
Therapy, Vol.16, No.10, pp. 1648-1656, ISSN 1525-0024 

Miller, D. G., Petek, L. M. & Russell, D. W. (2003). Human gene targeting by adeno-associated 
virus vectors is enhanced by DNA double-strand breaks. Molecular and Cellular 
Biology, Vol.23, No.10, pp. 3550-3557, ISSN 0270-7306 

Miller, D. G., Petek, L. M. & Russell, D. W. (2004). Adeno-associated virus vectors integrate at 
chromosome breakage sites. Nature Genetics, Vol.36, No.7, pp. 767-773, ISSN 1061-
4036 

Miller, D. G., Trobridge, G. D., Petek, L. M., Jacobs, M. A., Kaul, R. & Russell, D. W. (2005). 
Large-scale analysis of adeno-associated virus vector integration sites in normal 
human cells. Journal of Virology, Vol.79, No.17, pp. 11434-11442, ISSN 0022-538X 

Mirzoeva, O. K. & Petrini, J. H. (2003). DNA replication-dependent nuclear dynamics of the 
mre11 complex. Molecular Cancer Research, Vol.1, No.3, pp. 207-218, ISSN 1541-7786 

Nakai, H., Storm, T. A. & Kay, M. A. (2000). Recruitment of single-stranded recombinant 
adeno-associated virus vector genomes and intermolecular recombination are 
responsible for stable transduction of liver in vivo. Journal of Virology, Vol.74, No.20, 
pp. 9451-9463, ISSN 0022-538X 

Nakai, H., Yant, S. R., Storm, T. A., Fuess, S., Meuse, L. & Kay, M. A. (2001). Extrachromosomal 
recombinant adeno-associated virus vector genomes are primarily responsible for 
stable liver transduction in vivo. Journal of Virology, Vol.75, No.15, pp. 6969-6976, ISSN 
0022-538X 

Nakai, H., Thomas, C. E., Storm, T. A., Fuess, S., Powell, S., Wright, J. F. & Kay, M. A. (2002). A 
limited number of transducible hepatocytes restricts a wide-range linear vector dose 
response in recombinant adeno-associated virus-mediated liver transduction. Journal 
of Virology, Vol.76, No.22, pp. 11343-11349, ISSN 0022-538X 

Nakai, H., Montini, E., Fuess, S., Storm, T. A., Grompe, M. & Kay, M. A. (2003a). Aav serotype 
2 vectors preferentially integrate into active genes in mice. Nature Genetics, Vol.34, 
No.3, pp. 297-302, ISSN 1061-4036 



 
DNA Repair and Human Health 710 

Nakai, H., Storm, T. A., Fuess, S. & Kay, M. A. (2003b). Pathways of removal of free DNA 
vector ends in normal and DNA-pkcs-deficient scid mouse hepatocytes transduced 
with raav vectors. Human Gene Therapy, Vol.14, No.9, pp. 871-881, ISSN 1043-0342 

Nakai, H., Fuess, S., Storm, T. A., Muramatsu, S., Nara, Y. & Kay, M. A. (2005a). Unrestricted 
hepatocyte transduction with adeno-associated virus serotype 8 vectors in mice. 
Journal of Virology, Vol.79, No.1, pp. 214-224, ISSN 0022-538X 

Nakai, H., Wu, X., Fuess, S., Storm, T. A., Munroe, D., Montini, E., Burgess, S. M., Grompe, M. 
& Kay, M. A. (2005b). Large-scale molecular characterization of adeno-associated 
virus vector integration in mouse liver. Journal of Virology, Vol.79, No.6, pp. 3606-
3614, ISSN 0022-538X 

Nash, K., Chen, W., McDonald, W. F., Zhou, X. & Muzyczka, N. (2007). Purification of host cell 
enzymes involved in adeno-associated virus DNA replication. Journal of Virology, 
Vol.81, No.11, pp. 5777-5787, ISSN 0022-538X 

Nash, K., Chen, W., Salganik, M. & Muzyczka, N. (2009). Identification of cellular proteins that 
interact with the adeno-associated virus rep protein. Journal of Virology, Vol.83, No.1, 
pp. 454-469, ISSN 1098-5514 

Nathwani, A. C., Rosales, C., McIntosh, J., Rastegarlari, G., Nathwani, D., Raj, D., Nawathe, S., 
Waddington, S. N., Bronson, R., Jackson, S., Donahue, R. E., High, K. A., Mingozzi, F., 
Ng, C. Y., Zhou, J., Spence, Y., McCarville, M. B., Valentine, M., Allay, J., Coleman, J., 
Sleep, S., Gray, J. T., Nienhuis, A. W. & Davidoff, A. M. (2011). Long-term safety and 
efficacy following systemic administration of a self-complementary aav vector 
encoding human fix pseudotyped with serotype 5 and 8 capsid proteins. Molecular 
Therapy, pp., ISSN 1525-0024 

Nony, P., Tessier, J., Chadeuf, G., Ward, P., Giraud, A., Dugast, M., Linden, R. M., Moullier, P. 
& Salvetti, A. (2001). Novel cis-acting replication element in the adeno-associated 
virus type 2 genome is involved in amplification of integrated rep-cap sequences. 
Journal of Virology, Vol.75, No.20, pp. 9991-9994, ISSN 0022-538X 

Penaud-Budloo, M., Le Guiner, C., Nowrouzi, A., Toromanoff, A., Cherel, Y., Chenuaud, P., 
Schmidt, M., von Kalle, C., Rolling, F., Moullier, P. & Snyder, R. O. (2008). Adeno-
associated virus vector genomes persist as episomal chromatin in primate muscle. 
Journal of Virology, Vol.82, No.16, pp. 7875-7885, ISSN 1098-5514 

Pereira, C. C., de Freitas, L. B., de Vargas, P. R., de Azevedo, M. L., do Nascimento, J. P. & 
Spano, L. C. (2010). Molecular detection of adeno-associated virus in cases of 
spontaneous and intentional human abortion. Journal of Medical Virology, Vol.82, 
No.10, pp. 1689-1693, ISSN 1096-9071 

Petek, L. M., Russell, D. W. & Miller, D. G. (2010). Frequent endonuclease cleavage at off-target 
locations in vivo. Molecular Therapy, Vol.18, No.5, pp. 983-986, ISSN 1525-0024 

Philpott, N. J., Gomos, J., Berns, K. I. & Falck-Pedersen, E. (2002). A p5 integration efficiency 
element mediates rep-dependent integration into aavs1 at chromosome 19. 
Proceedings of the National Academy of Sciences of the United States of America, Vol.99, 
No.19, pp. 12381-12385, ISSN 0027-8424 

Porteus, M. H., Cathomen, T., Weitzman, M. D. & Baltimore, D. (2003). Efficient gene targeting 
mediated by adeno-associated virus and DNA double-strand breaks. Molecular and 
Cellular Biology, Vol.23, No.10, pp. 3558-3565, ISSN 0270-7306 

Qing, K., Hansen, J., Weigel-Kelley, K. A., Tan, M., Zhou, S. & Srivastava, A. (2001). Adeno-
associated virus type 2-mediated gene transfer: Role of cellular fkbp52 protein in 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  711 

transgene expression. Journal of Virology, Vol.75, No.19, pp. 8968-8976, ISSN 0022-
538X 

Qing, K., Li, W., Zhong, L., Tan, M., Hansen, J., Weigel-Kelley, K. A., Chen, L., Yoder, M. C. & 
Srivastava, A. (2003). Adeno-associated virus type 2-mediated gene transfer: Role of 
cellular t-cell protein tyrosine phosphatase in transgene expression in established cell 
lines in vitro and transgenic mice in vivo. Journal of Virology, Vol.77, No.4, pp. 2741-
2746, ISSN 0022-538X 

Rabinowitz, J. E., Rolling, F., Li, C., Conrath, H., Xiao, W., Xiao, X. & Samulski, R. J. (2002). 
Cross-packaging of a single adeno-associated virus (aav) type 2 vector genome into 
multiple aav serotypes enables transduction with broad specificity. Journal of Virology, 
Vol.76, No.2, pp. 791-801, ISSN 0022-538X 

Raj, K., Ogston, P. & Beard, P. (2001). Virus-mediated killing of cells that lack p53 activity. 
Nature, Vol.412, No.6850, pp. 914-917, ISSN 0028-0836 

Rooney, S., Sekiguchi, J., Zhu, C., Cheng, H. L., Manis, J., Whitlow, S., DeVido, J., Foy, D., 
Chaudhuri, J., Lombard, D. & Alt, F. W. (2002). Leaky scid phenotype associated with 
defective v(d)j coding end processing in artemis-deficient mice. Molecular Cell, Vol.10, 
No.6, pp. 1379-1390, ISSN 1097-2765 

Roth, D. B., Menetski, J. P., Nakajima, P. B., Bosma, M. J. & Gellert, M. (1992). V(d)j 
recombination: Broken DNA molecules with covalently sealed (hairpin) coding ends 
in scid mouse thymocytes. Cell, Vol.70, No.6, pp. 983-991, ISSN 0092-8674 

Russell, D. W., Miller, A. D. & Alexander, I. E. (1994). Adeno-associated virus vectors 
preferentially transduce cells in s phase. Proceedings of the National Academy of Sciences 
of the United States of America, Vol.91, No.19, pp. 8915-8919, ISSN 0027-8424 

Russell, D. W., Alexander, I. E. & Miller, A. D. (1995). DNA synthesis and topoisomerase 
inhibitors increase transduction by adeno-associated virus vectors. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.92, No.12, pp. 5719-
5723, ISSN 0027-8424 

Russell, D. W. & Hirata, R. K. (1998). Human gene targeting by viral vectors [see comments]. 
Nature Genetics, Vol.18, No.4, pp. 325-330, ISSN 1061-4036 

Samulski, R. J., Berns, K. I., Tan, M. & Muzyczka, N. (1982). Cloning of adeno-associated virus 
into pbr322: Rescue of intact virus from the recombinant plasmid in human cells. 
Proceedings of the National Academy of Sciences of the United States of America, 
Vol. 79, No. 6, pp. 2077-2081,ISSN 0027-8424 

Samulski, R. J., Zhu, X., Xiao, X., Brook, J. D., Housman, D. E., Epstein, N. & Hunter, L. A. 
(1991). Targeted integration of adeno-associated virus (aav) into human chromosome 
19 [published erratum appears in embo j 1992 mar;11(3):1228]. EMBO Journal, Vol.10, 
No.12, pp. 3941-3950, ISSN 0261-4189 

Sanlioglu, S., Benson, P. & Engelhardt, J. F. (2000). Loss of atm function enhances recombinant 
adeno-associated virus transduction and integration through pathways similar to uv 
irradiation. Virology, Vol.268, No.1, pp. 68-78, ISSN 0042-6822 

Sarkar, R., Mucci, M., Addya, S., Tetreault, R., Bellinger, D. A., Nichols, T. C. & Kazazian, H. 
H., Jr. (2006). Long-term efficacy of adeno-associated virus serotypes 8 and 9 in 
hemophilia a dogs and mice. Human Gene Therapy, Vol.17, No.4, pp. 427-439, ISSN 
1043-0342 

Saudan, P., Vlach, J. & Beard, P. (2000). Inhibition of s-phase progression by adeno-associated 
virus rep78 protein is mediated by hypophosphorylated prb. EMBO Journal, Vol.19, 
No.16, pp. 4351-4361, ISSN 0261-4189 



 
DNA Repair and Human Health 710 

Nakai, H., Storm, T. A., Fuess, S. & Kay, M. A. (2003b). Pathways of removal of free DNA 
vector ends in normal and DNA-pkcs-deficient scid mouse hepatocytes transduced 
with raav vectors. Human Gene Therapy, Vol.14, No.9, pp. 871-881, ISSN 1043-0342 

Nakai, H., Fuess, S., Storm, T. A., Muramatsu, S., Nara, Y. & Kay, M. A. (2005a). Unrestricted 
hepatocyte transduction with adeno-associated virus serotype 8 vectors in mice. 
Journal of Virology, Vol.79, No.1, pp. 214-224, ISSN 0022-538X 

Nakai, H., Wu, X., Fuess, S., Storm, T. A., Munroe, D., Montini, E., Burgess, S. M., Grompe, M. 
& Kay, M. A. (2005b). Large-scale molecular characterization of adeno-associated 
virus vector integration in mouse liver. Journal of Virology, Vol.79, No.6, pp. 3606-
3614, ISSN 0022-538X 

Nash, K., Chen, W., McDonald, W. F., Zhou, X. & Muzyczka, N. (2007). Purification of host cell 
enzymes involved in adeno-associated virus DNA replication. Journal of Virology, 
Vol.81, No.11, pp. 5777-5787, ISSN 0022-538X 

Nash, K., Chen, W., Salganik, M. & Muzyczka, N. (2009). Identification of cellular proteins that 
interact with the adeno-associated virus rep protein. Journal of Virology, Vol.83, No.1, 
pp. 454-469, ISSN 1098-5514 

Nathwani, A. C., Rosales, C., McIntosh, J., Rastegarlari, G., Nathwani, D., Raj, D., Nawathe, S., 
Waddington, S. N., Bronson, R., Jackson, S., Donahue, R. E., High, K. A., Mingozzi, F., 
Ng, C. Y., Zhou, J., Spence, Y., McCarville, M. B., Valentine, M., Allay, J., Coleman, J., 
Sleep, S., Gray, J. T., Nienhuis, A. W. & Davidoff, A. M. (2011). Long-term safety and 
efficacy following systemic administration of a self-complementary aav vector 
encoding human fix pseudotyped with serotype 5 and 8 capsid proteins. Molecular 
Therapy, pp., ISSN 1525-0024 

Nony, P., Tessier, J., Chadeuf, G., Ward, P., Giraud, A., Dugast, M., Linden, R. M., Moullier, P. 
& Salvetti, A. (2001). Novel cis-acting replication element in the adeno-associated 
virus type 2 genome is involved in amplification of integrated rep-cap sequences. 
Journal of Virology, Vol.75, No.20, pp. 9991-9994, ISSN 0022-538X 

Penaud-Budloo, M., Le Guiner, C., Nowrouzi, A., Toromanoff, A., Cherel, Y., Chenuaud, P., 
Schmidt, M., von Kalle, C., Rolling, F., Moullier, P. & Snyder, R. O. (2008). Adeno-
associated virus vector genomes persist as episomal chromatin in primate muscle. 
Journal of Virology, Vol.82, No.16, pp. 7875-7885, ISSN 1098-5514 

Pereira, C. C., de Freitas, L. B., de Vargas, P. R., de Azevedo, M. L., do Nascimento, J. P. & 
Spano, L. C. (2010). Molecular detection of adeno-associated virus in cases of 
spontaneous and intentional human abortion. Journal of Medical Virology, Vol.82, 
No.10, pp. 1689-1693, ISSN 1096-9071 

Petek, L. M., Russell, D. W. & Miller, D. G. (2010). Frequent endonuclease cleavage at off-target 
locations in vivo. Molecular Therapy, Vol.18, No.5, pp. 983-986, ISSN 1525-0024 

Philpott, N. J., Gomos, J., Berns, K. I. & Falck-Pedersen, E. (2002). A p5 integration efficiency 
element mediates rep-dependent integration into aavs1 at chromosome 19. 
Proceedings of the National Academy of Sciences of the United States of America, Vol.99, 
No.19, pp. 12381-12385, ISSN 0027-8424 

Porteus, M. H., Cathomen, T., Weitzman, M. D. & Baltimore, D. (2003). Efficient gene targeting 
mediated by adeno-associated virus and DNA double-strand breaks. Molecular and 
Cellular Biology, Vol.23, No.10, pp. 3558-3565, ISSN 0270-7306 

Qing, K., Hansen, J., Weigel-Kelley, K. A., Tan, M., Zhou, S. & Srivastava, A. (2001). Adeno-
associated virus type 2-mediated gene transfer: Role of cellular fkbp52 protein in 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  711 

transgene expression. Journal of Virology, Vol.75, No.19, pp. 8968-8976, ISSN 0022-
538X 

Qing, K., Li, W., Zhong, L., Tan, M., Hansen, J., Weigel-Kelley, K. A., Chen, L., Yoder, M. C. & 
Srivastava, A. (2003). Adeno-associated virus type 2-mediated gene transfer: Role of 
cellular t-cell protein tyrosine phosphatase in transgene expression in established cell 
lines in vitro and transgenic mice in vivo. Journal of Virology, Vol.77, No.4, pp. 2741-
2746, ISSN 0022-538X 

Rabinowitz, J. E., Rolling, F., Li, C., Conrath, H., Xiao, W., Xiao, X. & Samulski, R. J. (2002). 
Cross-packaging of a single adeno-associated virus (aav) type 2 vector genome into 
multiple aav serotypes enables transduction with broad specificity. Journal of Virology, 
Vol.76, No.2, pp. 791-801, ISSN 0022-538X 

Raj, K., Ogston, P. & Beard, P. (2001). Virus-mediated killing of cells that lack p53 activity. 
Nature, Vol.412, No.6850, pp. 914-917, ISSN 0028-0836 

Rooney, S., Sekiguchi, J., Zhu, C., Cheng, H. L., Manis, J., Whitlow, S., DeVido, J., Foy, D., 
Chaudhuri, J., Lombard, D. & Alt, F. W. (2002). Leaky scid phenotype associated with 
defective v(d)j coding end processing in artemis-deficient mice. Molecular Cell, Vol.10, 
No.6, pp. 1379-1390, ISSN 1097-2765 

Roth, D. B., Menetski, J. P., Nakajima, P. B., Bosma, M. J. & Gellert, M. (1992). V(d)j 
recombination: Broken DNA molecules with covalently sealed (hairpin) coding ends 
in scid mouse thymocytes. Cell, Vol.70, No.6, pp. 983-991, ISSN 0092-8674 

Russell, D. W., Miller, A. D. & Alexander, I. E. (1994). Adeno-associated virus vectors 
preferentially transduce cells in s phase. Proceedings of the National Academy of Sciences 
of the United States of America, Vol.91, No.19, pp. 8915-8919, ISSN 0027-8424 

Russell, D. W., Alexander, I. E. & Miller, A. D. (1995). DNA synthesis and topoisomerase 
inhibitors increase transduction by adeno-associated virus vectors. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.92, No.12, pp. 5719-
5723, ISSN 0027-8424 

Russell, D. W. & Hirata, R. K. (1998). Human gene targeting by viral vectors [see comments]. 
Nature Genetics, Vol.18, No.4, pp. 325-330, ISSN 1061-4036 

Samulski, R. J., Berns, K. I., Tan, M. & Muzyczka, N. (1982). Cloning of adeno-associated virus 
into pbr322: Rescue of intact virus from the recombinant plasmid in human cells. 
Proceedings of the National Academy of Sciences of the United States of America, 
Vol. 79, No. 6, pp. 2077-2081,ISSN 0027-8424 

Samulski, R. J., Zhu, X., Xiao, X., Brook, J. D., Housman, D. E., Epstein, N. & Hunter, L. A. 
(1991). Targeted integration of adeno-associated virus (aav) into human chromosome 
19 [published erratum appears in embo j 1992 mar;11(3):1228]. EMBO Journal, Vol.10, 
No.12, pp. 3941-3950, ISSN 0261-4189 

Sanlioglu, S., Benson, P. & Engelhardt, J. F. (2000). Loss of atm function enhances recombinant 
adeno-associated virus transduction and integration through pathways similar to uv 
irradiation. Virology, Vol.268, No.1, pp. 68-78, ISSN 0042-6822 

Sarkar, R., Mucci, M., Addya, S., Tetreault, R., Bellinger, D. A., Nichols, T. C. & Kazazian, H. 
H., Jr. (2006). Long-term efficacy of adeno-associated virus serotypes 8 and 9 in 
hemophilia a dogs and mice. Human Gene Therapy, Vol.17, No.4, pp. 427-439, ISSN 
1043-0342 

Saudan, P., Vlach, J. & Beard, P. (2000). Inhibition of s-phase progression by adeno-associated 
virus rep78 protein is mediated by hypophosphorylated prb. EMBO Journal, Vol.19, 
No.16, pp. 4351-4361, ISSN 0261-4189 



 
DNA Repair and Human Health 712 

Schnepp, B. C., Jensen, R. L., Chen, C. L., Johnson, P. R. & Clark, K. R. (2005). Characterization 
of adeno-associated virus genomes isolated from human tissues. Journal of Virology, 
Vol.79, No.23, pp. 14793-14803, ISSN 0022-538X 

Schultz, B. R. & Chamberlain, J. S. (2008). Recombinant adeno-associated virus transduction 
and integration. Molecular Therapy, Vol.16, No.7, pp. 1189-1199, ISSN 1525-0024 

Schwartz, R. A., Palacios, J. A., Cassell, G. D., Adam, S., Giacca, M. & Weitzman, M. D. (2007). 
The mre11/rad50/nbs1 complex limits adeno-associated virus transduction and 
replication. Journal of Virology, Vol.81, No.23, pp. 12936-12945, ISSN 1098-5514 

Schwartz, R. A., Carson, C. T., Schuberth, C. & Weitzman, M. D. (2009). Adeno-associated 
virus replication induces a DNA damage response coordinated by DNA-dependent 
protein kinase. Journal of Virology, Vol.83, No.12, pp. 6269-6278, ISSN 1098-5514 

Shiotani, B. & Zou, L. (2009). Atr signaling at a glance. Journal of Cell Science, Vol.122, No.Pt 3, 
pp. 301-304, ISSN 0021-9533 

Smith, R. H. & Kotin, R. M. (2002). Adeno-associated virus, In: Mobile DNA II, N. L. Craig, R. 
Craigie, M. Gellert, A. M. Lambowitz (eds.), pp. 905-923, ASM press, ISBN 1-55581-
209-0, Herndon, VA. 

Song, S., Laipis, P. J., Berns, K. I. & Flotte, T. R. (2001). Effect of DNA-dependent protein kinase 
on the molecular fate of the raav2 genome in skeletal muscle. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.98, No.7, pp. 4084-4088, 
ISSN 0027-8424 

Song, S., Lu, Y., Choi, Y. K., Han, Y., Tang, Q., Zhao, G., Berns, K. I. & Flotte, T. R. (2004). 
DNA-dependent pk inhibits adeno-associated virus DNA integration. Proceedings of 
the National Academy of Sciences of the United States of America, Vol.101, No.7, pp. 2112-
2116, ISSN 0027-8424 

Sonntag, F., Schmidt, K. & Kleinschmidt, J. A. (2010). A viral assembly factor promotes aav2 
capsid formation in the nucleolus. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.107, No.22, pp. 10220-10225, ISSN 1091-6490 

Stracker, T. H., Carson, C. T. & Weitzman, M. D. (2002). Adenovirus oncoproteins inactivate 
the mre11-rad50-nbs1 DNA repair complex. Nature, Vol.418, No.6895, pp. 348-352, 
ISSN 0028-0836 

Strickler, H. D., Viscidi, R., Escoffery, C., Rattray, C., Kotloff, K. L., Goldberg, J., Manns, A., 
Rabkin, C., Daniel, R., Hanchard, B., Brown, C., Hutchinson, M., Zanizer, D., 
Palefsky, J., Burk, R. D., Cranston, B., Clayman, B. & Shah, K. V. (1999). Adeno-
associated virus and development of cervical neoplasia. Journal of Medical Virology, 
Vol.59, No.1, pp. 60-65, ISSN 0146-6615 

Su, P. F. & Wu, F. Y. (1996). Differential suppression of the tumorigenicity of hela and siha cells 
by adeno-associated virus. British Journal of Cancer, Vol.73, No.12, pp. 1533-1537, ISSN 
0007-0920 

Summerford, C. & Samulski, R. J. (1998). Membrane-associated heparan sulfate proteoglycan is 
a receptor for adeno-associated virus type 2 virions. Journal of Virology, Vol.72, No.2, 
pp. 1438-1445, ISSN 0022-538X 

Sun, X., Yan, Z., Yi, Y., Li, Z., Lei, D., Rogers, C. S., Chen, J., Zhang, Y., Welsh, M. J., Leno, G. H. 
& Engelhardt, J. F. (2008). Adeno-associated virus-targeted disruption of the cftr gene 
in cloned ferrets. Journal of Clinical Investigation, Vol.118, No.4, pp. 1578-1583, ISSN 
0021-9738 

Tan, I., Ng, C. H., Lim, L. & Leung, T. (2001). Phosphorylation of a novel myosin binding 
subunit of protein phosphatase 1 reveals a conserved mechanism in the regulation of 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  713 

actin cytoskeleton. Journal of Biological Chemistry, Vol.276, No.24, pp. 21209-21216, 
ISSN 0021-9258 

Thomas, K. R. & Capecchi, M. R. (1987). Site-directed mutagenesis by gene targeting in mouse 
embryo-derived stem cells. Cell, Vol.51, No.3, pp. 503-512, ISSN 0092-8674 

Torres-Ramos, C. A., Prakash, S. & Prakash, L. (1997). Requirement of yeast DNA polymerase 
delta in post-replicational repair of uv-damaged DNA. Journal of Biological Chemistry, 
Vol.272, No.41, pp. 25445-25448, ISSN 0021-9258 

Trobridge, G., Hirata, R. K. & Russell, D. W. (2005). Gene targeting by adeno-associated virus 
vectors is cell-cycle dependent. Human Gene Therapy, Vol.16, No.4, pp. 522-526, ISSN 
1043-0342 

Tullis, G. E. & Shenk, T. (2000). Efficient replication of adeno-associated virus type 2 vectors: A 
cis-acting element outside of the terminal repeats and a minimal size. Journal of 
Virology, Vol.74, No.24, pp. 11511-11521, ISSN 0022-538X 

Vakifahmetoglu, H., Olsson, M. & Zhivotovsky, B. (2008). Death through a tragedy: Mitotic 
catastrophe. Cell Death and Differentiation, Vol.15, No.7, pp. 1153-1162, ISSN 1350-9047 

Vandendriessche, T., Thorrez, L., Acosta-Sanchez, A., Petrus, I., Wang, L., Ma, L., L, D. E. W., 
Iwasaki, Y., Gillijns, V., Wilson, J. M., Collen, D. & Chuah, M. K. (2007). Efficacy and 
safety of adeno-associated viral vectors based on serotype 8 and 9 vs. Lentiviral 
vectors for hemophilia b gene therapy. Journal of Thrombosis Haemostasis, Vol.5, No.1, 
pp. 16-24, ISSN 1538-7933 

Vasileva, A. & Jessberger, R. (2005). Precise hit: Adeno-associated virus in gene targeting. 
Nature Reviews: Microbiology, Vol.3, No.11, pp. 837-847, ISSN 1740-1526 

Vasileva, A., Linden, R. M. & Jessberger, R. (2006). Homologous recombination is required for 
aav-mediated gene targeting. Nucleic Acids Res, Vol.34, No.11, pp. 3345-3360, ISSN 
1362-4962 

Walz, C. & Schlehofer, J. R. (1992). Modification of some biological properties of hela cells 
containing adeno-associated virus DNA integrated into chromosome 17. Journal of 
Virology, Vol.66, No.5, pp. 2990-3002, ISSN 0022-538X 

Wang, Z., Ma, H. I., Li, J., Sun, L., Zhang, J. & Xiao, X. (2003). Rapid and highly efficient 
transduction by double-stranded adeno-associated virus vectors in vitro and in vivo. 
Gene Therapy, Vol.10, No.26, pp. 2105-2111, ISSN 0969-7128 

Wang, Z., Zhu, T., Qiao, C., Zhou, L., Wang, B., Zhang, J., Chen, C., Li, J. & Xiao, X. (2005). 
Adeno-associated virus serotype 8 efficiently delivers genes to muscle and heart. 
Nature Biotechnology, Vol.23, No.3, pp. 321-328, ISSN 1087-0156 

Weitzman, M. D., Carson, C. T., Schwartz, R. A. & Lilley, C. E. (2004). Interactions of viruses 
with the cellular DNA repair machinery. DNA Repair, Vol.3, No.8-9, pp. 1165-1173, 
ISSN 1568-7864 

Weitzman, M. D., Lilley, C. E. & Chaurushiya, M. S. (2010). Genomes in conflict: Maintaining 
genome integrity during virus infection. Annual Review of Microbiology, Vol.64, pp. 61-
81, ISSN 1545-3251 

Williams, G. J., Lees-Miller, S. P. & Tainer, J. A. (2010). Mre11-rad50-nbs1 conformations and 
the control of sensing, signaling, and effector responses at DNA double-strand 
breaks. DNA Repair, Vol.9, No.12, pp. 1299-1306, ISSN 1568-7856 

Winocour, E., Callaham, M. F. & Huberman, E. (1988). Perturbation of the cell cycle by adeno-
associated virus. Virology, Vol.167, No.2, pp. 393-399, ISSN 0042-6822 



 
DNA Repair and Human Health 712 

Schnepp, B. C., Jensen, R. L., Chen, C. L., Johnson, P. R. & Clark, K. R. (2005). Characterization 
of adeno-associated virus genomes isolated from human tissues. Journal of Virology, 
Vol.79, No.23, pp. 14793-14803, ISSN 0022-538X 

Schultz, B. R. & Chamberlain, J. S. (2008). Recombinant adeno-associated virus transduction 
and integration. Molecular Therapy, Vol.16, No.7, pp. 1189-1199, ISSN 1525-0024 

Schwartz, R. A., Palacios, J. A., Cassell, G. D., Adam, S., Giacca, M. & Weitzman, M. D. (2007). 
The mre11/rad50/nbs1 complex limits adeno-associated virus transduction and 
replication. Journal of Virology, Vol.81, No.23, pp. 12936-12945, ISSN 1098-5514 

Schwartz, R. A., Carson, C. T., Schuberth, C. & Weitzman, M. D. (2009). Adeno-associated 
virus replication induces a DNA damage response coordinated by DNA-dependent 
protein kinase. Journal of Virology, Vol.83, No.12, pp. 6269-6278, ISSN 1098-5514 

Shiotani, B. & Zou, L. (2009). Atr signaling at a glance. Journal of Cell Science, Vol.122, No.Pt 3, 
pp. 301-304, ISSN 0021-9533 

Smith, R. H. & Kotin, R. M. (2002). Adeno-associated virus, In: Mobile DNA II, N. L. Craig, R. 
Craigie, M. Gellert, A. M. Lambowitz (eds.), pp. 905-923, ASM press, ISBN 1-55581-
209-0, Herndon, VA. 

Song, S., Laipis, P. J., Berns, K. I. & Flotte, T. R. (2001). Effect of DNA-dependent protein kinase 
on the molecular fate of the raav2 genome in skeletal muscle. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.98, No.7, pp. 4084-4088, 
ISSN 0027-8424 

Song, S., Lu, Y., Choi, Y. K., Han, Y., Tang, Q., Zhao, G., Berns, K. I. & Flotte, T. R. (2004). 
DNA-dependent pk inhibits adeno-associated virus DNA integration. Proceedings of 
the National Academy of Sciences of the United States of America, Vol.101, No.7, pp. 2112-
2116, ISSN 0027-8424 

Sonntag, F., Schmidt, K. & Kleinschmidt, J. A. (2010). A viral assembly factor promotes aav2 
capsid formation in the nucleolus. Proceedings of the National Academy of Sciences of the 
United States of America, Vol.107, No.22, pp. 10220-10225, ISSN 1091-6490 

Stracker, T. H., Carson, C. T. & Weitzman, M. D. (2002). Adenovirus oncoproteins inactivate 
the mre11-rad50-nbs1 DNA repair complex. Nature, Vol.418, No.6895, pp. 348-352, 
ISSN 0028-0836 

Strickler, H. D., Viscidi, R., Escoffery, C., Rattray, C., Kotloff, K. L., Goldberg, J., Manns, A., 
Rabkin, C., Daniel, R., Hanchard, B., Brown, C., Hutchinson, M., Zanizer, D., 
Palefsky, J., Burk, R. D., Cranston, B., Clayman, B. & Shah, K. V. (1999). Adeno-
associated virus and development of cervical neoplasia. Journal of Medical Virology, 
Vol.59, No.1, pp. 60-65, ISSN 0146-6615 

Su, P. F. & Wu, F. Y. (1996). Differential suppression of the tumorigenicity of hela and siha cells 
by adeno-associated virus. British Journal of Cancer, Vol.73, No.12, pp. 1533-1537, ISSN 
0007-0920 

Summerford, C. & Samulski, R. J. (1998). Membrane-associated heparan sulfate proteoglycan is 
a receptor for adeno-associated virus type 2 virions. Journal of Virology, Vol.72, No.2, 
pp. 1438-1445, ISSN 0022-538X 

Sun, X., Yan, Z., Yi, Y., Li, Z., Lei, D., Rogers, C. S., Chen, J., Zhang, Y., Welsh, M. J., Leno, G. H. 
& Engelhardt, J. F. (2008). Adeno-associated virus-targeted disruption of the cftr gene 
in cloned ferrets. Journal of Clinical Investigation, Vol.118, No.4, pp. 1578-1583, ISSN 
0021-9738 

Tan, I., Ng, C. H., Lim, L. & Leung, T. (2001). Phosphorylation of a novel myosin binding 
subunit of protein phosphatase 1 reveals a conserved mechanism in the regulation of 

The Role of DNA Repair Pathways in Adeno-Associated  
Virus Infection and Viral Genome Replication / Recombination / Integration  713 

actin cytoskeleton. Journal of Biological Chemistry, Vol.276, No.24, pp. 21209-21216, 
ISSN 0021-9258 

Thomas, K. R. & Capecchi, M. R. (1987). Site-directed mutagenesis by gene targeting in mouse 
embryo-derived stem cells. Cell, Vol.51, No.3, pp. 503-512, ISSN 0092-8674 

Torres-Ramos, C. A., Prakash, S. & Prakash, L. (1997). Requirement of yeast DNA polymerase 
delta in post-replicational repair of uv-damaged DNA. Journal of Biological Chemistry, 
Vol.272, No.41, pp. 25445-25448, ISSN 0021-9258 

Trobridge, G., Hirata, R. K. & Russell, D. W. (2005). Gene targeting by adeno-associated virus 
vectors is cell-cycle dependent. Human Gene Therapy, Vol.16, No.4, pp. 522-526, ISSN 
1043-0342 

Tullis, G. E. & Shenk, T. (2000). Efficient replication of adeno-associated virus type 2 vectors: A 
cis-acting element outside of the terminal repeats and a minimal size. Journal of 
Virology, Vol.74, No.24, pp. 11511-11521, ISSN 0022-538X 

Vakifahmetoglu, H., Olsson, M. & Zhivotovsky, B. (2008). Death through a tragedy: Mitotic 
catastrophe. Cell Death and Differentiation, Vol.15, No.7, pp. 1153-1162, ISSN 1350-9047 

Vandendriessche, T., Thorrez, L., Acosta-Sanchez, A., Petrus, I., Wang, L., Ma, L., L, D. E. W., 
Iwasaki, Y., Gillijns, V., Wilson, J. M., Collen, D. & Chuah, M. K. (2007). Efficacy and 
safety of adeno-associated viral vectors based on serotype 8 and 9 vs. Lentiviral 
vectors for hemophilia b gene therapy. Journal of Thrombosis Haemostasis, Vol.5, No.1, 
pp. 16-24, ISSN 1538-7933 

Vasileva, A. & Jessberger, R. (2005). Precise hit: Adeno-associated virus in gene targeting. 
Nature Reviews: Microbiology, Vol.3, No.11, pp. 837-847, ISSN 1740-1526 

Vasileva, A., Linden, R. M. & Jessberger, R. (2006). Homologous recombination is required for 
aav-mediated gene targeting. Nucleic Acids Res, Vol.34, No.11, pp. 3345-3360, ISSN 
1362-4962 

Walz, C. & Schlehofer, J. R. (1992). Modification of some biological properties of hela cells 
containing adeno-associated virus DNA integrated into chromosome 17. Journal of 
Virology, Vol.66, No.5, pp. 2990-3002, ISSN 0022-538X 

Wang, Z., Ma, H. I., Li, J., Sun, L., Zhang, J. & Xiao, X. (2003). Rapid and highly efficient 
transduction by double-stranded adeno-associated virus vectors in vitro and in vivo. 
Gene Therapy, Vol.10, No.26, pp. 2105-2111, ISSN 0969-7128 

Wang, Z., Zhu, T., Qiao, C., Zhou, L., Wang, B., Zhang, J., Chen, C., Li, J. & Xiao, X. (2005). 
Adeno-associated virus serotype 8 efficiently delivers genes to muscle and heart. 
Nature Biotechnology, Vol.23, No.3, pp. 321-328, ISSN 1087-0156 

Weitzman, M. D., Carson, C. T., Schwartz, R. A. & Lilley, C. E. (2004). Interactions of viruses 
with the cellular DNA repair machinery. DNA Repair, Vol.3, No.8-9, pp. 1165-1173, 
ISSN 1568-7864 

Weitzman, M. D., Lilley, C. E. & Chaurushiya, M. S. (2010). Genomes in conflict: Maintaining 
genome integrity during virus infection. Annual Review of Microbiology, Vol.64, pp. 61-
81, ISSN 1545-3251 

Williams, G. J., Lees-Miller, S. P. & Tainer, J. A. (2010). Mre11-rad50-nbs1 conformations and 
the control of sensing, signaling, and effector responses at DNA double-strand 
breaks. DNA Repair, Vol.9, No.12, pp. 1299-1306, ISSN 1568-7856 

Winocour, E., Callaham, M. F. & Huberman, E. (1988). Perturbation of the cell cycle by adeno-
associated virus. Virology, Vol.167, No.2, pp. 393-399, ISSN 0042-6822 



 
DNA Repair and Human Health 714 

Xiao, X., Xiao, W., Li, J. & Samulski, R. J. (1997). A novel 165-base-pair terminal repeat 
sequence is the sole cis requirement for the adeno-associated virus life cycle. Journal of 
Virology, Vol.71, No.2, pp. 941-948, ISSN 0022-538X 

Yakinoglu, A. O., Heilbronn, R., Burkle, A., Schlehofer, J. R. & zur Hausen, H. (1988). DNA 
amplification of adeno-associated virus as a response to cellular genotoxic stress. 
Cancer Research, Vol.48, No.11, pp. 3123-3129, ISSN 0008-5472 

Yakobson, B., Koch, T. & Winocour, E. (1987). Replication of adeno-associated virus in 
synchronized cells without the addition of a helper virus. Journal of Virology, Vol.61, 
No.4, pp. 972-981, ISSN 0022-538X 

Yakobson, B., Hrynko, T. A., Peak, M. J. & Winocour, E. (1989). Replication of adeno-associated 
virus in cells irradiated with uv light at 254 nm. Journal of Virology, Vol.63, No.3, pp. 
1023-1030, ISSN 0022-538X 

Yamamoto, N., Suzuki, M., Kawano, M. A., Inoue, T., Takahashi, R. U., Tsukamoto, H., 
Enomoto, T., Yamaguchi, Y., Wada, T. & Handa, H. (2007). Adeno-associated virus 
site-specific integration is regulated by trp-185. Journal of Virology, Vol. 81, No. 4, pp. 
1990-2001, ISSN 0022-538X 

Yan, Z., Lei-Butters, D. C., Zhang, Y., Zak, R. & Engelhardt, J. F. (2007). Hybrid adeno-
associated virus bearing nonhomologous inverted terminal repeats enhances dual-
vector reconstruction of minigenes in vivo. Human Gene Therapy, Vol.18, No.1, pp. 81-
87, ISSN 1043-0342 

Yang, L., Jiang, J., Drouin, L. M., Agbandje-McKenna, M., Chen, C., Qiao, C., Pu, D., Hu, X., 
Wang, D. Z., Li, J. & Xiao, X. (2009). A myocardium tropic adeno-associated virus 
(aav) evolved by DNA shuffling and in vivo selection. Proceedings of the National 
Academy of Sciences of the United States of America, Vol.106, No.10, pp. 3946-3951, ISSN 
1091-6490 

Yang, Q., Chen, F. & Trempe, J. P. (1994). Characterization of cell lines that inducibly express 
the adeno- associated virus rep proteins. Journal of Virology, Vol.68, No.8, pp. 4847-
4856, ISSN 0022-538X 

Zentilin, L., Marcello, A. & Giacca, M. (2001). Involvement of cellular double-stranded DNA 
break binding proteins in processing of the recombinant adeno-associated virus 
genome. Journal of Virology, Vol.75, No.24, pp. 12279-12287, ISSN 0022-538X 

Zhong, L., Zhou, X., Li, Y., Qing, K., Xiao, X., Samulski, R. J. & Srivastava, A. (2008). Single-
polarity recombinant adeno-associated virus 2 vector-mediated transgene expression 
in vitro and in vivo: Mechanism of transduction. Molecular Therapy, Vol.16, No.2, pp. 
290-295, ISSN 1525-0024 

Zhou, X., Zeng, X., Fan, Z., Li, C., McCown, T., Samulski, R. J. & Xiao, X. (2008). Adeno-
associated virus of a single-polarity DNA genome is capable of transduction in vivo. 
Molecular Therapy, Vol.16, No.3, pp. 494-499, ISSN 1525-0024 

29 

Integration of the DNA Damage Response 
with Innate Immune Pathways 

Gordon M. Xiong and Stephan Gasser 
Department of Microbiology, National University of Singapore 

Singapore 

1. Introduction 
Genotoxic or replicative stress triggers a DNA damage response (DDR) that induces cell 
cycle arrest, DNA repair or – if the damage is too severe – apoptosis. The DDR has been 
suggested to represent a barrier against tumorigenesis by preventing the uncontrolled 
proliferation of cells with genomic instability or harmful mutations. Recent studies have 
uncovered novel links of the DDR to innate immune signaling pathways. The activation of 
NF-κB in response to DNA damage is mediated by ATM (ataxia telangiectasia mutated)-
dependent phosphorylation of NEMO, resulting in the induction of the classical NF-κB 
pathways. Furthermore links between the DDR and various members of the type I 
interferon (IFN) pathway have been uncovered. The DDR also increases the sensitivity of 
cells to immune cell-mediated killing by inducing the expression of surface ligands for 
activating immune receptors. Here, we review how the DDR links to innate immune 
pathways and the potential role of these interactions in cancer and viral infection.  

2. The DNA damage response (DDR) 
The genome integrity is constantly challenged by environmental genotoxic agents 
(chemicals, ultra-violet, viral infection etc.) and endogenous genotoxic stress (replication, 
oxidative stress, etc.) (Lindahl, 1993; Nyberg et al., 2002; Kunkel, 2004). DNA damage may 
also be caused by reactive oxygen species and nitrogen compounds produced by 
neutrophils and macrophages at sites of inflammation (deRojas-Walker T et al., 1995; 
Kawanishi et al.¸ 2006). These DNA lesions or aberrations can block transcription and 
genome replication, and if not repaired, lead to mutations or large-scale genome aberrations 
that threaten the survival of the individual cells and the whole organism (Jackson & Bartek, 
2009). To cope with genomic DNA damage, organisms have evolved a repertoire of 
surveillance and repair mechanisms to detect and combat the deleterious effects of damaged 
DNA (Zhou & Elledge, 2000). The DDR is composed of sensor protein kinases that are 
recruited to the sites of DNA damage, the signal transducer proteins that propagate the 
signal downstream, and the effector proteins which activate the appropriate responses such 
as DNA repair, cell cycle arrest and apoptosis (Gasser et al., 2007) (Figure 1). 

2.1 ATM and ATR  
The diversity in the types of DNA lesions necessitates specific protein complexes to detect 
and initiate the correct repair programme. Studies on the biochemistry of specific DNA 
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1. Introduction 
Genotoxic or replicative stress triggers a DNA damage response (DDR) that induces cell 
cycle arrest, DNA repair or – if the damage is too severe – apoptosis. The DDR has been 
suggested to represent a barrier against tumorigenesis by preventing the uncontrolled 
proliferation of cells with genomic instability or harmful mutations. Recent studies have 
uncovered novel links of the DDR to innate immune signaling pathways. The activation of 
NF-κB in response to DNA damage is mediated by ATM (ataxia telangiectasia mutated)-
dependent phosphorylation of NEMO, resulting in the induction of the classical NF-κB 
pathways. Furthermore links between the DDR and various members of the type I 
interferon (IFN) pathway have been uncovered. The DDR also increases the sensitivity of 
cells to immune cell-mediated killing by inducing the expression of surface ligands for 
activating immune receptors. Here, we review how the DDR links to innate immune 
pathways and the potential role of these interactions in cancer and viral infection.  

2. The DNA damage response (DDR) 
The genome integrity is constantly challenged by environmental genotoxic agents 
(chemicals, ultra-violet, viral infection etc.) and endogenous genotoxic stress (replication, 
oxidative stress, etc.) (Lindahl, 1993; Nyberg et al., 2002; Kunkel, 2004). DNA damage may 
also be caused by reactive oxygen species and nitrogen compounds produced by 
neutrophils and macrophages at sites of inflammation (deRojas-Walker T et al., 1995; 
Kawanishi et al.¸ 2006). These DNA lesions or aberrations can block transcription and 
genome replication, and if not repaired, lead to mutations or large-scale genome aberrations 
that threaten the survival of the individual cells and the whole organism (Jackson & Bartek, 
2009). To cope with genomic DNA damage, organisms have evolved a repertoire of 
surveillance and repair mechanisms to detect and combat the deleterious effects of damaged 
DNA (Zhou & Elledge, 2000). The DDR is composed of sensor protein kinases that are 
recruited to the sites of DNA damage, the signal transducer proteins that propagate the 
signal downstream, and the effector proteins which activate the appropriate responses such 
as DNA repair, cell cycle arrest and apoptosis (Gasser et al., 2007) (Figure 1). 

2.1 ATM and ATR  
The diversity in the types of DNA lesions necessitates specific protein complexes to detect 
and initiate the correct repair programme. Studies on the biochemistry of specific DNA 
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Fig. 1. Schematic diagram of the DNA damage response (DDR). The DDR is initiated by the 
sensors ATM and/or ATR depending of the nature of the DNA damage inducing cell cycle 
arrest and DNA repair or apoptosis if the damage is beyond repair.  

lesions are complicated by the fact that the DNA damaging agents or ionizing radiation may 
each generate multiple types of DNA damage, and possibly recruiting several DNA damage 
sensors (Zhou & Elledge, 2000). The chemotherapeutic drug doxorubicin, for example, is a 
DNA topoisomerase II inhibitor that not only creates DNA strand-breaks, but also forms 
doxorubicin-DNA adducts, which induce torsional stress in the DNA structure (Swift et al., 
2006). The different types of DNA damage eventually induce the activation of the 
phosphoinositide-3-kinase (PI3K)-related protein kinases (PIKKs) ATM and ATR (ATM- 
and Rad3-related) (Yang et al., 2003). Single-stranded DNA resulting from various types of 
genotoxic stress is bound by ssDNA-binding proteins such as RPA (replication protein A) 
(Wold, 1997). ATR and the ATR-interacting protein (ATRIP) then localizes to the RPA-
coated ssDNA (Zou & Elledge, 2003). ATR also responds to stalled DNA replication forks in 
humans and mice (Cortez et al., 2001; Brown & Baltimore, 2000). On the other hand, ATM is 
recruited by double-stranded (ds) DNA breaks resulting primarily from ionizing radiation 
and oxidative stress (Zhou & Elledge, 2000; Shiloh, 2003). ATM is also activated by 
programmed dsDNA breaks during V(D)J recombination, an important process in the 
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generation of the diverse repertoire of immunoglobulins and T-cell receptors in B and T 
lymphocytes (Perkins et al., 2002; Dujka et al., 2009). It is currently not clear how ATM and 
ATR initiate the correct repair programmes for the wide variety of DNA lesions. Most likely 
different types of DNA damage recruit specific proteins (e.g. BRCA-1, H2AX, Nbs1, 53BP1 
etc.) that interact with ATM and ATR thereby initiating a DNA damage-specific repair 
programme (Yang et al., 2003; Matsuoka et al., 2007).  

2.2 DNA-PK  
The DNA-dependent protein kinase (DNA-PK), a member of the PI3K superfamily, is a 
nuclear serine/threonine kinase composed of the catalytic subunit (DNA-PKcs) and the 
DNA-binding Ku70/80 subunit (Carter et al., 1990; Kurimasa et al., 1999). Similar to ATM, 
DNA-PK is involved in the detection of dsDNA breaks and is activated by DNA damage 
following ionizing radiation, UV radiation and V(D)J recombination events (Kurimasa et al., 
1999;  Yang et al., 2003). The binding of Ku70/Ku80 to dsDNA breaks is required for the 
activation of DNA-PKcs and the subsequent ligation of the double-stranded DNA ends by 
other protein components of the NHEJ (non-homologous end-joining) machinery (Kurimasa 
et al., 1999; Walker et al., 2001). Recent data suggest that DNA-PK and ATM are partially 
redundant in their function (Stiff et al., 2004). DNA-PK has been reported to be able to 
phosphorylate H2AX in ATM-deficient cells after treatment with ionizing radiation (Stiff et 
al., 2004). Furthermore, association of ATR and DNA-PK is observed during UV irradiation 
and the activation of DNA-PK is impaired when ATR is inhibited (Yajima et al., 2006). 
Taken together, DNA-PK appears to co-operate with ATM and ATR to initiate the DDR.  

2.3 CHK1 and CHK2  
ATM and ATR partially coordinate the DDR through the signal transducers CHK1 and 
CHK2 (Zhou & Elledge, 2000; Gasser 2007). CHK1 and CHK2 contain conserved kinase 
domains but differ in their function and structure (reviewed in Bartek et al., 2001; McGowan 
2002). The main functions of CHK1 and CHK2 are to reinforce signals from ATM and ATR 
(Matsuoka et al., 1998; Abraham, 2001; Shiloh, 2003). CHK1 is an unstable protein that is 
specifically expressed during the S and G2 phases of cell cycle (Lukas et al., 2001). 
Interestingly, while CHK1 is expressed and activated in unperturbed cell cycles, stalled 
replication forks and ssDNA breaks enhance its activity further (Kaneko et al., 1999; Zhao et  
 

al., 2002; Sørensen et al., 2003). In contrast, CHK2 is expressed throughout the cell cycle 
(Lukas et al., 2001) but is activated specifically in response to dsDNA breaks. Similar to 
ATM, CHK2 activation depends on its dimerization and autophosphorylation (Cai et al., 
2009). Historically, it was thought that ATR specifically activates CHK1, while CHK2 
activation depends on ATM, but recent data suggests that a certain degree of redundancy 
exists in the ability of ATR and ATM to activate the signal transducers. For example it was 
reported that the phosphorylation of CHK1 in response to ionizing radiation depends on 
ATM (Gatei et al., 2003; Sørensen et al., 2003). CHK1 and CHK2 share many overlapping 
substrates and are therefore often found to be functionally redundant (Bartek et al., 2001; 
McGowan, 2002). The targets of CHK1 and CHK2 regulate many fundamental cellular 
functions such as cell cycle, DNA repair and apoptosis (Figure 1). For example, both CHK2 
and CHK1 reduce the activity of cyclin-dependent kinases (CDKs) such as CDK2 and CDK1. 
The resulting inhibition of these G1/S- and G2/M-promoting CDKs results in cell cycle 
delays (Falck et al, 2001; Zhao & Piwnica-Worms, 2001). Despite their functional 
redundancy, mouse studies have revealed striking differences for CHK1 and CHK2 during 
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Fig. 1. Schematic diagram of the DNA damage response (DDR). The DDR is initiated by the 
sensors ATM and/or ATR depending of the nature of the DNA damage inducing cell cycle 
arrest and DNA repair or apoptosis if the damage is beyond repair.  

lesions are complicated by the fact that the DNA damaging agents or ionizing radiation may 
each generate multiple types of DNA damage, and possibly recruiting several DNA damage 
sensors (Zhou & Elledge, 2000). The chemotherapeutic drug doxorubicin, for example, is a 
DNA topoisomerase II inhibitor that not only creates DNA strand-breaks, but also forms 
doxorubicin-DNA adducts, which induce torsional stress in the DNA structure (Swift et al., 
2006). The different types of DNA damage eventually induce the activation of the 
phosphoinositide-3-kinase (PI3K)-related protein kinases (PIKKs) ATM and ATR (ATM- 
and Rad3-related) (Yang et al., 2003). Single-stranded DNA resulting from various types of 
genotoxic stress is bound by ssDNA-binding proteins such as RPA (replication protein A) 
(Wold, 1997). ATR and the ATR-interacting protein (ATRIP) then localizes to the RPA-
coated ssDNA (Zou & Elledge, 2003). ATR also responds to stalled DNA replication forks in 
humans and mice (Cortez et al., 2001; Brown & Baltimore, 2000). On the other hand, ATM is 
recruited by double-stranded (ds) DNA breaks resulting primarily from ionizing radiation 
and oxidative stress (Zhou & Elledge, 2000; Shiloh, 2003). ATM is also activated by 
programmed dsDNA breaks during V(D)J recombination, an important process in the 
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generation of the diverse repertoire of immunoglobulins and T-cell receptors in B and T 
lymphocytes (Perkins et al., 2002; Dujka et al., 2009). It is currently not clear how ATM and 
ATR initiate the correct repair programmes for the wide variety of DNA lesions. Most likely 
different types of DNA damage recruit specific proteins (e.g. BRCA-1, H2AX, Nbs1, 53BP1 
etc.) that interact with ATM and ATR thereby initiating a DNA damage-specific repair 
programme (Yang et al., 2003; Matsuoka et al., 2007).  

2.2 DNA-PK  
The DNA-dependent protein kinase (DNA-PK), a member of the PI3K superfamily, is a 
nuclear serine/threonine kinase composed of the catalytic subunit (DNA-PKcs) and the 
DNA-binding Ku70/80 subunit (Carter et al., 1990; Kurimasa et al., 1999). Similar to ATM, 
DNA-PK is involved in the detection of dsDNA breaks and is activated by DNA damage 
following ionizing radiation, UV radiation and V(D)J recombination events (Kurimasa et al., 
1999;  Yang et al., 2003). The binding of Ku70/Ku80 to dsDNA breaks is required for the 
activation of DNA-PKcs and the subsequent ligation of the double-stranded DNA ends by 
other protein components of the NHEJ (non-homologous end-joining) machinery (Kurimasa 
et al., 1999; Walker et al., 2001). Recent data suggest that DNA-PK and ATM are partially 
redundant in their function (Stiff et al., 2004). DNA-PK has been reported to be able to 
phosphorylate H2AX in ATM-deficient cells after treatment with ionizing radiation (Stiff et 
al., 2004). Furthermore, association of ATR and DNA-PK is observed during UV irradiation 
and the activation of DNA-PK is impaired when ATR is inhibited (Yajima et al., 2006). 
Taken together, DNA-PK appears to co-operate with ATM and ATR to initiate the DDR.  

2.3 CHK1 and CHK2  
ATM and ATR partially coordinate the DDR through the signal transducers CHK1 and 
CHK2 (Zhou & Elledge, 2000; Gasser 2007). CHK1 and CHK2 contain conserved kinase 
domains but differ in their function and structure (reviewed in Bartek et al., 2001; McGowan 
2002). The main functions of CHK1 and CHK2 are to reinforce signals from ATM and ATR 
(Matsuoka et al., 1998; Abraham, 2001; Shiloh, 2003). CHK1 is an unstable protein that is 
specifically expressed during the S and G2 phases of cell cycle (Lukas et al., 2001). 
Interestingly, while CHK1 is expressed and activated in unperturbed cell cycles, stalled 
replication forks and ssDNA breaks enhance its activity further (Kaneko et al., 1999; Zhao et  
 

al., 2002; Sørensen et al., 2003). In contrast, CHK2 is expressed throughout the cell cycle 
(Lukas et al., 2001) but is activated specifically in response to dsDNA breaks. Similar to 
ATM, CHK2 activation depends on its dimerization and autophosphorylation (Cai et al., 
2009). Historically, it was thought that ATR specifically activates CHK1, while CHK2 
activation depends on ATM, but recent data suggests that a certain degree of redundancy 
exists in the ability of ATR and ATM to activate the signal transducers. For example it was 
reported that the phosphorylation of CHK1 in response to ionizing radiation depends on 
ATM (Gatei et al., 2003; Sørensen et al., 2003). CHK1 and CHK2 share many overlapping 
substrates and are therefore often found to be functionally redundant (Bartek et al., 2001; 
McGowan, 2002). The targets of CHK1 and CHK2 regulate many fundamental cellular 
functions such as cell cycle, DNA repair and apoptosis (Figure 1). For example, both CHK2 
and CHK1 reduce the activity of cyclin-dependent kinases (CDKs) such as CDK2 and CDK1. 
The resulting inhibition of these G1/S- and G2/M-promoting CDKs results in cell cycle 
delays (Falck et al, 2001; Zhao & Piwnica-Worms, 2001). Despite their functional 
redundancy, mouse studies have revealed striking differences for CHK1 and CHK2 during 
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development (Liu et al., 2000; Takai et al., 2000). CHK1-deficient mice are embryonic lethal 
in contrast to CHK2-deficient mice (Liu et al., 2000; Takai et al., 2000; Hirao et al., 2000; Takai 
et al., 2002). CHK2 is required for radiation-induced, p53-dependent apoptosis and the 
stability of p53 is reduced in mice lacking CHK2 (Hirao et al., 2000; Takai et al., 2002). 
Nevertheless both CHK1 and CHK2 have been shown to be able to phosphorylate p53 on 
several sites in response to DNA damage (Hirao et al., 2000; Shieh et al., 2000; Ou et al., 
2005).  

2.4 p53  
Whether the DNA repair machinery or cellular apoptosis is initiated as a consequence  
of DNA damage is a crucial decision of the DDR. Although not fully understood, a large 
body of evidence hints at p53 playing a critical role in this important decision (reviewed  
in Vousden & Lu, 2002; Das et al., 2008). Depending on the nature of the DNA damage,  
p53 is phosphorylated on several serine residues by ATM (Banin et al., 1998; Khanna et  
al., 1998), ATR (Tibbetts et al., 1999) or DNA-PK (Shieh et al., 1997; Achanta et al., 2001).  
In addition the signal transducers CHK1 and CHK2 directly bind and phosphorylate  
p53 (Hirao et al., 2000; Ou et al., 2005, Dumaz & Meek, 1999). The phosphorylation of p53  
at Ser20 is known to be important for destabilizing the interaction of p53 with its inhibitor 
MDM2 (Shieh et al., 1997; Unger et al., 1999). In addition, studies have demonstrated  
that p53 function is modulated by acetylation in response to DNA damage (Ou et al.,  
2005). These posttranslational modifications allow p53 to induce the expression of its target 
genes such as p21, a CDK2 inhibitor implicated in G1/S transition (Wade Harper et al.,  
1993; Chen et al., 1995). In case of irreparable DNA damage, p53 induces a differential set  
of target genes leading to the activation of both the mitochondrial and CD95-FasL  
apoptotic pathways (Kastan et al., 1991; Lowe et al., 1993b; Bennett et al., 1998; Chipuk et al., 
2003; Mihara et al., 2003).  
Recent studies demonstrated that p53 is activated early in tumorigenesis as a result of 
oncogene expression. Oncogene activation is thought to induce “replication stress” leading 
to the collapse of DNA replication forks and the formation of dsDNA breaks (Halazonetis et 
al., 2008). It has been suggested that p53 acts as an anti-cancer barrier in precancerous 
lesions. In support of this hypothesis, functional inactivation of p53 has been observed in 
50% of all human cancers (Hanahan & Weinberg, 2000). Thus, oncogene-induced DNA 
damage may explain two key features of cancer: the high frequency of p53 mutations and 
the resulting genomic instability, which is often observed in cells lacking p53 (reviewed in 
Jackson & Bartek, 2009). 

3. DDR and the immune system 
As early as the 19th century it was recognized that some tumors are infiltrated by innate and 
adaptive immune cells (reviewed in Dvorak, 1986). In recent years new data suggests that 
DDR can initiate an immune response. As discussed below in more detail, the DDR directly 
activates a variety of transcription factors such as NF-κB and interferon regulatory factors 
(IRFs). These transcription factors induce the expression of various immune genes, 
including inflammatory cytokines and chemokines. In addition, the DDR and oxidative 
stress induce the expression of a number of ligands for activating immune receptors such as 
NKG2D and DNAM-1, which are mainly expressed by cytotoxic immune cells such as T 
cells and NK cells. 

 
Integration of the DNA Damage Response with Innate Immune Pathways 

 

719 

3.1 NF-κB 
Transcription factors belonging to the NF-κB family are mostly nuclear proteins that were 
initially reported to bind to the promoter of the κ immunoglobulin gene in B cells upon 
lipopolysaccharide (LPS) stimulation (Sen & Baltimore, 1986). It is now recognized that 
these transcription factors regulate many key aspects of innate immune signaling (Baeuerle 
& Henkel, 1994; Pahl, 1999). The NF-κB subunits are usually sequestered in the cytoplasm 
through their interactions with inhibitory IκB proteins. Phosphorylation of IκB proteins by 
the IκB kinase (IKK) complex, consisting of IKKα, IKKβ and the scaffold protein 
NEMO/IKKγ, leads to the degradation of IκB (Scheidereit 2006). Upon IκB degradation, NF-
κB subunits subunits translocate to the nucleus (Scheidereit 2006) and modulate the 
expression of NF-κB target genes such as IL-6 (Libermann & Baltimore, 1990), IL-8 (Kunsch 
et al., 1994), and IL-1β (Cogswell et al., 199). The picture is complicated by the fact that NF-
κB complexes consist of homodimers or heterodimers of five NF-κB family proteins: p65 
(Rel-A), Rel-B, c-Rel, p50 and p52 (Hayden & Ghosh, 2008). The Rel subfamily of NF-κB 
proteins possess C-terminal transactivation domains (TADs) that promote target gene 
expression when bound to κB sites as heterodimers with either p50 or p52 (Ghosh et al., 
1998). The p50/p65 heterodimer is the main activating NF-κB dimer in many cells, and the 
combinatorial diversity of heterodimers confers specificity in gene activation under specific 
physiological conditions (Ghosh et al., 1998). In contrast, the p52 and p50 homodimers 
inhibit transcription (Ghosh & Karin, 2002).  
NF-κB is also activated in response to DNA damage (Brach et al., 1991; Simon et al., 1994). In 
ATM-deficient mice, NF-κB activation is impaired after irradiation (Li et al., 2001). Similarly, 
in DNA-PK-deficient cells, the activation of NF-κB was impaired upon irradiation (Basu et 
al., 1998). The activation of NF-κB following DNA damage mainly results in survival signals 
(Wang et al., 1998; Wang et al., 1999) that could provide a time window for cells to repair 
damaged DNA (Beg & Baltimore, 1996; Wang et al., 1996).  

3.1.1 NEMO  
Recent insights into the molecular mechansims leading to NF-κB activation in response to 
DNA damage indicate an important role for NEMO (Huang et al., 2000; Huang et al., 2002; 
Huang et al., 2003). The reconstitution of NEMO-deficient cells with wild-type NEMO 
restored NF-κB activation in response to DNA damage (Huang et al., 2002). The dsDNA 
breaks promote the SUMO (small ubiquitin-like modifier) modification of nuclear NEMO, 
which prevents its nuclear export (Huang et al., 2003; Janssens et al., 2005). At the same 
time, activated ATM phosphorylates SUMOylated NEMO leading to the removal of SUMO 
and the attachment of ubiquitin (Wu et al., 2006). These modifications allow NEMO to enter 
in a complex with ATM to be exported to the cytoplasm, where ATM mediates K63-linked 
polyubiquitination of ELKS and TRAF6 (Hinz et al., 2010; Wu et al., 2010). In addition 
NEMO is monoubiquitinated on lysine 285 via cIAP1 (Hinz et al., 2010). The 
polyubiquitinated complex activates IKKε in a TAK1-dependent manner. Activated IKKε 
then phosphorylates IκBα leading to K48-linked polyubiquitination and the subsequent 
degradation of IκBα by the proteasome (Figure 2 and Scheidereit 2006). The free NF-κB 
(p50/p65) dimer undergoes nuclear translocation and induces the transcription of pro-
survival genes (Beg & Baltimore, 1996; Wang et al., 1998).  
The activation of NF-κB in tumor cells in response to constitutive genotoxic stress has been 
suggested to be tumor- promoting (Annunziata et al., 2007; Grosjean-Raillard et al., 2009; 
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development (Liu et al., 2000; Takai et al., 2000). CHK1-deficient mice are embryonic lethal 
in contrast to CHK2-deficient mice (Liu et al., 2000; Takai et al., 2000; Hirao et al., 2000; Takai 
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Recent studies demonstrated that p53 is activated early in tumorigenesis as a result of 
oncogene expression. Oncogene activation is thought to induce “replication stress” leading 
to the collapse of DNA replication forks and the formation of dsDNA breaks (Halazonetis et 
al., 2008). It has been suggested that p53 acts as an anti-cancer barrier in precancerous 
lesions. In support of this hypothesis, functional inactivation of p53 has been observed in 
50% of all human cancers (Hanahan & Weinberg, 2000). Thus, oncogene-induced DNA 
damage may explain two key features of cancer: the high frequency of p53 mutations and 
the resulting genomic instability, which is often observed in cells lacking p53 (reviewed in 
Jackson & Bartek, 2009). 

3. DDR and the immune system 
As early as the 19th century it was recognized that some tumors are infiltrated by innate and 
adaptive immune cells (reviewed in Dvorak, 1986). In recent years new data suggests that 
DDR can initiate an immune response. As discussed below in more detail, the DDR directly 
activates a variety of transcription factors such as NF-κB and interferon regulatory factors 
(IRFs). These transcription factors induce the expression of various immune genes, 
including inflammatory cytokines and chemokines. In addition, the DDR and oxidative 
stress induce the expression of a number of ligands for activating immune receptors such as 
NKG2D and DNAM-1, which are mainly expressed by cytotoxic immune cells such as T 
cells and NK cells. 
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Huang et al., 2003). The reconstitution of NEMO-deficient cells with wild-type NEMO 
restored NF-κB activation in response to DNA damage (Huang et al., 2002). The dsDNA 
breaks promote the SUMO (small ubiquitin-like modifier) modification of nuclear NEMO, 
which prevents its nuclear export (Huang et al., 2003; Janssens et al., 2005). At the same 
time, activated ATM phosphorylates SUMOylated NEMO leading to the removal of SUMO 
and the attachment of ubiquitin (Wu et al., 2006). These modifications allow NEMO to enter 
in a complex with ATM to be exported to the cytoplasm, where ATM mediates K63-linked 
polyubiquitination of ELKS and TRAF6 (Hinz et al., 2010; Wu et al., 2010). In addition 
NEMO is monoubiquitinated on lysine 285 via cIAP1 (Hinz et al., 2010). The 
polyubiquitinated complex activates IKKε in a TAK1-dependent manner. Activated IKKε 
then phosphorylates IκBα leading to K48-linked polyubiquitination and the subsequent 
degradation of IκBα by the proteasome (Figure 2 and Scheidereit 2006). The free NF-κB 
(p50/p65) dimer undergoes nuclear translocation and induces the transcription of pro-
survival genes (Beg & Baltimore, 1996; Wang et al., 1998).  
The activation of NF-κB in tumor cells in response to constitutive genotoxic stress has been 
suggested to be tumor- promoting (Annunziata et al., 2007; Grosjean-Raillard et al., 2009; 
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Meylan et al., 2009). The ATM-NEMO-NF-κB pathway is constitutively activated in acute 
myeloid leukemia (AML) cell lines, samples from high-risk myelodysplastic syndrome 
(MDS) and AML patients (Grosjean-Raillard et al., 2009), multiple myeloma (Annunziata et 
al., 2007) and lung adenocarcinomas (Meylan et al., 2009). The pharmacological inhibition or 
knockdown of ATM in AML cell lines ablated ATM-NEMO interactions, downregulated 
NF-κB and induced apoptosis (Grosjean-Raillard et al., 2009). In summary, the constitutive 
activation of the DDR in early cancer not only induces cell cycle arrest, thereby establishing 
a barrier to cancer progression, but also promotes the survival of cancer cells by the 
activation of NF-κB (Bartkova et al., 2005; Gorgoulis et al., 2005). 
Apart from promoting tumorigenesis, DDR-mediated NF-κB activation also plays an 
important role in lymphocyte development and survival (Bredemeyer et al., 2008). DsDNA 
breaks are generated as result of recombinase activating gene (RAG) expression during 
V(D)J recombination in pre-B cells. The subsequent activation of the ATM-NEMO-NF-κB 
pathway is critical for the expression of genes involved in lymphocyte development, 
survival and function (Bredermeyer et al., 2008).  

3.2 Interferon regulatory factors 
IRFs are a class of transcription factors that have diverse roles in immune responses (Honda 
& Taniguchi, 2006). There are nine members in the mammalian IRF family. Each IRF 
contains a well-conserved DNA-binding domain, which recognizes a consensus DNA 
sequence known as the IFN-stimulated response element (ISRE) (Honda & Taniguichi, 
2006). ISRE sequences are found on the promoter regions of type I interferons (IFN-α and 
IFN-β and other pro-inflammatory genes, thus making IRFs the essential mediators of IFN-
α/β and other pro-inflammatory cytokines (Tanaka et al., 1993; Taniguchi et al., 2001). IRFs 
are well known to be activated upon binding of invariant microbial motifs, often referred to 
as pattern-associated molecular patterns (PAMPs), to pattern recognition receptors (PRRs) 
such as Toll-like receptors (TLRs), NOD-like receptors (NLRs) and RIG-I-like receptors 
(RLRs) (Akira et al., 2006; Creagh & OʼNeill, 2006; Kanneganti et al., 2007; Yoneyama and 
Fujita, 2007). However, some IRFs are also activated in response to genotoxic stress as 
discussed below in more detail (Taniguchi et al., 2001). 

3.2.1 IRF-1 and IRF-2 
The link between IRFs and the DDR was first shown for IRF-1. IRF-1 was found to be 
essential for the apoptosis of T lymphocytes and embryonic fibroblasts in response to 
ionizing radiation or chemotherapeutic agents (Tanaka et al., 1994; Tamura et al., 1995). 
Recent studies have shown that the overexpression of IRF-1 results in the apoptosis of 
cancer cells through both cell intrinsic mitochondrial and extrinsic death ligand pathways 
(Strang et al., 2007; Gao et al., 2010). Furthermore, ATM-deficient cells derived from patients 
with ataxia telagienctasia (AT) fail to induce IRF-1 mRNA transcription in response to DNA 
damage (Pamment et al., 2002). The reconstitution of ATM restored IRF-1 induction in 
response to radiation (Pamment et al., 2002). These findings suggest that IRF-1 participates 
in DDR-mediated cell cycle arrest, although the precise molecular mechanisms still need to 
be established in more details (Tanaka et al., 1996).  

3.2.2 IRF-3  
IRF-3 interacts with CREB-binding protein (CBP)/p300 co-activators to form a dsDNA-
activated transcription factor 1 (DRAF-1) complex which binds to the ISRE of type 1 
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interferons and other interferon-stimulated genes (ISGs) (Weaver et al., 1998). In contrast to 
other IRF members, IRF-3 is constitutively expressed in the cytoplasm of most cells (Kumar 
et al., 2000). IRF-3 is activated through phosphorylation by TANK-binding kinase 1 (TBK1) 
and/or IKKε leading to its dimerization and translocation to the nucleus (Kim et al., 1999; 
Fitzgerald et al., 2003). It was later discovered that IRF-3 is also a direct target of DNA-PK 
(Karporva et al., 2002). Our own data suggest that IRF-3 phosphorylation and activation in 
response to DNA damaging agents Ara-C or aphidicolin critically depends on ATM and 
ATR (Lam et al., submitted). Interestingly, IRF-3 may also participate in the DDR-mediated 
anti-cancer barrier. A dominant negative mutant of IRF-3 promoted the transformation of 
NIH3T3 cells and tumorigenesis in vivo (Kim et al., 2003). The overexpression of IRF-3 
inhibited the proliferation of fibroblasts and astrocytes. Interestingly, the IRF-3 induced cell 
cycle arrest depended on p53 (Kim et al., 2006). Similarly, over-expression of IRF-3 in B16 
melanoma cells resulted in growth suppression in vivo (Duguay et al., 2002). Recent 
evidence suggests that IRF-3 also induces apoptosis under certain circumstances such as in 
response to Sendai virus and NDV virus infection (Heylbroeck et al., 2000; Weaver et al., 
2001). The molecular mechanisms of IRF-3-induced apoptosis are not well understood, but 
may in part rely on the ISRE promoter element present in TNF-related apoptosis-inducing 
ligand (TRAIL), an important member of the apoptotic machinery (Kirschner et al., 2005). In 
summary, it is possible that IRF-3 acts as a tumor suppressor gene that partially depends on 
p53 for its function.  

3.2.3 IRF-5  
IRF-5 is constitutively expressed in cytoplasm of a variety of cell types, particularly, in cells 
of lymphoid origins (Barnes et al., 2001; Yanai et al., 2007). IRF-5 is a direct target of p53 
(Mori et al., 2002) and IRF-5 transcript levels further increase in response to DNA damage 
(Barnes et al., 2003; Hu et al., 2005). However, the induction of p53 target genes was not 
impaired in IRF5-deficient cells (Hu et al., 2005). Overexpression of IRF-5 rendered cells 
more susceptible to DNA damage-induced apoptosis even in p53-deficient cancer cell lines 
(Hu et al., 2005). In response to TLR agonists or DNA damage, IRF-5 is activated, possibly 
by phosphorylation, and translocates to the nucleus. Similar to other IRFs it promotes gene 
transcription by binding to target ISRE sequences in the regulatory region of target genes 
(Barnes et al., 2001), such as the interleukin-12b gene (Takaoka et al., 2005). In summary  
IRF-5 is a type I IFN-responsive p53 target gene that induces the expression of target genes 
distinct from those of p53.  

3.2.4 Type I IFNs  
Type I IFNs belong to a multigene family that includes IFN-α and IFN-β. Type I IFNs are 
expressed rapidly in response to many viral infections (Tanaka et al., 1998). They are best 
known to induce the expression of genes that increase the resistance of cells to virus 
infection (Taniguchi & Takaoka, 2002). In addition, type I IFNs were shown to modulate 
other cellular functions, such as proliferation and apoptosis (reviewed in Chawla et al., 
2003). The increased sensitivity of cells to apoptosis in the presence of type I IFNs depends 
in part on their ability to increase p53 protein levels (Takaoka et al., 2003). Binding of type I 
IFNs to the IFN receptor activates the receptor-associated kinases Jak1 and Tyk2 leading to 
phosphorylation of the STAT1 and STAT2 proteins. The activated STAT proteins bind the 
IFN-regulatory factor 9 (IRF-9) to form the trimeric IFN-stimulated gene factor 3 (ISGF-3) 
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known to induce the expression of genes that increase the resistance of cells to virus 
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in part on their ability to increase p53 protein levels (Takaoka et al., 2003). Binding of type I 
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complex. The ISGF-3 complex translocates to the nucleus and binds to ISREs sites present in 
the mouse and human p53 genes thereby activating p53 transcription (Takaoka et al., 2003). 
However, type I IFN treatment is not sufficient to activate p53. It rather enhances the p53 
response, thereby rendering cells more sensitive to the DDR (Takaoka et al., 2003; Yuan et 
al., 2007). In clinical trials type I IFNs have been successfully utilized for both first-line and 
salvage therapy for a variety of cancers such as human papilloma virus (HPV)-associated 
cervical cancer, hepatic cancer and leukemias (Parmar & Platanias, 2003; Wang et al., 2011). 

3.3 NKG2D ligands 
One of the best-characterized NK cell-activating receptor in the context of cancer is the 
NKG2D receptor (reviewed in Raulet, 2003). All NK cells constitutively express the NKG2D 
receptor. In humans its cell surface expression requires association with the adaptor protein 
DAP10. Engagement of NKG2D leads to cytokine secretion and cytotoxicity (Billadeau et al., 
2003; Upshaw et al., 2006). NKG2D recognizes MHC class I chain-related (MIC) A and B 
proteins and RAET1 (retinoic acid early transcript 1) gene family members in humans 
(Raulet, 2003, Cosman et al., 2001). No MIC homologs have been found in the mouse 
genome so far. The mouse Raet1 genes can be further divided into Rae1, H60 and Mult1 
subfamilies that share little homology but are structurally similar. The Rae1 subfamily 
consists of highly related isoforms Rae1α - Rae1ε encoded by different genes (Diefenbach et 
al., 2000; Cerwenka et al., 2000; Raulet, 2003). NKG2D ligand expression has been observed 
on tumors of many origins, in particular in solid tumors, lymphomas and myeloid leukemia 
(Groh et al., 1999; Pende et al., 2002; Rohner et al., 2007). NKG2D was shown to be critical 
for the immunosurveillance of carcinoma, epithelial and lymphoid tumors in mouse models 
of de novo tumorigenesis. We and others have demonstrated that NKG2D ligand expression 
can be induced by DNA damage and oxidative stress (Gasser et al., 2005; Peraldi et al., 
2009). The upregulation of NKG2D ligands in response to DNA damage critically depends 
on ATR or ATM, depending on the nature of the DNA damage (Gasser et al., 2005). On 
tumour cells that constitutively express NKG2D ligands, inhibition of the DDR decreased 
ligand cell surface expression (Gasser et al, 2005), suggesting that persistent DNA damage in 
the tumour cells at least partially maintains constitutive NKG2D ligand expression. An 
important question is if the p53- and the NKG2D-mediated tumor surveillance are linked or 
provide independent protection against the development of malignant cells. In favor of the 
latter idea, we found that NKG2D ligands could be induced in cells that lacked p53. While 
p53 is not required for the expression of NKG2D ligands in tumor cell lines or in cells with 
DNA damage, it is possible that other p53 family members, along with p53, function in a 
partially redundant fashion to induce NKG2D ligand expression. Intriguingly, the loss of 
p53 is implicated in the loss of genomic stability. It is therefore plausible that the resulting 
genomic lesions may further increase the DDR and upregulate the expression of NKG2D 
ligands on tumor cells. 

3.4 DNAM-1 ligands  
Although NKG2D is a major receptor implicated in recognition of cells with damaged DNA, 
NKG2D blocking experiments suggested that additional immunomodulatory molecules are 
required (Gasser et al., data not shown). A recent study showed that the DDR also 
upregulates the expression of DNAM-1 ligands (Soriani et al., 2009). DNAM-1 ligands 
include CD155 (also called poliovirus receptor, tumor associated antigen 4 and necl-5) and 
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CD112 (Nectin-2) (Bottino et al., 2003). CD112 and CD155 are ubiquitously expressed on 
most normal cells of neuronal, epithelial endothelial and fibroblast origin, however their 
expression levels are significantly enhanced in tumor cells including acute myeloid 
leukemias, neuroblastomas, melanomas and colorectal carcinomas (Castriconi et al., 2004; 
Carlsten et al., 2007; El-Sherbiny et al., 2007). DNAM-1 is a member of the immunoglobulin 
superfamily and is constitutively expressed on most immune cells including T cells, NK 
cells, a subset of B cells and monocytes/macrophages (Shibuya et al., 1996). DNAM-1 is 
physically and functionally associated with LFA-1, a receptor for ICAM-1 which is also 
upregulated in response to DNA damage (see below). The expression of CD112 or CD155 on 
tumor cells induces NK cell- and CD8+ T cell-mediated cytotoxicity and cytokine secretion 
(Bottino et al., 2003). Strikingly, DNAM-1-deficient mice injected with carcinogen-induced 
tumor cells developed tumors faster and showed higher mortality (Iguchi-Manaka et al., 
2008). CD155 is also recognized by CD96, a stimulatory receptor expressed by NK cells and 
other immune cells (Fuchs et al., 2004). The existence of a dual receptor system recognizing 
CD155 further suggests an important role of this ligand in NK cell-mediated recognition of 
tumor cells. In addition to its activating functions, CD155 has recently also been shown to 
suppress immune cell activation through a third receptor called TIGIT/ VSTM/WUCAM, 
primarily expressed on T cells and on NK cells (Stanietsky et al., 2009). Moreover, the 
binding of CD155 to TIGIT on DCs leads to the secretion of IL-10 and inhibition of pro-
inflammatory cytokine secretion (Yu et al., 2009). CD155 has higher affinity for TIGIT than 
DNAM-1. In contrast CD112 preferentially binds to DNAM-1 (Bottino et al., 2003). Hence 
the over-all avidity of cells for DNAM-1 over TIGIT may ultimately determine if an immune 
response is initiated or inhibited by DNAM-1 ligands.  

3.5 ICAM-1 
Intercellular adhesion molecule-1 (ICAM-1, also called CD54) is a cell adhesion molecule, 
which is expressed by fibroblasts, epithelial, endothelial and immune cells such as 
lymphocytes and macrophages (Dustin et al., 1986; Rothlein et al., 1986). Binding of 
ICAM-1 to its receptors LFA-1 and macrophage-1 antigen (Mac-1) expressed on 
leukocytes is often required to initiate inflammatory and immune responses (Simmons et 
al., 1988; Diamond et al., 1993; Sligh et al., 1993). The expression of ICAM-1 is induced by 
several pro-inflammatory cytokines (Dustin et al., 1986; Pober et al., 1986). However, 
ICAM-1 expression has also been shown to be upregulated by ionizing radiation in a p53-
dependent manner (Hallahan et al., 1996; Gaugler et al., 1997; Hallahan & Virudachalam, 
1997). Recently it was discovered that ICAM-1 expression correlates with senescence (see 
4.1 and Gourgoulis et al., 2005). 

4. The role of DDR in diseases  
4.1 Senescence-associated secretory phenotype (SASP) 
If low levels of DNA damage persist in cells, the DDR induces an irreversible cell cycle 
arrest called senescence. Recent data have shown in vivo accumulation of senescent cells 
with age (Herbig et al., 2006; Jeyapalan et al., 2007). Senescent cells secrete a broad spectrum 
of factors, including the cytokines IL-6, IL-8, transforming growth factor-b (TGF-β), 
plasminogen activator inhibitor 1 (PAI-1), and others, collectively often referred to as the 
senescence-associated secretory phenotype (SASP) (Kortlever & Bernards, 2006; Coppé et al., 
2009; Rodier et al., 2009). There is good evidence that some of these factors contribute to 



 
DNA Repair and Human Health 

 

722 

complex. The ISGF-3 complex translocates to the nucleus and binds to ISREs sites present in 
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important question is if the p53- and the NKG2D-mediated tumor surveillance are linked or 
provide independent protection against the development of malignant cells. In favor of the 
latter idea, we found that NKG2D ligands could be induced in cells that lacked p53. While 
p53 is not required for the expression of NKG2D ligands in tumor cell lines or in cells with 
DNA damage, it is possible that other p53 family members, along with p53, function in a 
partially redundant fashion to induce NKG2D ligand expression. Intriguingly, the loss of 
p53 is implicated in the loss of genomic stability. It is therefore plausible that the resulting 
genomic lesions may further increase the DDR and upregulate the expression of NKG2D 
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CD112 (Nectin-2) (Bottino et al., 2003). CD112 and CD155 are ubiquitously expressed on 
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CD155 further suggests an important role of this ligand in NK cell-mediated recognition of 
tumor cells. In addition to its activating functions, CD155 has recently also been shown to 
suppress immune cell activation through a third receptor called TIGIT/ VSTM/WUCAM, 
primarily expressed on T cells and on NK cells (Stanietsky et al., 2009). Moreover, the 
binding of CD155 to TIGIT on DCs leads to the secretion of IL-10 and inhibition of pro-
inflammatory cytokine secretion (Yu et al., 2009). CD155 has higher affinity for TIGIT than 
DNAM-1. In contrast CD112 preferentially binds to DNAM-1 (Bottino et al., 2003). Hence 
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ICAM-1 to its receptors LFA-1 and macrophage-1 antigen (Mac-1) expressed on 
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ICAM-1 expression has also been shown to be upregulated by ionizing radiation in a p53-
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1997). Recently it was discovered that ICAM-1 expression correlates with senescence (see 
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If low levels of DNA damage persist in cells, the DDR induces an irreversible cell cycle 
arrest called senescence. Recent data have shown in vivo accumulation of senescent cells 
with age (Herbig et al., 2006; Jeyapalan et al., 2007). Senescent cells secrete a broad spectrum 
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plasminogen activator inhibitor 1 (PAI-1), and others, collectively often referred to as the 
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senescence entry and maintenance. For instance, the autocrine secretion of IL-6 is required 
for the establishment of oncogene-induced senescence (Kuilman et al. 2008). Some IRFs, 
including IRF-1, IRF-5 and IRF-7, have been functionally linked to senescence (Li et al., 2008; 
Upreti et al., 2010). Some members of the SASP do not function exclusively in a cell-
autonomous manner, but they also affect neighboring cells. Paradoxically, their paracrine 
effects sometimes promote tumorigenesis. IL-6 contributes to tumorigenesis by promoting 
angiogenesis (Wei et al., 2003; Fan et al., 2008). In addition, IL-6 secretion by HRasV12-
transformed cancer cells has been reported to mediate tumour growth (Leslie 2010). Tumor-
promoting effects have also been described for other SASP members, such as TGF-
β (reviewed in Bierie & Moses, 2006), IL-1 (Dejana et al., 1988; Voronov et al., 2003) and IL-8 
(Norgauer et al., 1996). These opposite effects may be explained by differences in cells type, 
stage of transformation or the mode of signaling (autocrine versus paracrine). It is possible 
that healthy, normal cells enter senescence in response to oncogene-induced DNA damage, 
and possibly due to the subsequent SASP, whereas the SASP can promote tumorigenesis in 
neighboring precancerous lesions harboring specific mutations. DNA damage-induced 
senescence may therefore have dual roles in preventing and promoting tumorigenesis, 
depending on the cellular context. Some characteristics of senescent cells, such as the ability 
of SASP members to modify the extracellular environment, may play a role in aging and 
age-related pathology (Chung et al., 2009). Of note many of DDR-induced ligands for 
activating immune receptors, such as NKG2D, DNAM-1 and LFA-1 are upregulated in 
senescent cells. It remains currently unclear if the underlying DDR in senescent cells is 
regulating the expression of these ligands or if the expression depends on senescence-
specific pathways.  

4.2 Cancer 
As mentioned earlier, the DDR may represent a major barrier to tumorigenesis (Bartkova et 
al., 2005; Gorgoulis et al., 2005). Replication stress in response to oncogene activation results 
in the collapse of DNA replication forks. The resulting DNA breaks activate the DDR, 
leading to either senescence or cellular apoptosis. In addition to these largely cell-intrinsic 
barrier effects of the DDR, recent evidence suggests that cell-extrinsic barriers could exist, 
some of which may depend on the immune system. A link between the DDR and immune 
system was suggested by the upregulation of ligands for the activating immune receptors 
NKG2D, DNAM-1 and LFA-1 in tumor cells or in cells undergoing genotoxic stress. In 
addition the DDR also regulates the expression of the apoptosis-inducing death receptor  
5 (DR5), a ligand for TRAIL (Wu et al., 1997). NKG2D, DNAM-1 and LFA-1 participate in 
‘induced self-recognition’ of target cells by cytotoxic NK cells (Lakshmikanth et al., 2009). 
“Induced self-ligands” are absent or only poorly expressed by normal cells, but upregulated 
on diseased cells (Castriconi et al., 2004; Gasser et al., 2005; Gorgoulis et al., 2005). The 
activating receptors NKG2D, DNAM-1 and LFA-1 are mainly expressed by natural killer 
(NK) cells and T cells, which play an important role in the immunity against cancer 
(Shibuya et al., 1996; Barber et al., 2004; El-Sherbiny et al., 2007). The recognition of tumor 
cells by NK cells is governed by activating and inhibitory receptor-mediated signals (Gasser 
& Raulet, 2006). Many of the inhibitory receptors expressed by NK cells are specific for 
major histocompatibility complex (MHC) class I molecules. MHC class I molecules are 
expressed by normal cells but are often downregulated from tumour cells. Increased 
expression of activating ligands by tumor cells can override inhibitory receptor signaling, 
resulting in NK cell activation and NK cell-mediated lysis of tumor cells. NK cells also 
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produce pro-inflammatory cytokines such as IFN-γ, which help to initiate an adaptive 
immune response (reviewed in Kos, 1998). In addition to their role in NK cells, NKG2D, 
DNAM-1 and LFA-1 provide signals that enhance the activation of specific T cell subsets, 
such as the cytotoxic CD8+ T cells (Shibuya et al., 1996; Barber et al., 2004; Gasser & Raulet, 
2006). The qualitative and quantitative effector responses of NK and T cells are regulated by 
cytokines such as interleukin-2 (IL-2), IL-12, IL-15, IL-18, IL-21, TGF-β and the type I IFNs 
(Biron et al., 1999). Hence, in addition to the effects described above, the DDR-induced 
expression of type I interferons may also help in stimulating an immune response through 
the activation of NK and T cells.  

4.3 Viral infections  
The DDR is also triggered when cells are infected with certain viruses, including 
retroviruses such as the human immunodefiency virus 1 (HIV-1), adenoviruses, herpes 
simplex viruses 1 and 2 (HSV-1 and 2), cytomegalovirus (CMV), hepatitis B virus, Epstein-
Barr virus (EBV) and the human papilloma virus type 16 and 18 (HPV-16 and 18) (Lilley et 
al., 2007). In many cases, the DDR is triggered in response to viral nucleic acid intermediates 
produced during the viral “life cycle” (Lilley et al., 2007). The importance of the DDR in 
preventing virus-induced tumorigenesis is evidenced by the fact that oncogenic viruses 
infect many cells but rarely lead to tumorigenesis. For example, infectious mononucleosis 
can be caused by the infection of EBV, but rarely leads to Burkitt’s and Hodgkin’s 
lymphoma (Lemon et al., 1977). The ATM-CHK2 pathway is triggered in B cells during a 
latent EBV infection, which is thought to supress EBV-induced transformation by inducing 
cell cycle arrest and apoptosis (Nikitin et al., 2010). Adenovirus infection results in the 
phosphorylation of ATM and H2AX, the stabilization of p53 and the downregulation of the 
anti-apoptotic protein myeloid cell leukemia 1 (MCL-1), thereby promoting the induction of 
apoptosis in virus-infected cells (Debbas & White, 1993; Lowe & Ruley, 1993a; Cuconati et 
al., 2003). In summary, the DDR is not restricted to controling tumorigenesis induced by the 
activation of host oncogenes, but also functions to control the activity of viral genes and may 
therefore participate in defending organisms from viral infections. In support of this idea, 
p53-deficient mice show higher viral titer and mortality after vesicular stomatitis virus 
infection (Takaoka et al., 2003). In another study, the knockdown of p53 in a liver cell line 
resulted in higher levels of hepatitis C virus replication (Dharel et al., 2008). In addition, p53 
was shown to be activated in cells infected with the Newcastle disease virus, herpes simplex 
virus and influenza virus (Takaoka et al., 2003; Turpin et al., 2005).  
Many viruses have developed means to interfere with the DDR, further supporting the idea 
that the DDR may restrict viral infection and proliferation of infected cells. The adenovirus 
core protein VII protects the viral genome from the DDR (Karen & Hearing, 2011). Tax, a 
protein encoded by HTLV-1 attenuates the ATM-mediated DDR by interacting with CHK1 
and CHK2 (Park et al., 2004; Park et al., 2005). The activation of the DDR is disrupted by the 
human CMV through altering the localization of CHK2 by viral structural proteins (Gaspar 
& Shenk, 2005). During the EBV infection of B cells, the latent EBNA3C protein attenuates 
the DDR by modulating CHK2 and p53 activity (Nikita et al., 2010). Other proteins (E6 
protein of the HPV-16, HPV-18, S40 large T antigen of simian virus etc.) of oncogenic viruses 
interfere with p53 functions in infected cells (Werness et al., 1990; Kessis et al., 1993).  
Despite the potential antiviral properties of the DDR, many viruses have also evolved ways 
to activate at least part of the DDR for their own replication. In retroviral integration, for 
instance, the viral integrase cleaves the host DNA to facilitate the integration of the viral 
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senescence entry and maintenance. For instance, the autocrine secretion of IL-6 is required 
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effects sometimes promote tumorigenesis. IL-6 contributes to tumorigenesis by promoting 
angiogenesis (Wei et al., 2003; Fan et al., 2008). In addition, IL-6 secretion by HRasV12-
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produce pro-inflammatory cytokines such as IFN-γ, which help to initiate an adaptive 
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double-stranded cDNA, and as a consequence, leaves a dsDNA break that requires NHEJ 
repair (Skalka & Katz, 2005). Viral replication of HIV-1 was suppressed when cells were 
treated with an ATM-specific inhibitor (Lau et al., 2005). Furthermore, HIV-1 encodes a 
protein, Vpr, which activates the ATR-CHK1 pathway to arrest infected cells in the G2 phase 
of the cell cycle and to repair dsDNA breaks by homologous recombination (Goh et al., 1998; 
Roshal et al., 2003; Nakai-Murakami et al., 2006).  
The activation of the DDR in response to viral infection renders cell sensitive to immune 
cell-mediated lysis by upregulating ligands for NKG2D, DNAM-1 and LFA-1. Two recent 
reports show that HIV-1 ATR-CHK1 activation by the HIV-1 Vpr upregulates the expression 
of ligands for the activating NKG2D receptor and promotes NK cell-mediated killing 
(Richard et al., 2009; Ward et al., 2009). EBV-transformed B-cell lines are relatively resistant 
to NK cell-mediated lysis possibly as a result of their attenuated DDR in addition to high 
expression of MHC class I molecules, which inhibit NK cells (Pappworth et al., 2007). 
However, the reactivation of EBV in transformed B cells renders them susceptible to NK-
cell-mediated lysis, which was partially depends on NKG2D and DNAM-1 (Pappworth et 
al., 2007). NKG2D ligand expression is upregulated upon infection by a number of viruses, 
such as CMV, HBV, poxvirus and hepatitis C virus, although the role of the DDR in the 
regulation has yet to be explored in detail.  
A number of viruses have developed means to interfere with the expression of ligands  
for activating receptors. This phenomenon is best characterized for the ligands of NKG2D.  
Nef (Negative factor) protein encoded by HIV-1 downregulates the expression of NKG2D 
ligands, HLA-A and HLA-B, to potentially evade recognition by NK cells and HLA-A-
/HLA-B- restricted HIV-1-specific cytotoxic T cells (McMichael 1998; Cerboni et al., 2007). 
Hepatitis C virus impairs the NKG2D-dependent NK cell responses by downregulating 
NKG2D ligand and receptor expression (Wen et al., 2008). Both murine and human CMV 
have developed strategies to evade the NKG2D-dependent recognition. The murine CMV 
encodes the viral glycoproteins m138, m145 and m152 for evasion strategies. The m152 
targets Rae1 for degradation (Lodoen et al., 2003), m145 and m138 prevent MULT1 
expression (Krmpotic et al., 2005), while m138 cooperates with m155 to impair H60 
expression (Lodoen et al., 2004; Lenac et al., 2006). The human CMV (HCMV)-encoded UL16 
protein inhibits the expression of MICB, ULBP1, ULBP2 and RAET1G (Dunn et al., 2003; 
Rölle et al., 2003). The HCMV protein UL142 prevents the expression of some, but not all, 
alleles of MICA (Chalupny et al., 2006). Some alleles of MICA, such as the prevalent allele of 
MICA, MICA*008, are resistant to downregulation by HCMV because of a truncation of the 
cytoplasmic domain (Chalupny et al., 2006). These polymorphisms may reflect a counter-
offensive of the host to evade viral protein-mediated inhibition of NKG2D ligand 
expression. Furthermore, it was recently discovered that a microRNA encoded by HCMV 
downregulates MICB expression by targeting a specific site in the MICB 3' untranslated 
region (Stern-Ginossar et al., 2007). Finally, the HCMV protein UL141 protein impedes the 
expression of DNAM-1 ligand CD155 (Tomasec et al., 2005). Interestingly, CD155 functions 
as a poliovirus receptor, but the role of NK cells or the DDR in poliovirus infection has not 
been studied in detail. Taken together, the DDR presents a challenge to many viruses as 
their replication critically depends on certain aspects of the DDR. At the same time, the DDR 
can induce apoptosis of infected cells or render infected cells sensitive to immune cell-
mediated lysis (Figure 2). In response, viruses most likely target the specific effector 
molecules of the DDR that prevent their subsequent infection of new target cells, while 
leaving the part of the pathway required for their replication intact. 
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Recent evidence links the DDR to innate and possibly, adaptive immunity. The activation of 
an immune response may contribute to the removal of these potentially harmful cells 
(Figure 2).  
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1. Introduction 
Colorectal cancer is the third most common cancer in women and fourth in men, with 
respect to incidence, and 529,000 deaths occurred worldwide in 2002 (Parkin et al., 2005). 
Approximately 2 ‐ 5% of cases of colorectal cancer are due to a genetic predisposition of 
which the most common is hereditary non‐polyposis colorectal cancer (HNPCC). HNPCC is 
an autosomal dominant disorder with high penetrance and exhibits allelic and locus 
heterogeneity (Aarnio et al., 1995; de la Chapelle, 2004; Dunlop et al., 1997). In HNPCC there 
are heterozygous germline mutations in the DNA mismatch repair (MMR) genes MutS 
homologue 2 (MSH2), MutL homologue 1 (MLH1), MutS homologue 6 (MSH6), post‐meiotic 
segregation increased 2 (PMS2) and post‐meiotic segregation increased 1 (PMS1) (Bocker et 
al., 1999; Buermeyer et al., 1999; Jiricny, 1998; Jiricny & Marra, 2003; Lucci-Cordisco et al., 
2003; Mitchell et al., 2002; Narayan & Roy, 2003; Nicolaides et al., 1998; Plaschke et al., 2004; 
Zabkiewicz & Clarke, 2004). Germline mutations in hMLH1 and hMSH2 are the most 
common with abnormalities in these genes found in more than 90% of HNPCC mutation 
carriers (Abdel-Rahman et al., 2006; de la Chapelle, 2004; Hampel et al., 2005; Lagerstedt 
Robinson et al., 2007). The phenomenon of transmission of an epimutation in hMLH1 has 
also been reported (Hitchins et al., 2007).  
The DNA MMR system plays an essential role in identifying and correcting any replication 
errors and any additional errors which arise through physical or chemical damage. These 
errors may be base‐base mismatches, short insertions/deletions and heteroduplexes, which 
can occur during DNA replication and recombination (Jiricny, 1998; Jiricny & Marra, 2003). 
The DNA MMR system therefore maintains genomic integrity and stability and in essence 
provides a tumour suppressor function. Deficiencies in DNA MMR lead to the accumulation 
of mutations in repetitive nucleotide regions, a phenomenon termed microsatellite 
instability (MSI) (Parsons et al., 1993; Parsons et al., 1995; Thibodeau et al., 1993; Thibodeau et 
al., 1998). Microsatellites are classically defined as simple tandem nucleotide sequence 
repeats of 1 – 6 base pairs in the genome (Hancock, 1999). Changes in the number of the 
repeat units due to defective DNA MMR are potentially cancer causing (Riccio et al., 1999; 
Yamamoto et al., 1998). The MSI phenotype or replication error positive (RER+) phenotype 
can be considered as an almost canonical feature of DNA MMR deficiency (Kinzler & 
Vogelstein, 1996; Parsons et al., 1993). This MSI phenotype is observed in approximately 15% 
of all human colorectal cancer, gastric and endometrial carcinomas (Lothe et al., 1993; Seruca 
et al., 1995; Shibata, 1999; Umar et al., 1994). Somatic inactivation of DNA MMR largely 
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1. Introduction 
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respect to incidence, and 529,000 deaths occurred worldwide in 2002 (Parkin et al., 2005). 
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which the most common is hereditary non‐polyposis colorectal cancer (HNPCC). HNPCC is 
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heterogeneity (Aarnio et al., 1995; de la Chapelle, 2004; Dunlop et al., 1997). In HNPCC there 
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2003; Mitchell et al., 2002; Narayan & Roy, 2003; Nicolaides et al., 1998; Plaschke et al., 2004; 
Zabkiewicz & Clarke, 2004). Germline mutations in hMLH1 and hMSH2 are the most 
common with abnormalities in these genes found in more than 90% of HNPCC mutation 
carriers (Abdel-Rahman et al., 2006; de la Chapelle, 2004; Hampel et al., 2005; Lagerstedt 
Robinson et al., 2007). The phenomenon of transmission of an epimutation in hMLH1 has 
also been reported (Hitchins et al., 2007).  
The DNA MMR system plays an essential role in identifying and correcting any replication 
errors and any additional errors which arise through physical or chemical damage. These 
errors may be base‐base mismatches, short insertions/deletions and heteroduplexes, which 
can occur during DNA replication and recombination (Jiricny, 1998; Jiricny & Marra, 2003). 
The DNA MMR system therefore maintains genomic integrity and stability and in essence 
provides a tumour suppressor function. Deficiencies in DNA MMR lead to the accumulation 
of mutations in repetitive nucleotide regions, a phenomenon termed microsatellite 
instability (MSI) (Parsons et al., 1993; Parsons et al., 1995; Thibodeau et al., 1993; Thibodeau et 
al., 1998). Microsatellites are classically defined as simple tandem nucleotide sequence 
repeats of 1 – 6 base pairs in the genome (Hancock, 1999). Changes in the number of the 
repeat units due to defective DNA MMR are potentially cancer causing (Riccio et al., 1999; 
Yamamoto et al., 1998). The MSI phenotype or replication error positive (RER+) phenotype 
can be considered as an almost canonical feature of DNA MMR deficiency (Kinzler & 
Vogelstein, 1996; Parsons et al., 1993). This MSI phenotype is observed in approximately 15% 
of all human colorectal cancer, gastric and endometrial carcinomas (Lothe et al., 1993; Seruca 
et al., 1995; Shibata, 1999; Umar et al., 1994). Somatic inactivation of DNA MMR largely 
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arises as a consequence of epigenetic silencing of hMLH1 (through hypermethylation of 
promoter CpG islands) rather than via classic mutational inactivation (Herman et al., 1998; 
Jacinto & Esteller, 2007; Jones & Laird, 1999; Peltomaki, 2001; H. Yamamoto et al., 1998). 
Genes particularly prone to MSI include Bax, TGF-β receptor II, hMSH3 and hMSH6 
(Yamamoto et al., 1998); other susceptible genes include the DNA glycosylase MBD4 (Bader 
et al., 2000; Bader et al., 1999; Riccio et al., 1999) and the epidermal growth factor receptor 
(EGFR) (Woerner et al., 2010). Additionally, as a consequence of MSI, inactivation of proteins 
in the Wnt signalling pathway (eg TCF-4) has been reported (Shimizu et al., 2002). Clinically 
defined MSI is where at least two of the loci tested in a panel out of five exhibit instability 
(Boland et al., 1998). Mutation frequencies in cells defective in DNA MMR can be increased 
100-1000 fold (Parsons et al., 1993; Shibata, 1999).  
The protective role of the DNA MMR system in suppressing the mutator phenotype in a 
range of common cancers is thus well established. The hypothesis that aspirin may 
potentially modulate this pathway to prevent carcinogenesis (Goel et al., 2003) is of central 
interest, and has so far received relatively little attention and merits further investigation. 
The aim of this chapter will be to review the evidence that non-steroidal anti-inflammatory 
drugs (NSAIDS), including aspirin, celecoxib, sulindac and so on, affect DNA repair 
mechanisms and pathways and to further examine the consequences of this in relation to 
cancer development and progression. As NSAIDs are considered to be one of the most 
widely used over-the-counter drugs, we will also discuss the potential effect of NSAID use 
on cancer treatment. Aspirin and other NSAIDs may have the capacity to perturb DNA 
repair pathways and this may have important implications for the patient response to 
chemotherapeutic agents. It is also worth noting that inflammation – the ‘seventh hallmark’ 
of cancer (Colotta et al., 2009) - can possibly repress (by epigenetic mechanisms) DNA 
mismatch repair.  

2. Cancer and NSAIDs 
From evidence adduced from epidemiological studies and clinical trials, it has been 
proposed that regular ingestion of aspirin and other non‐steroidal anti‐inflammatory 
drugs (NSAIDs) can promote colorectal tumour regression and reduce the relative risk of 
developing colorectal cancer (CRC) in the general population and in genetically 
susceptible individuals (for example see; (Baron et al., 2003; Chan et al., 2009; Cuzick et al., 
2009; Giovannucci, 1999; Imperiale, 2003; Logan et al., 1993; Paganini-Hill, 1993; Sandler et 
al., 2003; Thun et al., 2002). NSAID use is also associated with a reduced risk of 
oesophageal adenocarcinoma particularly in patients with high risk molecular 
abnormalities, for example, with 17p LOH, 9p LOH, and DNA content abnormalities 
(Galipeau et al., 2007). Recent meta-analyses of randomised clinical trials have 
strengthened the contention that aspirin has protective effects against CRC (Din et al., 
2010) and non-CRC related adenocarcinomas, including oesophageal and lung cancer 
(Rothwell et al., 2011). Although such studies have now provided substantial evidence 
that regular use of aspirin based medication can reduce the risk of colorectal cancer 
(Bosetti et al., 2002; Muscat et al., 1994; Thun et al., 1991) the molecular basis for the 
protective effect of aspirin vis-à-vis CRC and other cancers is rather controversial. A 
substantial number of theories are now in circulation. Whilst much of the focus in the 
recent past has understandably been on the intrinsic anti-inflammatory nature of the 
compounds in use, see for example, (Giovannucci, 1999; Keller & Giardiello, 2003), there 
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are a number of intriguing findings which suggest that NSAIDs can impact upon genetic 
stability and it is these aspects which we wish to highlight in this chapter. However, the 
optimism that arises from the findings that NSAIDs may offer protection against cancer 
should be tempered: NSAID use can result in serious side effects (gastrointestinal 
disturbances and cardiovascular events) in susceptible individuals (Cuzick et al., 2009). 
This has lead to considerable debate amongst clinicians over recent years as to whether 
NSAIDs should be prescribed as chemopreventative agents, in particular, to those 
individuals at high risk of developing colorectal cancer, such as HNPCC or Familial 
Adenomatous Polyposis (FAP) patients. 
Animal studies confirm that NSAIDs can protect against the development of colorectal 
neoplasia (Corpet & Pierre, 2003, 2005). For example, aspirin has been shown to suppress 
spontaneous intestinal adenoma formation and reduce incidence and volume of colon 
tumour induced by the carcinogen 1,2‐dimethylhydrazine in rat models (Barnes & Lee, 
1999). Continuous administration of a clinically relevant aspirin dosage was crucial in these 
studies in comparison to other studies where aspirin was administered at the start of 
carcinogenesis or one week after carcinogen exposure (Craven & DeRubertis, 1992). Taken 
together with findings from epidemiological studies in humans, there is thus the suggestion 
that long term, continuous usage of aspirin is required to gain any beneficial 
chemopreventative effects. Several studies carried out in the 1990s demonstrated inhibition 
of carcinogen induced tumour development by NSAIDs including aspirin and sulindac in 
rats (Rao et al., 1995; Reddy et al., 1993) and also in a murine model of FAP (Barnes & Lee, 
1998; Chiu et al., 1997; Jacoby et al., 1996; Mahmoud et al., 1998; Oshima et al., 1996). Familial 
adenomatous polyposis (FAP) is a colorectal cancer syndrome inherited in humans in an 
autosomal dominant manner caused by an absence of a functional caretaker APC protein 
(Narayan & Roy, 2003). Lifetime administration of aspirin to a mouse model with germline 
defects in both the APC and Msh2 gens (APC Min/+ , Msh2 -/-) suppresses intestinal and 
mammary neoplasia formation (Sansom et al., 2001).  
Epidemiological studies have identified environmental and dietary factors which alter the 
risk of developing colorectal cancer. Protective dietary factors include NSAIDs, fruit, 
vegetables, and folic acid and possibly calcium, whilst red and processed meat ingestion, 
alcohol use and obesity are perceived to increase risk (Forte et al., 2008; Key, 2011; La 
Vecchia et al., 2001; Ryan-Harshman & Aldoori, 2007; Scheier, 2001; Serrano et al., 2004). An 
assessment of chemopreventative measures, such as NSAID and micronutrient intake, for 
the general population and individuals with an increased risk for colorectal cancer based on 
family history, has recently been published (Cooper et al., 2010).  

2.1 Inflammation and cancer 
Debate has arisen with regards to the molecular mechanism of action of aspirin and other 
NSAIDs in reducing the incidence of certain cancers. Based on the anti-inflammatory effects 
of these agents, one obvious explanation is that inflammation can drive cancer development. 
Indeed, inflammation is becoming increasingly recognised as being critical to cancer 
formation, and building on the framework proposed by Hannahan and Weinberg (Hanahan 
& Weinberg, 2000), it has been proposed that inflammation should be considered the 
seventh hallmark of genetic instability (Colotta et al., 2009). It has been estimated that one in 
four cancers are linked to infection and chronic inflammation (Hussain & Harris, 2007). In 
an inflammatory microenvironment mutation frequency is increased (Bielas et al., 2006). 
There is strong evidence for an increased risk of cancer in individuals with chronic 
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arises as a consequence of epigenetic silencing of hMLH1 (through hypermethylation of 
promoter CpG islands) rather than via classic mutational inactivation (Herman et al., 1998; 
Jacinto & Esteller, 2007; Jones & Laird, 1999; Peltomaki, 2001; H. Yamamoto et al., 1998). 
Genes particularly prone to MSI include Bax, TGF-β receptor II, hMSH3 and hMSH6 
(Yamamoto et al., 1998); other susceptible genes include the DNA glycosylase MBD4 (Bader 
et al., 2000; Bader et al., 1999; Riccio et al., 1999) and the epidermal growth factor receptor 
(EGFR) (Woerner et al., 2010). Additionally, as a consequence of MSI, inactivation of proteins 
in the Wnt signalling pathway (eg TCF-4) has been reported (Shimizu et al., 2002). Clinically 
defined MSI is where at least two of the loci tested in a panel out of five exhibit instability 
(Boland et al., 1998). Mutation frequencies in cells defective in DNA MMR can be increased 
100-1000 fold (Parsons et al., 1993; Shibata, 1999).  
The protective role of the DNA MMR system in suppressing the mutator phenotype in a 
range of common cancers is thus well established. The hypothesis that aspirin may 
potentially modulate this pathway to prevent carcinogenesis (Goel et al., 2003) is of central 
interest, and has so far received relatively little attention and merits further investigation. 
The aim of this chapter will be to review the evidence that non-steroidal anti-inflammatory 
drugs (NSAIDS), including aspirin, celecoxib, sulindac and so on, affect DNA repair 
mechanisms and pathways and to further examine the consequences of this in relation to 
cancer development and progression. As NSAIDs are considered to be one of the most 
widely used over-the-counter drugs, we will also discuss the potential effect of NSAID use 
on cancer treatment. Aspirin and other NSAIDs may have the capacity to perturb DNA 
repair pathways and this may have important implications for the patient response to 
chemotherapeutic agents. It is also worth noting that inflammation – the ‘seventh hallmark’ 
of cancer (Colotta et al., 2009) - can possibly repress (by epigenetic mechanisms) DNA 
mismatch repair.  

2. Cancer and NSAIDs 
From evidence adduced from epidemiological studies and clinical trials, it has been 
proposed that regular ingestion of aspirin and other non‐steroidal anti‐inflammatory 
drugs (NSAIDs) can promote colorectal tumour regression and reduce the relative risk of 
developing colorectal cancer (CRC) in the general population and in genetically 
susceptible individuals (for example see; (Baron et al., 2003; Chan et al., 2009; Cuzick et al., 
2009; Giovannucci, 1999; Imperiale, 2003; Logan et al., 1993; Paganini-Hill, 1993; Sandler et 
al., 2003; Thun et al., 2002). NSAID use is also associated with a reduced risk of 
oesophageal adenocarcinoma particularly in patients with high risk molecular 
abnormalities, for example, with 17p LOH, 9p LOH, and DNA content abnormalities 
(Galipeau et al., 2007). Recent meta-analyses of randomised clinical trials have 
strengthened the contention that aspirin has protective effects against CRC (Din et al., 
2010) and non-CRC related adenocarcinomas, including oesophageal and lung cancer 
(Rothwell et al., 2011). Although such studies have now provided substantial evidence 
that regular use of aspirin based medication can reduce the risk of colorectal cancer 
(Bosetti et al., 2002; Muscat et al., 1994; Thun et al., 1991) the molecular basis for the 
protective effect of aspirin vis-à-vis CRC and other cancers is rather controversial. A 
substantial number of theories are now in circulation. Whilst much of the focus in the 
recent past has understandably been on the intrinsic anti-inflammatory nature of the 
compounds in use, see for example, (Giovannucci, 1999; Keller & Giardiello, 2003), there 
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are a number of intriguing findings which suggest that NSAIDs can impact upon genetic 
stability and it is these aspects which we wish to highlight in this chapter. However, the 
optimism that arises from the findings that NSAIDs may offer protection against cancer 
should be tempered: NSAID use can result in serious side effects (gastrointestinal 
disturbances and cardiovascular events) in susceptible individuals (Cuzick et al., 2009). 
This has lead to considerable debate amongst clinicians over recent years as to whether 
NSAIDs should be prescribed as chemopreventative agents, in particular, to those 
individuals at high risk of developing colorectal cancer, such as HNPCC or Familial 
Adenomatous Polyposis (FAP) patients. 
Animal studies confirm that NSAIDs can protect against the development of colorectal 
neoplasia (Corpet & Pierre, 2003, 2005). For example, aspirin has been shown to suppress 
spontaneous intestinal adenoma formation and reduce incidence and volume of colon 
tumour induced by the carcinogen 1,2‐dimethylhydrazine in rat models (Barnes & Lee, 
1999). Continuous administration of a clinically relevant aspirin dosage was crucial in these 
studies in comparison to other studies where aspirin was administered at the start of 
carcinogenesis or one week after carcinogen exposure (Craven & DeRubertis, 1992). Taken 
together with findings from epidemiological studies in humans, there is thus the suggestion 
that long term, continuous usage of aspirin is required to gain any beneficial 
chemopreventative effects. Several studies carried out in the 1990s demonstrated inhibition 
of carcinogen induced tumour development by NSAIDs including aspirin and sulindac in 
rats (Rao et al., 1995; Reddy et al., 1993) and also in a murine model of FAP (Barnes & Lee, 
1998; Chiu et al., 1997; Jacoby et al., 1996; Mahmoud et al., 1998; Oshima et al., 1996). Familial 
adenomatous polyposis (FAP) is a colorectal cancer syndrome inherited in humans in an 
autosomal dominant manner caused by an absence of a functional caretaker APC protein 
(Narayan & Roy, 2003). Lifetime administration of aspirin to a mouse model with germline 
defects in both the APC and Msh2 gens (APC Min/+ , Msh2 -/-) suppresses intestinal and 
mammary neoplasia formation (Sansom et al., 2001).  
Epidemiological studies have identified environmental and dietary factors which alter the 
risk of developing colorectal cancer. Protective dietary factors include NSAIDs, fruit, 
vegetables, and folic acid and possibly calcium, whilst red and processed meat ingestion, 
alcohol use and obesity are perceived to increase risk (Forte et al., 2008; Key, 2011; La 
Vecchia et al., 2001; Ryan-Harshman & Aldoori, 2007; Scheier, 2001; Serrano et al., 2004). An 
assessment of chemopreventative measures, such as NSAID and micronutrient intake, for 
the general population and individuals with an increased risk for colorectal cancer based on 
family history, has recently been published (Cooper et al., 2010).  

2.1 Inflammation and cancer 
Debate has arisen with regards to the molecular mechanism of action of aspirin and other 
NSAIDs in reducing the incidence of certain cancers. Based on the anti-inflammatory effects 
of these agents, one obvious explanation is that inflammation can drive cancer development. 
Indeed, inflammation is becoming increasingly recognised as being critical to cancer 
formation, and building on the framework proposed by Hannahan and Weinberg (Hanahan 
& Weinberg, 2000), it has been proposed that inflammation should be considered the 
seventh hallmark of genetic instability (Colotta et al., 2009). It has been estimated that one in 
four cancers are linked to infection and chronic inflammation (Hussain & Harris, 2007). In 
an inflammatory microenvironment mutation frequency is increased (Bielas et al., 2006). 
There is strong evidence for an increased risk of cancer in individuals with chronic 
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inflammatory states (inflammatory bowel disease, gastroesophageal reflux disease, asthma) 
with or without attendant bacterial or viral infection (eg Helicobacter pylori, hepatitis) 
(Grivennikov & Karin, 2010; Schetter et al., 2010; Xie & Itzkowitz, 2008). The molecular 
drivers of cancer formation resulting from the interaction of pre-cancerous cells with 
activated immune cells and the surrounding stroma are complex. The host response to 
infection, injury and wound repair through production of reactive oxygen (ROS) and 
nitrogen oxide (RNOS) species, and pro-inflammatory cytokines (eg TNF-α, IL-1, IL-6) and 
chemokines (eg IL-8) (Wang et al., 2009) is of central importance. Such ‘micro-cytokine’ 
storms can stimulate activation of transcriptions factors (eg Nuclear Factor-κB, AP-1, 
STAT3) fundamentally altering the expression profile of a cell and promoting cell survival, 
proliferation, angiogenesis, motility and invasion. It is clear that for individual transcription 
factors their activation can be context (eg tissue) dependent and they may not always 
promote tumour cell formation, and may indeed exhibit tumour suppressor activity (eg NF-
κB in skin cancer) (Chaturvedi et al., 2011; Ditsworth & Zong, 2004). 
Microsatellite instability has been observed in non-neoplastic tissue in patients with chronic 
inflammatory conditions prior to the presence of dysplastic tissue, indicating that defects in 
DNA MMR can be an early event in inflammation-associated cancers (Brentnall et al., 1995; 
Park et al., 1998). There are tantalising findings which hint at the molecular basis for this 
MSI. Oxidative stress, in the guise of H2O2, increases frameshift mutations (Gasche et al., 
2001), and can inactivate the DNA MMR system (Chang et al., 2002). Moreover, in a p53 and 
p21 dependent fashion, activated neutrophils induced replication errors and a G2/M arrest 
in colonic epithelial cells (Campregher et al., 2008). In inflammatory bowel disease neoplasia, 
hypermethylation of the hMLH1 gene and reduced hMLH1 protein expression occurs 
frequently (Fleisher et al., 2000). In an animal model of colorectal cancer, inflammation and 
hypoxia were found to epigenetically silence hMLH1 expression: down-regulated 
expression of this DNA mismatch repair gene occurred as a consequence of decreased 
acetylation, which was reversible when the animals were treated with the HDAC inhibitor 
suberoylanilide hydroxamic acid (SAHA) (Edwards et al., 2009). Decreased expression of 
hMLH1 can alter hPMS2 stability and consequently, genetic integrity. Moreover, hMLH1 
and hPMS2 can have a role in activating cell-cycle checkpoints and promoting apoptosis 
(Cejka et al., 2003; Davis et al., 1998; Ding et al., 2009; McDaid et al., 2009; Sansom et al., 2003; 
Yanamadala & Ljungman, 2003; Zhang et al., 1999). Thus, a functional DNA mismatch repair 
system prohibits expansion of cells containing DNA damage (Carethers et al., 1996; Papouli 
et al., 2004). Dysregulated hMLH1/hPMS2 expression could conceivably impact on the 
survival of cells containing damaged DNA and promote cancer progression. hMLH1 
expression has been reported to be altered by tobacco usage and inflammatory state in the 
epithelium of the oral mucosa (Fernandes et al., 2007). Increased tissue specific hMLH1 
hypermethylation has been observed in the progression of oesophageal cancer (Vasavi et al., 
2006); the authors also reported that patients with gastroesophageal reflux disease (GERD) 
exhibited a very significant degree of hMLH1 hypermethylation prompting the suggestion 
that reflux can promote hypermethylation. The relationship between acid reflux and 
inflammation in GERD has been recently reviewed (Orlando, 2010). The phenomenon of 
elevated microsatellite instability at selected nucleotide repeats (EMAST) is also seen in 60% 
of sporadic colon cancers, is more common in individuals of African-American origin and 
has been linked to reduced expression of the hMSH3 protein. Moreover, EMAST is also 
more prevalent in rectal cancer with immune cell infiltration (Devaraj et al., 2010; Lee et al., 
2010). As MSI in CRC can result in products with potentially increased immunogenicity, it is 
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possible that this further stimulates inflammation (Banerjea et al., 2004). Tumour infiltrating 
lymphocytes in CRC with MSI are activated and cytotoxic (Phillips et al., 2004). In a model of 
experimental colon carcinogenesis in rats, long-term, low-dose administration of aspirin 
significantly reduced cytokine and matrix metalloproteinase release (Bousserouel et al., 
2010). Based on the above findings, it would appear to be reasonable to suppose that 
research into the epigenetic modifying effects of NSAIDs, and inflammation itself (Maekawa 
& Watanabe, 2007), particularly with respect to alterations in DNA repair protein expression 
and MSI, should be a focus in the future.   
Oxidative stress occurs as a consequence of the activation of the immune system, where 
oxidative bursts have a role in protecting the host against microbial invaders. Reactive 
oxide and nitrogen oxide species (ROS and RNOS) thus produced can ultimately cause 
DNA damage such as abasic sites, oxidised bases, DNA-intrastrand adducts, strand 
breaks, as well as RNA alkylation, and protein damage (Hussain et al., 2003). Reaction 
with lipids produces extremely reactive peroxidation products, including 
malondialdehyde (MDA) and trans-4-hydroxynonenal (4-HNE). 4-HNE can form etheno 
adducts in DNA and has been found to preferentially form adducts in codon 249 of the 
human p53 gene (Federico et al., 2007; Hu et al., 2002). Mutations in the tumour 
suppressor p53 are found in inflamed tissue in ulcerative colitis (UC) patients (Hussain et 
al., 2000). Accelerated telomere shortening, and DNA damage - as assessed by analysis of 
phosphorylated histone H2AX (γH2AX; a measure of DSBs) occurs in the bowel of UC 
patients (Risques et al., 2008). ROS and RNOS - whilst generally perceived as having a 
negative impact on cell function - do have important roles as secondary messengers 
(Valko et al., 2006). However, if the cellular defence mechanisms - anti-oxidant enzymes 
such as manganese superoxide dismutase and glutathione peroxidise, detoxification, and 
DNA repair systems - are overwhelmed, these reactive species are potentially mutagenic 
(Ferguson, 2010). The bystander effects from released cytokines and reactive signalling 
species may also occur some distance from the initial trauma. Redon et al. have shown 
that increased levels of DNA damage (measuring γH2AX levels) can occur systemically in 
mice implanted with a non-metastatic tumour (Redon et al., 2010). Animal model studies 
confirm the role of RNOS and the inflammatory process in contributing to cancer 
development (Hussain et al., 2003; Itzkowitz & Yio, 2004). 
The base excision repair (BER) system is critically important for dealing with oxidative 
damage to DNA, such as removal of 8-oxo-G lesions (David et al., 2007; Lindahl & Wood, 
1999; McCullough et al., 1999; Wood et al., 2001). Increased expression of the BER proteins 
AAG (a 3-methyladenine DNA glycosylase) and APE1 (apurinic endonuclease1; Ref-1) is 
seen in inflamed tissue from UC patients. Paradoxically a positive correlation of MSI was 
noted with overexpression of AAG, and for MSI-high tissues with increased APE1 
expression. In model systems this adaptive response was confirmed to positively correlate 
with an in increase in MSI in human cells and frameshift mutations in S. cerevisiae (Hofseth 
et al., 2003). Dysregulated expression of BER proteins can generate a mutator phenotype 
(Glassner et al., 1998) (as cited in Hofseth, 2003). In a mouse model of UC, expression of the 
Mutyh BER protein, which can recognise 8-oxoG:A mispairs and oxidised adenines was 
actually found to influence the inflammatory response to dextran sulphate sodium induced 
oxidative stress (Casorelli et al. 2010). The biomediator signalling molecule nitric oxide (NO.) 
formed during inflammation has the capacity to inhibit in vitro and in vivo the 
formamidopyrimidine-DNA glycosylase, which can recognise abasic sites and 8-oxoguanine 
lesions (Wink & Laval, 1994). Thus, oxidative stress can compromise genetic stability. 
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inflammatory states (inflammatory bowel disease, gastroesophageal reflux disease, asthma) 
with or without attendant bacterial or viral infection (eg Helicobacter pylori, hepatitis) 
(Grivennikov & Karin, 2010; Schetter et al., 2010; Xie & Itzkowitz, 2008). The molecular 
drivers of cancer formation resulting from the interaction of pre-cancerous cells with 
activated immune cells and the surrounding stroma are complex. The host response to 
infection, injury and wound repair through production of reactive oxygen (ROS) and 
nitrogen oxide (RNOS) species, and pro-inflammatory cytokines (eg TNF-α, IL-1, IL-6) and 
chemokines (eg IL-8) (Wang et al., 2009) is of central importance. Such ‘micro-cytokine’ 
storms can stimulate activation of transcriptions factors (eg Nuclear Factor-κB, AP-1, 
STAT3) fundamentally altering the expression profile of a cell and promoting cell survival, 
proliferation, angiogenesis, motility and invasion. It is clear that for individual transcription 
factors their activation can be context (eg tissue) dependent and they may not always 
promote tumour cell formation, and may indeed exhibit tumour suppressor activity (eg NF-
κB in skin cancer) (Chaturvedi et al., 2011; Ditsworth & Zong, 2004). 
Microsatellite instability has been observed in non-neoplastic tissue in patients with chronic 
inflammatory conditions prior to the presence of dysplastic tissue, indicating that defects in 
DNA MMR can be an early event in inflammation-associated cancers (Brentnall et al., 1995; 
Park et al., 1998). There are tantalising findings which hint at the molecular basis for this 
MSI. Oxidative stress, in the guise of H2O2, increases frameshift mutations (Gasche et al., 
2001), and can inactivate the DNA MMR system (Chang et al., 2002). Moreover, in a p53 and 
p21 dependent fashion, activated neutrophils induced replication errors and a G2/M arrest 
in colonic epithelial cells (Campregher et al., 2008). In inflammatory bowel disease neoplasia, 
hypermethylation of the hMLH1 gene and reduced hMLH1 protein expression occurs 
frequently (Fleisher et al., 2000). In an animal model of colorectal cancer, inflammation and 
hypoxia were found to epigenetically silence hMLH1 expression: down-regulated 
expression of this DNA mismatch repair gene occurred as a consequence of decreased 
acetylation, which was reversible when the animals were treated with the HDAC inhibitor 
suberoylanilide hydroxamic acid (SAHA) (Edwards et al., 2009). Decreased expression of 
hMLH1 can alter hPMS2 stability and consequently, genetic integrity. Moreover, hMLH1 
and hPMS2 can have a role in activating cell-cycle checkpoints and promoting apoptosis 
(Cejka et al., 2003; Davis et al., 1998; Ding et al., 2009; McDaid et al., 2009; Sansom et al., 2003; 
Yanamadala & Ljungman, 2003; Zhang et al., 1999). Thus, a functional DNA mismatch repair 
system prohibits expansion of cells containing DNA damage (Carethers et al., 1996; Papouli 
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epithelium of the oral mucosa (Fernandes et al., 2007). Increased tissue specific hMLH1 
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exhibited a very significant degree of hMLH1 hypermethylation prompting the suggestion 
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inflammation in GERD has been recently reviewed (Orlando, 2010). The phenomenon of 
elevated microsatellite instability at selected nucleotide repeats (EMAST) is also seen in 60% 
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has been linked to reduced expression of the hMSH3 protein. Moreover, EMAST is also 
more prevalent in rectal cancer with immune cell infiltration (Devaraj et al., 2010; Lee et al., 
2010). As MSI in CRC can result in products with potentially increased immunogenicity, it is 
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possible that this further stimulates inflammation (Banerjea et al., 2004). Tumour infiltrating 
lymphocytes in CRC with MSI are activated and cytotoxic (Phillips et al., 2004). In a model of 
experimental colon carcinogenesis in rats, long-term, low-dose administration of aspirin 
significantly reduced cytokine and matrix metalloproteinase release (Bousserouel et al., 
2010). Based on the above findings, it would appear to be reasonable to suppose that 
research into the epigenetic modifying effects of NSAIDs, and inflammation itself (Maekawa 
& Watanabe, 2007), particularly with respect to alterations in DNA repair protein expression 
and MSI, should be a focus in the future.   
Oxidative stress occurs as a consequence of the activation of the immune system, where 
oxidative bursts have a role in protecting the host against microbial invaders. Reactive 
oxide and nitrogen oxide species (ROS and RNOS) thus produced can ultimately cause 
DNA damage such as abasic sites, oxidised bases, DNA-intrastrand adducts, strand 
breaks, as well as RNA alkylation, and protein damage (Hussain et al., 2003). Reaction 
with lipids produces extremely reactive peroxidation products, including 
malondialdehyde (MDA) and trans-4-hydroxynonenal (4-HNE). 4-HNE can form etheno 
adducts in DNA and has been found to preferentially form adducts in codon 249 of the 
human p53 gene (Federico et al., 2007; Hu et al., 2002). Mutations in the tumour 
suppressor p53 are found in inflamed tissue in ulcerative colitis (UC) patients (Hussain et 
al., 2000). Accelerated telomere shortening, and DNA damage - as assessed by analysis of 
phosphorylated histone H2AX (γH2AX; a measure of DSBs) occurs in the bowel of UC 
patients (Risques et al., 2008). ROS and RNOS - whilst generally perceived as having a 
negative impact on cell function - do have important roles as secondary messengers 
(Valko et al., 2006). However, if the cellular defence mechanisms - anti-oxidant enzymes 
such as manganese superoxide dismutase and glutathione peroxidise, detoxification, and 
DNA repair systems - are overwhelmed, these reactive species are potentially mutagenic 
(Ferguson, 2010). The bystander effects from released cytokines and reactive signalling 
species may also occur some distance from the initial trauma. Redon et al. have shown 
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mice implanted with a non-metastatic tumour (Redon et al., 2010). Animal model studies 
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development (Hussain et al., 2003; Itzkowitz & Yio, 2004). 
The base excision repair (BER) system is critically important for dealing with oxidative 
damage to DNA, such as removal of 8-oxo-G lesions (David et al., 2007; Lindahl & Wood, 
1999; McCullough et al., 1999; Wood et al., 2001). Increased expression of the BER proteins 
AAG (a 3-methyladenine DNA glycosylase) and APE1 (apurinic endonuclease1; Ref-1) is 
seen in inflamed tissue from UC patients. Paradoxically a positive correlation of MSI was 
noted with overexpression of AAG, and for MSI-high tissues with increased APE1 
expression. In model systems this adaptive response was confirmed to positively correlate 
with an in increase in MSI in human cells and frameshift mutations in S. cerevisiae (Hofseth 
et al., 2003). Dysregulated expression of BER proteins can generate a mutator phenotype 
(Glassner et al., 1998) (as cited in Hofseth, 2003). In a mouse model of UC, expression of the 
Mutyh BER protein, which can recognise 8-oxoG:A mispairs and oxidised adenines was 
actually found to influence the inflammatory response to dextran sulphate sodium induced 
oxidative stress (Casorelli et al. 2010). The biomediator signalling molecule nitric oxide (NO.) 
formed during inflammation has the capacity to inhibit in vitro and in vivo the 
formamidopyrimidine-DNA glycosylase, which can recognise abasic sites and 8-oxoguanine 
lesions (Wink & Laval, 1994). Thus, oxidative stress can compromise genetic stability. 
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RNOS, and inflammatory cytokines and chemokines can activate the transcription factors 
activator protein-1 (AP-1), HIF-1 and NF-κB, the latter resulting in transcription of target 
genes including COX-2 and TNF-α (for example, see Olson & van der Vliet, 2011; Valko et 
al., 2006). DNA double strand breaks can also activate NF-κB (Rakoff-Nahoum, 2006), thus 
potentially creating a feedback loop where the inflammatory response is perpetuated. 
Persistent DNA damage can also trigger secretion of cytokines such as IL-6 (Rodier et al., 
2009). There is evidence that NF-κB and cyclooxygenase activation and HIF-1 signalling are 
interlinked (Jung et al., 2003; Qiao et al., 2010). Hypoxia can induce MSI (Kondo et al., 2001): 
in human sporadic colon cancers HIF-1α over-expression is associated with loss of hMSH2 
expression, and in vitro experiments confirm that in a p53 dependent manner HIF-1α can 
repress hMSH2 and hMSH6 (Koshiji et al., 2005; To et al., 2005). Recently HIF-1α has been 
suggested to regulate expression of an inhibitor of apoptosis protein, Survivin (Wu et al., 
2010), which is notably present in CRC (Chen et al., 2004). There is increasing evidence that 
microRNAs (short, non coding RNAs that regulate translation) are mediators of the 
inflammatory process (Schetter et al., 2010). Two micro-RNAs, miR-210 and miR-373 are up 
regulated in an HIF-1α dependent manner in hypoxic cells: forced expression of mir-210 
reduced expression of homologous recombination factor RAD52, whilst reduced mir-373 
expression was found to suppress RAD52 and RAD23B (Crosby et al., 2009). Over-
expression of another micro-RNA, miR-155 has been reported in colorectal cancer, and can 
regulate DNA MMR protein expression (Valeri et al., 2010). Inflammation can up-regulate 
miR-155 expression and increase mutation frequency two to threefold in spontaneous 
hypoxanthine phosphoribosyltransferase gene mutation assays (Tili et al., 2011). MiR-155 
expression is associated with a poor prognosis in lung cancer (Yanaihara et al., 2006). The 
cyclooxygenase family of enzymes (COX-1: constitutively expressed; COX-2: induced in 
inflammation; COX-3: splice variant of COX-1) catalyse the conversion of arachidonic acid 
into prostanoids (prostaglandins and thromboxanes). Cyclooxygenase expression is 
increased in CRC (Kutchera et al., 1996). Prostaglandins promote epidermal growth factor 
receptor (EGFR) transactivation, increased cell proliferation, motility, invasion and 
angiogenesis (eg by altering vascular endothelial growth factor expression) and inhibit 
apoptosis, for example, by increasing Bcl-2 expression (Ghosh et al., 2010; Pai et al., 2003; 
Sheng et al., 1998; Wang & DuBois, 2008). To summarise: inflammation and hypoxia can 
result in genetic instability and suppression of apoptosis. 

2.2 Mechanistic aspects of NSAID cytotoxicity  
The mechanism by which NSAIDs protect the host from colorectal cancer development has 
been under investigation for decades, and as a consequence a plethora of hypotheses (some 
of which may be competing) have been proposed to explain this phenomenon. In addition 
to the evidence alluded to above of epidemiological studies and animal models examining 
the protective effect of NSAIDs, there also exists a substantive literature reporting that 
NSAIDs exhibit a degree of specific toxicity in vitro to colorectal cancer cell lines. Because of 
the intrinsic anti-inflammatory activity of NSAIDs a significant number of researchers have 
focused on this aspect as a protective mechanism. For example, aspirin can acetylate the 
cyclo-oxygenases (COX) significantly reducing arachidonic acid metabolism and 
prostaglandin production, thereby reducing inflammation (Elwood et al., 2009). Expression 
of the inducible COX, cyclooxygenase-2 is notably elevated in colorectal malignancies and in 
other cancers (Ferrandez et al., 2003; Kutchera et al., 1996; Soslow et al., 2000), and this over-
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expression has been actively implicated in the metastasic potential of tumours (Jang et al., 
2009; Tsujii et al., 1997). These effects, however, may not be restricted only to colorectal 
cancer: a case control study has found that use of selective and non-selective COX-2 
inhibitors (celecoxib, refecoxib and aspirin and ibuprofen) has utility in the 
chemoprevention of lung cancer (Harris et al., 2007).   
NSAIDs do not only affect cyclooxygenase activity: exposure to these drug can significantly 
alter gene expression and thus NSAIDs can be reasonably described as having pleiotropic 
effects, some of which may be relatively compound dependent. Chronic NSAID use can 
suppress CpG island hypermethylation of tumour suppressor genes [p14(Arf), p16(INK4a), 
E-cadherin] in the human gastric mucosa (Tahara et al., 2009). Furthermore, NSAID toxicity 
may not be absolutely dependent on inhibition of COX activity: the proliferation of COX-2 
negative cell lines can also be inhibited by NSAIDs (Lai et al., 2008; Richter et al., 2001) and 
the chemical precursor of aspirin - salicylate - which has weak anti-COX activity, can itself 
be anti-inflammatory (Amann & Peskar, 2002) and pro-apoptotic to CRC cells (Elder et al., 
1996). Additionally, whilst the NSAID sulindac sulfide and its sulfone derivative can both 
inhibit the HT-29 CRC cell line growth, sulindac sulfone is “devoid of prostaglandin 
inhibitory activity” (Piazza et al., 1995). Additionally, aberrant crypt foci formation in a 
chemically induced rat model of CRC were suppressed by treatment with sulindac sulfone 
(Charalambous & O'Brien, 1996). Supporting these findings, a mechanism for NSAID 
toxicity (anti-proliferative and inducing apoptosis) – testing sulindac sulfide and piroxicam - 
toward a CRC line lacking cyclooxygenase activity (HCT-15) and thus independent of 
prostaglandin inhibition, has also been reported (Hanif et al., 1996). Sulindac metabolites 
(sulphide and sulfone; see Fig.1) can inhibit the activation and expression of the EGF 
receptor (Pangburn et al., 2005), with the down-regulated activity mediated by lysosomal 
and proteasomal degradation(Pangburn et al., 2010). Rigas and others have cogently 
proposed that the anti-neoplastic activities of NSAIDs can be categorised as either being 
COX-dependent or COX-independent (Keller & Giardiello, 2003; Shiff & Rigas, 1999). This 
concept has been reviewed in some detail in (Ferrandez et al., 2003). Smith et al examined the 
effects of NS-398 (a selective COX inhibitor), indomethacin (a non-selective COX inhibitor) 
and aspirin on the HT29Fu, HCA-7, SW480 and HCT116 CRC cell lines with respect to 
effects on cell proliferation, cell cycle arrest, apoptosis induction, β-catenin and COX-1 and 
COX-2 protein production. They concluded that NSAIDs act via COX-dependent and COX-
independent mechanisms (Smith et al., 2000). Indeed, acetylsalicylic acid regulates MMP-2 
activity and inhibits colorectal invasion of B16F0 melanoma cells (Tsai et al., 2009). 
Intriguingly, although medium conditioned by cultured colorectal cancer cell lines is 
capable of inducing endothelial cell (EC) tube formation (as a model for angiogenesis); 
aspirin and salicylate (both at 1mM) can reduce the ability of the conditioned medium from 
treated DLD-1, HT-29 and HCT116 CRC cell lines to promote EC tube formation 
(Shtivelband et al., 2003). 
Aspirin is principally metabolised to salicylate in vivo (Law et al., 2000; Paterson & 
Lawrence, 2001), with plasma salicylate concentrations of 0.95-1.9 mM achievable in patients 
receiving aspirin as an anti-inflammatory agent (Amann & Peskar, 2002; Urios et al., 2007; 
Yin et al., 1998). The effect of significantly higher concentrations than that achievable 
physiologically has been used by a number of investigators in a number of in vitro studies 
and one must interpret cautiously data produced from these analyses. To facilitate 
interpretation, we have incorporated the concentrations utilised in the relevant publications. 
We should also point out that whilst vegetables and fruits have been considered to be a 
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RNOS, and inflammatory cytokines and chemokines can activate the transcription factors 
activator protein-1 (AP-1), HIF-1 and NF-κB, the latter resulting in transcription of target 
genes including COX-2 and TNF-α (for example, see Olson & van der Vliet, 2011; Valko et 
al., 2006). DNA double strand breaks can also activate NF-κB (Rakoff-Nahoum, 2006), thus 
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expression, and in vitro experiments confirm that in a p53 dependent manner HIF-1α can 
repress hMSH2 and hMSH6 (Koshiji et al., 2005; To et al., 2005). Recently HIF-1α has been 
suggested to regulate expression of an inhibitor of apoptosis protein, Survivin (Wu et al., 
2010), which is notably present in CRC (Chen et al., 2004). There is increasing evidence that 
microRNAs (short, non coding RNAs that regulate translation) are mediators of the 
inflammatory process (Schetter et al., 2010). Two micro-RNAs, miR-210 and miR-373 are up 
regulated in an HIF-1α dependent manner in hypoxic cells: forced expression of mir-210 
reduced expression of homologous recombination factor RAD52, whilst reduced mir-373 
expression was found to suppress RAD52 and RAD23B (Crosby et al., 2009). Over-
expression of another micro-RNA, miR-155 has been reported in colorectal cancer, and can 
regulate DNA MMR protein expression (Valeri et al., 2010). Inflammation can up-regulate 
miR-155 expression and increase mutation frequency two to threefold in spontaneous 
hypoxanthine phosphoribosyltransferase gene mutation assays (Tili et al., 2011). MiR-155 
expression is associated with a poor prognosis in lung cancer (Yanaihara et al., 2006). The 
cyclooxygenase family of enzymes (COX-1: constitutively expressed; COX-2: induced in 
inflammation; COX-3: splice variant of COX-1) catalyse the conversion of arachidonic acid 
into prostanoids (prostaglandins and thromboxanes). Cyclooxygenase expression is 
increased in CRC (Kutchera et al., 1996). Prostaglandins promote epidermal growth factor 
receptor (EGFR) transactivation, increased cell proliferation, motility, invasion and 
angiogenesis (eg by altering vascular endothelial growth factor expression) and inhibit 
apoptosis, for example, by increasing Bcl-2 expression (Ghosh et al., 2010; Pai et al., 2003; 
Sheng et al., 1998; Wang & DuBois, 2008). To summarise: inflammation and hypoxia can 
result in genetic instability and suppression of apoptosis. 
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The mechanism by which NSAIDs protect the host from colorectal cancer development has 
been under investigation for decades, and as a consequence a plethora of hypotheses (some 
of which may be competing) have been proposed to explain this phenomenon. In addition 
to the evidence alluded to above of epidemiological studies and animal models examining 
the protective effect of NSAIDs, there also exists a substantive literature reporting that 
NSAIDs exhibit a degree of specific toxicity in vitro to colorectal cancer cell lines. Because of 
the intrinsic anti-inflammatory activity of NSAIDs a significant number of researchers have 
focused on this aspect as a protective mechanism. For example, aspirin can acetylate the 
cyclo-oxygenases (COX) significantly reducing arachidonic acid metabolism and 
prostaglandin production, thereby reducing inflammation (Elwood et al., 2009). Expression 
of the inducible COX, cyclooxygenase-2 is notably elevated in colorectal malignancies and in 
other cancers (Ferrandez et al., 2003; Kutchera et al., 1996; Soslow et al., 2000), and this over-
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expression has been actively implicated in the metastasic potential of tumours (Jang et al., 
2009; Tsujii et al., 1997). These effects, however, may not be restricted only to colorectal 
cancer: a case control study has found that use of selective and non-selective COX-2 
inhibitors (celecoxib, refecoxib and aspirin and ibuprofen) has utility in the 
chemoprevention of lung cancer (Harris et al., 2007).   
NSAIDs do not only affect cyclooxygenase activity: exposure to these drug can significantly 
alter gene expression and thus NSAIDs can be reasonably described as having pleiotropic 
effects, some of which may be relatively compound dependent. Chronic NSAID use can 
suppress CpG island hypermethylation of tumour suppressor genes [p14(Arf), p16(INK4a), 
E-cadherin] in the human gastric mucosa (Tahara et al., 2009). Furthermore, NSAID toxicity 
may not be absolutely dependent on inhibition of COX activity: the proliferation of COX-2 
negative cell lines can also be inhibited by NSAIDs (Lai et al., 2008; Richter et al., 2001) and 
the chemical precursor of aspirin - salicylate - which has weak anti-COX activity, can itself 
be anti-inflammatory (Amann & Peskar, 2002) and pro-apoptotic to CRC cells (Elder et al., 
1996). Additionally, whilst the NSAID sulindac sulfide and its sulfone derivative can both 
inhibit the HT-29 CRC cell line growth, sulindac sulfone is “devoid of prostaglandin 
inhibitory activity” (Piazza et al., 1995). Additionally, aberrant crypt foci formation in a 
chemically induced rat model of CRC were suppressed by treatment with sulindac sulfone 
(Charalambous & O'Brien, 1996). Supporting these findings, a mechanism for NSAID 
toxicity (anti-proliferative and inducing apoptosis) – testing sulindac sulfide and piroxicam - 
toward a CRC line lacking cyclooxygenase activity (HCT-15) and thus independent of 
prostaglandin inhibition, has also been reported (Hanif et al., 1996). Sulindac metabolites 
(sulphide and sulfone; see Fig.1) can inhibit the activation and expression of the EGF 
receptor (Pangburn et al., 2005), with the down-regulated activity mediated by lysosomal 
and proteasomal degradation(Pangburn et al., 2010). Rigas and others have cogently 
proposed that the anti-neoplastic activities of NSAIDs can be categorised as either being 
COX-dependent or COX-independent (Keller & Giardiello, 2003; Shiff & Rigas, 1999). This 
concept has been reviewed in some detail in (Ferrandez et al., 2003). Smith et al examined the 
effects of NS-398 (a selective COX inhibitor), indomethacin (a non-selective COX inhibitor) 
and aspirin on the HT29Fu, HCA-7, SW480 and HCT116 CRC cell lines with respect to 
effects on cell proliferation, cell cycle arrest, apoptosis induction, β-catenin and COX-1 and 
COX-2 protein production. They concluded that NSAIDs act via COX-dependent and COX-
independent mechanisms (Smith et al., 2000). Indeed, acetylsalicylic acid regulates MMP-2 
activity and inhibits colorectal invasion of B16F0 melanoma cells (Tsai et al., 2009). 
Intriguingly, although medium conditioned by cultured colorectal cancer cell lines is 
capable of inducing endothelial cell (EC) tube formation (as a model for angiogenesis); 
aspirin and salicylate (both at 1mM) can reduce the ability of the conditioned medium from 
treated DLD-1, HT-29 and HCT116 CRC cell lines to promote EC tube formation 
(Shtivelband et al., 2003). 
Aspirin is principally metabolised to salicylate in vivo (Law et al., 2000; Paterson & 
Lawrence, 2001), with plasma salicylate concentrations of 0.95-1.9 mM achievable in patients 
receiving aspirin as an anti-inflammatory agent (Amann & Peskar, 2002; Urios et al., 2007; 
Yin et al., 1998). The effect of significantly higher concentrations than that achievable 
physiologically has been used by a number of investigators in a number of in vitro studies 
and one must interpret cautiously data produced from these analyses. To facilitate 
interpretation, we have incorporated the concentrations utilised in the relevant publications. 
We should also point out that whilst vegetables and fruits have been considered to be a 
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natural source of salicylate, where it functions as a plant signalling molecule (Paterson & 
Lawrence, 2001; Schenk et al., 2000, and refs therein), it has been reported that SA may be an 
endogenous compound, with SA found in the blood of carnivorous animals, for example in 
the burrowing owl (Paterson et al., 1998; Paterson et al 2008). 
 

 
Fig. 1. The non-steroidal anti-inflammatory drugs (NSAIDS) referred to in this chapter can 
be sub-categorised into five groups. 1. Salicylates (salicylic acid/salicylate anion, aspirin, 5-
aminosalicylic acid). 2 Acetic acid derivatives (indomethacin, sulindac sulphide, sulindac 
sulphone) 3. Propionic acid derivatives (ibuprofen). 4. Enolic acid derivatives or oxicams 
(piroxicam). 5. Selective COX-2 inhibitors (celecoxib, rofecoxib, NS-398). Curcumin has a 
dimeric structure with two identical phenolic moieties suggestive of salicylate-like character. 

2.2.1 COX independent effects of NSAIDs  
A substantial number of hypotheses regarding NSAID cytotoxicity not directly involving 
inhibition of COX activity exist (reviewed in: Goke, 2002; Watson, 2006). Much of the data is 
obtained from examining the effect of NSAIDs on cultured cell lines. For example, salicylate 
can cause cell cycle arrest: in a range of adenoma and carcinoma derived cell lines, 
incubation with 5 mM resulted in a decrease of cells in the S-phase with cells accumulating 
in the Go-G1 phase (Elder et al., 1996). Activating mutations stabilizing the Wnt pathway and 
β-catenin are common in CRC (Behrens, 2005; Bienz & Clevers, 2000). In four CRC cell lines 
(SW948, SW480, HCT116, LoVo), aspirin (5 mM) and indomethacin (400 μM) downregulated 
cyclin D1 expression, and the authors proposed this was a consequence of reduced 
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transcriptional activity of the β-catenin/TCF complex (Dihlmann et al., 2001). Bos et al using 
reporter assays also showed that aspirin (up to 5 mM) can down-regulate APC-β-catenin-
TCF4 signalling in the SW480 CRC cell line and increase the phosphorylation of protein 
phosphatase 2A (PP2A), resulting in decreased PP2A enzymatic activity. This alteration is 
stated to be essential for the observed effect on the Wnt/β-catenin pathway activity (Bos et 
al., 2006). Mutations in the APC or β-catenin genes may also result in increased peroxisome 
proliferator-activated receptor δ (PPAR δ) activity; indeed, sulindac sulfide and 
indomethacin have been reported to suppress (by direct inhibition) in a dose-dependent 
fashion, PPARδ activity (He et al., 1999). However, it should be noted that regulation of 
PPARδ by the APC/ β -catenin/TCF4 pathway and the effect of NSAIDs on PPAR function 
is a field not without some controversy; for example, Foreman et al recently reported not 
finding decreased PPARβ/δ expression following NSAID treatment in a number of human 
CRC cell lines (Foreman et al., 2009).  

2.2.2 NSAIDS, signalling pathways and apoptosis 
Other transcriptional pathways affected by NSAID use include NF-κB signalling, which is 
critically involved in regulating immunity, inflammation and apoptosis and in cancer 
development (Nakano, 2004; Olivier et al., 2006; Staudt, 2010). Aspirin and sodium salicylate 
can antagonise the NF-κB pathway (Kopp & Ghosh, 1994), via inhibition – by direct, but not 
covalent binding- of IκB kinase-B (IKK β kinase) (Yin et al., 1998). Yamamoto et al extended 
this hypothesis by reporting that sulindac, sulindac sulfide and sulindac sulfone (but not 
indomethacin) also inhibits the NF-κB pathway by decreasing IKK β kinase activity 
(Yamamoto et al., 1999). In HT-29 CRC cells, nitric oxide (NO)-donating aspirin inhibited 
NF-κB transcription more potently than aspirin as assessed by electrophoretic mobility shift 
assays (Williams et al., 2003). 
Zerbini et al reported that NF-κB can mediate the repression (assessed by RT-PCR analysis) 
of the growth arrest and DNA damage inducible (GADD) 45α and GADD45γ genes and that 
this repression is both necessary and sufficient for cell survival, and that GADD45α and γ 
activity can contribute towards apoptosis of prostate cancer cells (assessed by transfection 
studies in DU145 and PC-3) (Zerbini et al., 2004).  The melanoma differentiation associated 
gene 8 (mda-7/IL-24) was induced by NSAIDs and affected growth arrest and apoptosis in  
 

vitro, in a manner dependent on GADD45α and γ expression affecting the p38/JNK pathway 
(Sarkar et al., 2002; Zerbini et al., 2006). However, it has been suggested that recombinant IL-
24 lacks apoptosis inducing properties to melanoma cells (Kreis et al., 2007). In a recent 
review, Siafakas and Richardson have suggested that the GADD family of proteins can be 
considered to be molecular targets for anti-tumour agents; indeed, commonly used NSAIDs 
can up-regulate GADD45α expression (Rosemary Siafakas & Richardson, 2009). 
GADD45α overexpression in NIH 3T3 cells has been shown to promote global  
DNA demethylation and loss of expression has been shown to induce DNA 
hypermethylation (including in hMLH1). Such findings led Barreto et al to conclude that 
GADD45α can relieve epigenetic silencing by promoting DNA repair (Barreto et al., 2007). It 
is noteworthy that GADD45γ can be inactivated by epigenetic mechanisms in multiple 
tumours (Ying et al., 2005).  
In a review of the role of the NF-κB pathway in inflammation and cancer, the authors 
suggested that, ’...constitutive NF-κB activation is likely involved in the enhanced growth 
properties seen in a variety of cancers’ (Yamamoto & Gaynor, 2001). Specifically targeting 
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natural source of salicylate, where it functions as a plant signalling molecule (Paterson & 
Lawrence, 2001; Schenk et al., 2000, and refs therein), it has been reported that SA may be an 
endogenous compound, with SA found in the blood of carnivorous animals, for example in 
the burrowing owl (Paterson et al., 1998; Paterson et al 2008). 
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obtained from examining the effect of NSAIDs on cultured cell lines. For example, salicylate 
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incubation with 5 mM resulted in a decrease of cells in the S-phase with cells accumulating 
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transcriptional activity of the β-catenin/TCF complex (Dihlmann et al., 2001). Bos et al using 
reporter assays also showed that aspirin (up to 5 mM) can down-regulate APC-β-catenin-
TCF4 signalling in the SW480 CRC cell line and increase the phosphorylation of protein 
phosphatase 2A (PP2A), resulting in decreased PP2A enzymatic activity. This alteration is 
stated to be essential for the observed effect on the Wnt/β-catenin pathway activity (Bos et 
al., 2006). Mutations in the APC or β-catenin genes may also result in increased peroxisome 
proliferator-activated receptor δ (PPAR δ) activity; indeed, sulindac sulfide and 
indomethacin have been reported to suppress (by direct inhibition) in a dose-dependent 
fashion, PPARδ activity (He et al., 1999). However, it should be noted that regulation of 
PPARδ by the APC/ β -catenin/TCF4 pathway and the effect of NSAIDs on PPAR function 
is a field not without some controversy; for example, Foreman et al recently reported not 
finding decreased PPARβ/δ expression following NSAID treatment in a number of human 
CRC cell lines (Foreman et al., 2009).  

2.2.2 NSAIDS, signalling pathways and apoptosis 
Other transcriptional pathways affected by NSAID use include NF-κB signalling, which is 
critically involved in regulating immunity, inflammation and apoptosis and in cancer 
development (Nakano, 2004; Olivier et al., 2006; Staudt, 2010). Aspirin and sodium salicylate 
can antagonise the NF-κB pathway (Kopp & Ghosh, 1994), via inhibition – by direct, but not 
covalent binding- of IκB kinase-B (IKK β kinase) (Yin et al., 1998). Yamamoto et al extended 
this hypothesis by reporting that sulindac, sulindac sulfide and sulindac sulfone (but not 
indomethacin) also inhibits the NF-κB pathway by decreasing IKK β kinase activity 
(Yamamoto et al., 1999). In HT-29 CRC cells, nitric oxide (NO)-donating aspirin inhibited 
NF-κB transcription more potently than aspirin as assessed by electrophoretic mobility shift 
assays (Williams et al., 2003). 
Zerbini et al reported that NF-κB can mediate the repression (assessed by RT-PCR analysis) 
of the growth arrest and DNA damage inducible (GADD) 45α and GADD45γ genes and that 
this repression is both necessary and sufficient for cell survival, and that GADD45α and γ 
activity can contribute towards apoptosis of prostate cancer cells (assessed by transfection 
studies in DU145 and PC-3) (Zerbini et al., 2004).  The melanoma differentiation associated 
gene 8 (mda-7/IL-24) was induced by NSAIDs and affected growth arrest and apoptosis in  
 

vitro, in a manner dependent on GADD45α and γ expression affecting the p38/JNK pathway 
(Sarkar et al., 2002; Zerbini et al., 2006). However, it has been suggested that recombinant IL-
24 lacks apoptosis inducing properties to melanoma cells (Kreis et al., 2007). In a recent 
review, Siafakas and Richardson have suggested that the GADD family of proteins can be 
considered to be molecular targets for anti-tumour agents; indeed, commonly used NSAIDs 
can up-regulate GADD45α expression (Rosemary Siafakas & Richardson, 2009). 
GADD45α overexpression in NIH 3T3 cells has been shown to promote global  
DNA demethylation and loss of expression has been shown to induce DNA 
hypermethylation (including in hMLH1). Such findings led Barreto et al to conclude that 
GADD45α can relieve epigenetic silencing by promoting DNA repair (Barreto et al., 2007). It 
is noteworthy that GADD45γ can be inactivated by epigenetic mechanisms in multiple 
tumours (Ying et al., 2005).  
In a review of the role of the NF-κB pathway in inflammation and cancer, the authors 
suggested that, ’...constitutive NF-κB activation is likely involved in the enhanced growth 
properties seen in a variety of cancers’ (Yamamoto & Gaynor, 2001). Specifically targeting 
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the NF-κB pathway may thus have utility in cancer treatment (Olivier et al., 2006): for 
example, attempts are ongoing to identify clinically useful and novel IKK-β inhibtors (for 
example see (Lauria et al., 2010)), and inhibition of NF-κB (by siRNA) can enhance the 
chemosensitivity of HCT116 CRC cells to the DNA topoisomerase inhibitor, irinotecan (Guo 
et al., 2004). In marked contrast however, Stark et al, have suggested that aspirin can activate 
NF-κB signalling in vitro (SW480, HRT-18, HCT116, CT26 cell lines) and has the capacity to 
induce apoptosis in in vivo (xenografts and APC Min+/-) models of CRC (Stark et al., 2001; 
Stark et al., 2007). Moreover, these effects are cell type specific to aspirin (for CRC cells): the 
induction of apoptosis was independent of COX-2 expression, APC and β-catenin mutation 
status, and DNA mismatch repair proficiency (Din et al., 2004).  
A number of other hypotheses have been invoked for the observed cytotoxicity of NSAIDs 
to CRC cell lines. Cytosolic phospholipase A2 (cPLA2) expression is decreased in NIH 3T3 
cells treated with either aspirin or sulindac (Yuan et al., 2000) and in CRC cell lines (SW480, 
Colo320 and HT-29) when treated with low mM (2.5-10) concentrations of aspirin (Yu et al., 
2003). This observation is intriguing given that cPLA2 expression has been proposed to 
participate in intestinal tumorigenesis (eg (Lim et al., 2010) and refs therein). Law et al have 
indicated that (high mM concentrations of) salicylate (in Balb/MK cells) can inhibit the 
activity and phosphorylation of the mitogen activated protein kinase, p70s6k independent of 
p38 MAPK, with a concomitant reduction in DNA synthesis, cell proliferation and in 
expression of proliferation associated proteins such as c-MYC, cyclin D1, and PCNA and led 
the authors to conclude that salicylate may act via the mTOR pathway (Law et al., 2000). In 
contrast, it has been suggested that salicylate-induced apoptosis in HCT116 CRC cells occurs 
through activation of p38 MAPK and p53; however, the concentration tested was - in our 
opinion - high (10mM), and thus casts doubt on the utility of the findings (Lee et al., 2003). 
NO-donating aspirin has also been reported to activate p38 and JNK MAP kinase pathways 
in HT-29 colorectal cancer cells (Hundley & Rigas, 2006). Using subtractive hybridization, 
Baek et al identified an increase in the expression of the NSAID activated gene (NAG-1) – a 
member of the TGF-β superfamily, with pro-apoptotic properties - in indomethacin treated 
HCT116 cells. A range of NSAIDs including sulindac sulfide and aspirin also increased 
NAG-1 expression (Baek et al., 2001). NCX-4040 (para-NO-aspirin), an NO donating aspirin 
derivative can also induce NAG-1 expression and it was confirmed that NAG-1 has a pro-
apoptotic role (Tesei et al., 2008, and refs therein). Another nitro-derivative of aspirin, NCX-
4016 inhibited EGFR and STAT3 signalling in cisplatin-resistant human ovarian cancer cells 
(Selvendiran et al., 2008). NSAIDs can also up-regulate 15-lipoxygenase-1 (15-LOX-1) in CRC 
cells: NS-398 and sulindac sulfone both induced expression in the DLD-1 (COX-1 and COX-2 
negative) cell line; significantly, inhibiting 15-LOX-1 blocked the induction of apoptosis 
(Shureiqi et al., 2000).  
With respect to characterisation of the pathway by which NSAID toxicity occurs, reports 
have been rather contradictory: in vitro studies have suggested that whilst aspirin and other 
NSAIDs can cause cell cycle arrest and inhibit CRC proliferation, this may, (Din et al., 2004; 
Elder et al., 1996; Piazza et al., 1995; Yu et al., 2002; Yu et al., 2003) or may not (Shiff et al., 
1996; Smith et al., 2000) occur with the induction of apoptosis, or may occur as consequence 
a combination of activation of both apoptotic and necrotic ‘pathways’ (Lai et al., 2008).  
Notwithstanding the apparently contradictory reports, an absence of Bax expression in CRC 
cells has been found to abolish the apoptotic response to NSAIDs (Zhang et al., 2000). These 
authors reported finding Bax mutations in indomethacin resistant cells. Bax and BCl-2 
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expression can be up and down-regulated respectively, in a dose-dependent fashion, (up to 
10 mM) in SW480 cells incubated with aspirin (Lai et al., 2008). BCL-2 expression can be 
reduced by aspirin in SW480 cells (Yu et al., 2002) and can also suppress apoptosis in CRC 
cells (Jiang & Milner, 2003). Pretreating LNCap (human prostate) and CX-01 (colorectal 
carcinoma) cell lines with aspirin was found to enhance the capacity of tumour necrosis 
factor-related apoptosis-inducing ligand (TRAIL) to intiate apoptosis, an effect – according 
to the authors - related to down regulation of BCL-2 gene expression resulting from the 
inhibition of NF-κB (of which BCL-2 is a known target) (K.M.Kim et al., 2005). HeLa cells 
incubated with aspirin undergo apoptosis as assessed by cleavage of procaspase 3, PARP 
and PKC-δ, and annexin V staining. Moreover, the caspase inhibitor zVAD-fmk suppressed 
cell death, Bax was noted to translocate from the cytosol to mitochondria, and cytochrome c 
release from mitochondria was seen using time-lapse confocal microscopy (Zimmermann et 
al., 2000). Sulindac sulfide (up to 500 μM tested) can inhibit growth of NIH3T3 and SAOS 
cells: an inhibtion of ras mediated proliferation and transformation was noted (Herrmann et 
al., 1998). Hughes et al., (2003) showed that NSAID treatment of colorectal cancer cell lines 
caused a decrease in intracellular polyamine content and was cytotoxic. Polyamines are 
growth factors, and involved in protein synthesis. An increase in intracellular polyamine 
concentration is observed in the early stages of carcinogenesis. When polyamines were re-
introduced to NSAID treated cells, apoptosis was inhibited suggesting that the polyamine 
pathway is affected by NSAID treatment in CRC cell, and that modulation of this pathway 
may explain the chemoprotective effects of NSAIDs (Hughes et al., 2003). Dikshit et al., 
reported that aspirin disrupted proteasome and mitochondrial function in mouse Neuro 2a 
cells (Dikshit et al., 2006). Hardwick et al., (2004) analysed changes to gene expression 
employing DNA microarray in the colorectal cancer cell line HT-29 upon aspirin treatment, 
and found a significant increase in Rac1 gene and protein expression in a time and 
concentration dependant manner. Rac1 is involved in intestinal epithelial cell differentiation 
(Stappenbeck & Gordon, 2000) proliferation, motility and resistance to apoptosis (Parri & 
Chiarugi, 2010). Spitz et al report that aspirin and salicylate can inhibit purified 
phosphofructokinase (PFK) in a dose-dependent manner: as cancer cells utilise glycolysis for 
energy production in which PFK is the rate limiting step, the authors suggest that these 
NSAIDs may be pro-apoptotic through disturbing the glycolytic pathway (Spitz et al., 2009). 
We have recently identified novel derivatives of di-aspirin (bis-carboxyphenol succinate) to 
have potential as anti-colorectal cancer agents (Deb et al., 2011). 

2.3 NSAIDS and DNA repair 
A relatively unexplored area of research is that the anti-tumour mechanism of action of 
aspirin may be via ‘interaction’ with the DNA repair systems. This is of key interest 
particularly in the context of hereditary and sporadic colorectal cancer where DNA repair 
defects can be a causative factor. It has been shown that the MSI mutator phenotype is 
suppressed by aspirin. For example, treatment of the colorectal cancer cell line HCT116 - 
which is DNA MMR deficient with a defect in hMLH1 - reduced the MSI phenotype and 
induced apoptosis (Ruschoff et al., 1998). It is speculated that aspirin exposure resulted in 
genetic selection against cells with MSI and that MSI unstable cells were weeded out by 
apoptosis (Ruschoff et al., 1998). This observation is important as MSI resulting from a 
genetic mutation in hMLH1, accounts for 5 - 10% of colonic tumours. Nitric oxide releasing 
NSAIDS (NO-NSAIDS) suppressed MSI in DNA mismatch repair deficient colorectal cancer 
cells (McIlhatton et al., 2007), and the authors suggested that since these NO containing 
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the NF-κB pathway may thus have utility in cancer treatment (Olivier et al., 2006): for 
example, attempts are ongoing to identify clinically useful and novel IKK-β inhibtors (for 
example see (Lauria et al., 2010)), and inhibition of NF-κB (by siRNA) can enhance the 
chemosensitivity of HCT116 CRC cells to the DNA topoisomerase inhibitor, irinotecan (Guo 
et al., 2004). In marked contrast however, Stark et al, have suggested that aspirin can activate 
NF-κB signalling in vitro (SW480, HRT-18, HCT116, CT26 cell lines) and has the capacity to 
induce apoptosis in in vivo (xenografts and APC Min+/-) models of CRC (Stark et al., 2001; 
Stark et al., 2007). Moreover, these effects are cell type specific to aspirin (for CRC cells): the 
induction of apoptosis was independent of COX-2 expression, APC and β-catenin mutation 
status, and DNA mismatch repair proficiency (Din et al., 2004).  
A number of other hypotheses have been invoked for the observed cytotoxicity of NSAIDs 
to CRC cell lines. Cytosolic phospholipase A2 (cPLA2) expression is decreased in NIH 3T3 
cells treated with either aspirin or sulindac (Yuan et al., 2000) and in CRC cell lines (SW480, 
Colo320 and HT-29) when treated with low mM (2.5-10) concentrations of aspirin (Yu et al., 
2003). This observation is intriguing given that cPLA2 expression has been proposed to 
participate in intestinal tumorigenesis (eg (Lim et al., 2010) and refs therein). Law et al have 
indicated that (high mM concentrations of) salicylate (in Balb/MK cells) can inhibit the 
activity and phosphorylation of the mitogen activated protein kinase, p70s6k independent of 
p38 MAPK, with a concomitant reduction in DNA synthesis, cell proliferation and in 
expression of proliferation associated proteins such as c-MYC, cyclin D1, and PCNA and led 
the authors to conclude that salicylate may act via the mTOR pathway (Law et al., 2000). In 
contrast, it has been suggested that salicylate-induced apoptosis in HCT116 CRC cells occurs 
through activation of p38 MAPK and p53; however, the concentration tested was - in our 
opinion - high (10mM), and thus casts doubt on the utility of the findings (Lee et al., 2003). 
NO-donating aspirin has also been reported to activate p38 and JNK MAP kinase pathways 
in HT-29 colorectal cancer cells (Hundley & Rigas, 2006). Using subtractive hybridization, 
Baek et al identified an increase in the expression of the NSAID activated gene (NAG-1) – a 
member of the TGF-β superfamily, with pro-apoptotic properties - in indomethacin treated 
HCT116 cells. A range of NSAIDs including sulindac sulfide and aspirin also increased 
NAG-1 expression (Baek et al., 2001). NCX-4040 (para-NO-aspirin), an NO donating aspirin 
derivative can also induce NAG-1 expression and it was confirmed that NAG-1 has a pro-
apoptotic role (Tesei et al., 2008, and refs therein). Another nitro-derivative of aspirin, NCX-
4016 inhibited EGFR and STAT3 signalling in cisplatin-resistant human ovarian cancer cells 
(Selvendiran et al., 2008). NSAIDs can also up-regulate 15-lipoxygenase-1 (15-LOX-1) in CRC 
cells: NS-398 and sulindac sulfone both induced expression in the DLD-1 (COX-1 and COX-2 
negative) cell line; significantly, inhibiting 15-LOX-1 blocked the induction of apoptosis 
(Shureiqi et al., 2000).  
With respect to characterisation of the pathway by which NSAID toxicity occurs, reports 
have been rather contradictory: in vitro studies have suggested that whilst aspirin and other 
NSAIDs can cause cell cycle arrest and inhibit CRC proliferation, this may, (Din et al., 2004; 
Elder et al., 1996; Piazza et al., 1995; Yu et al., 2002; Yu et al., 2003) or may not (Shiff et al., 
1996; Smith et al., 2000) occur with the induction of apoptosis, or may occur as consequence 
a combination of activation of both apoptotic and necrotic ‘pathways’ (Lai et al., 2008).  
Notwithstanding the apparently contradictory reports, an absence of Bax expression in CRC 
cells has been found to abolish the apoptotic response to NSAIDs (Zhang et al., 2000). These 
authors reported finding Bax mutations in indomethacin resistant cells. Bax and BCl-2 

 
Non-Steroidal Anti-Inflammatory Drugs, DNA Repair and Cancer 753 

expression can be up and down-regulated respectively, in a dose-dependent fashion, (up to 
10 mM) in SW480 cells incubated with aspirin (Lai et al., 2008). BCL-2 expression can be 
reduced by aspirin in SW480 cells (Yu et al., 2002) and can also suppress apoptosis in CRC 
cells (Jiang & Milner, 2003). Pretreating LNCap (human prostate) and CX-01 (colorectal 
carcinoma) cell lines with aspirin was found to enhance the capacity of tumour necrosis 
factor-related apoptosis-inducing ligand (TRAIL) to intiate apoptosis, an effect – according 
to the authors - related to down regulation of BCL-2 gene expression resulting from the 
inhibition of NF-κB (of which BCL-2 is a known target) (K.M.Kim et al., 2005). HeLa cells 
incubated with aspirin undergo apoptosis as assessed by cleavage of procaspase 3, PARP 
and PKC-δ, and annexin V staining. Moreover, the caspase inhibitor zVAD-fmk suppressed 
cell death, Bax was noted to translocate from the cytosol to mitochondria, and cytochrome c 
release from mitochondria was seen using time-lapse confocal microscopy (Zimmermann et 
al., 2000). Sulindac sulfide (up to 500 μM tested) can inhibit growth of NIH3T3 and SAOS 
cells: an inhibtion of ras mediated proliferation and transformation was noted (Herrmann et 
al., 1998). Hughes et al., (2003) showed that NSAID treatment of colorectal cancer cell lines 
caused a decrease in intracellular polyamine content and was cytotoxic. Polyamines are 
growth factors, and involved in protein synthesis. An increase in intracellular polyamine 
concentration is observed in the early stages of carcinogenesis. When polyamines were re-
introduced to NSAID treated cells, apoptosis was inhibited suggesting that the polyamine 
pathway is affected by NSAID treatment in CRC cell, and that modulation of this pathway 
may explain the chemoprotective effects of NSAIDs (Hughes et al., 2003). Dikshit et al., 
reported that aspirin disrupted proteasome and mitochondrial function in mouse Neuro 2a 
cells (Dikshit et al., 2006). Hardwick et al., (2004) analysed changes to gene expression 
employing DNA microarray in the colorectal cancer cell line HT-29 upon aspirin treatment, 
and found a significant increase in Rac1 gene and protein expression in a time and 
concentration dependant manner. Rac1 is involved in intestinal epithelial cell differentiation 
(Stappenbeck & Gordon, 2000) proliferation, motility and resistance to apoptosis (Parri & 
Chiarugi, 2010). Spitz et al report that aspirin and salicylate can inhibit purified 
phosphofructokinase (PFK) in a dose-dependent manner: as cancer cells utilise glycolysis for 
energy production in which PFK is the rate limiting step, the authors suggest that these 
NSAIDs may be pro-apoptotic through disturbing the glycolytic pathway (Spitz et al., 2009). 
We have recently identified novel derivatives of di-aspirin (bis-carboxyphenol succinate) to 
have potential as anti-colorectal cancer agents (Deb et al., 2011). 

2.3 NSAIDS and DNA repair 
A relatively unexplored area of research is that the anti-tumour mechanism of action of 
aspirin may be via ‘interaction’ with the DNA repair systems. This is of key interest 
particularly in the context of hereditary and sporadic colorectal cancer where DNA repair 
defects can be a causative factor. It has been shown that the MSI mutator phenotype is 
suppressed by aspirin. For example, treatment of the colorectal cancer cell line HCT116 - 
which is DNA MMR deficient with a defect in hMLH1 - reduced the MSI phenotype and 
induced apoptosis (Ruschoff et al., 1998). It is speculated that aspirin exposure resulted in 
genetic selection against cells with MSI and that MSI unstable cells were weeded out by 
apoptosis (Ruschoff et al., 1998). This observation is important as MSI resulting from a 
genetic mutation in hMLH1, accounts for 5 - 10% of colonic tumours. Nitric oxide releasing 
NSAIDS (NO-NSAIDS) suppressed MSI in DNA mismatch repair deficient colorectal cancer 
cells (McIlhatton et al., 2007), and the authors suggested that since these NO containing 
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derivatives of aspirin are more effective than aspirin itself, they should be considered for use 
in chemopreventitive trials in patients at high risk of developing CRC. Recently, in a mouse 
model of HNPCC, McIlhatton et al., reported that aspirin and low dose NO-aspirin 
increased life span. However, though the intestinal tumours in aspirin treated animals 
showed less microsatellite instability, low dose NO-aspirin had ‘minimal effect on MSI 
status’ and high dose NO-aspirin decreased life span and increased MSI (McIlhatton et al., 
2011). In addition to the phenomenon of aspirin selecting for microsatellite stability in 
colorectal cancer cells (Ruschoff et al., 1998), aspirin in vitro can inhibit CRC growth and 
increase the level of the DNA MMR proteins hMLH1, hMSH2, hMSH6 and hPMS2 in DNA 
MMR proficient cells (Goel et al., 2003). Increased DNA MMR levels could conceivably 
facilitate programmed cell death. This is a highly significant observation as defects in 
DNA MMR proteins are ultimately responsible for HNPCC and this study speculates in 
particular on the involvement of MLH1 function in the chemoprotective effect of aspirin. 
In addition to this, recent evidence has shown that although MLH1 expression is 
decreased in cases of sporadic colorectal adenoma, MLH1 expression was found to be 
increased in cases of sporadic colorectal adenomas with regular aspirin use (Sidelnikov et 
al., 2009). Aspirin is not alone in having the capacity to select for microsatellite stability: 
the NSAID mesalazine (5-aminosalicylic acid), used to treat patients with inflammatory 
bowel disease (IBD), experimentally reduced frameshift mutations in cultured CRC cells 
(HCT116 and HCT116+chr 3) independent of DNA mismatch repair proficiency (Gasche 
et al., 2005). In vitro, mesalazine inhibits the growth of HCT116 and HT-29 cells, a result 
reported a consequence of the compound inhibiting CDC25A, a cell cycle protein (Stolfi et 
al., 2008). Studies have also implicated cell-cycle arrest as a cellular response to aspirin 
exposure (Lai et al., 2008; Ricchi et al., 1997). Decreased transcription of CCNB1 (Cyclin B1) 
which regulates cell-cycle progression at the G2/M phase by sulindac treatment has been 
observed (Iizaka et al., 2002). To summarise: NSAIDs can select for microsatellite stability 
and cause cell-cycle arrest. 

2.3.1 NSAIDs and DNA repair protein expression 
Microarray analysis has been extensively utilised to examine alterations in gene expression 
in response to NSAID exposure in a number of colon cancer cell lines (Germann et al., 2003; 
Hardwick et al., 2004; Huang et al., 2006; Iizaka et al., 2002; Yin et al., 2006). Hardwick et al., 
(2004) reported that cell-cycle related genes and NF-κB were repressed upon aspirin 
treatment. Iizaka et al., (2002) reported an increase in GADD45α upon treatment with the 
NSAID sulindac. However, although, microarray analysis has been previously carried out to 
determine the effects of aspirin on colorectal cancer (Hardwick et al., 2004; Iizaka et al., 2002) 
these studies have not looked specifically at DNA damage signalling pathways. In addition, 
Hardwick et al., (2004) and also Yin et al., (2006) have shown that notably different gene 
expression patterns are seen when different concentrations of NSAID are used. Both studies 
showed that at low concentrations (1 mM) aspirin elicited activation of a different set of 
genes in the colorectal cancer cell line HT‐29, compared to cells incubated with 5 mM 
aspirin. There is a lack of consistency in the literature regarding dosages utilised for both 
clinical and experimental studies. Intriguingly, clinical trials have shown that low dose 
aspirin (81mg) is more protective against colorectal cancer than ‘high’ dose aspirin (325mg) 
(Baron et al., 2003). The variation in experimental design, especially with regards to what 
dose is clinically relevant makes it problematic when deciding on appropriate drug 
concentrations for experimental work.  
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In addition to the report by Iizaka et al., (2002), a number of other studies have also shown 
NSAID regulation of growth arrest and DNA damage (GADD) gene expression. Germann et 
al (2003) analysed gene expression of CC531 colorectal cancer cells treated with 4.5mM 
Butyrate or 3mM aspirin and showed that GADD153 is up-regulated upon aspirin 
treatment. GADD153 expression has also been shown to be induced by celecoxib treatment 
in cervical cancer cells (Kim et al., 2007). Microarray analysis of the colorectal cancer cell line 
HT-29 treated with 1mM and 5mM aspirin showed an up-regulation of GADD45α (Yin et al., 
2006). Further to this, microarray analysis also shows GADD45 gene expression to be up-
regulated by NS-398 (Huang et al., 2006) and celecoxib (Fatima et al., 2008) in colorectal 
cancer cells and by ibuprofen in human gastric adenocarcinoma cell line (Bonelli et al., 2010). 
Suppression of GADD45α expression confers resistance to sulindac and indomethacin 
induced gastric mucosal injury and apoptosis (Chiou et al., 2010) . 
Other genes involved in DNA repair have also been shown to be regulated by NSAIDs. 
High concentrations of NS-398, ibuprofen, and RNAi mediated inhibition of COX-2  
in human prostate carcinoma cells affected genes involved in DNA replication, 
recombination and repair (John-Aryankalayil et al., 2009). PCNA gene expression has been 
shown to be up-regulated by ibuprofen treatment of a human gastric adenocarcinoma cell 
line (Bonelli et al., 2010), and also in the human hepatocellular carcinoma cell line HepG2 
treated with 25mM vanillin (Cheng et al., 2007). In contrast, down-regulation of PCNA gene 
expression has been reported in colorectal cancer cell lines treated with celecoxib suggesting 
that these compounds may modulate cell cycle regulation in these model (Fatima  
et al., 2008). Interestingly, FADD gene expression is down-regulated by NS-398 but up-
regulated by indomethacin in the colorectal cancer cell line Caco-2 (Huang et al., 2006). 
Sulindac has been reported to down-regulate XRCC5, ERCC5 and UNG gene expression in 
colorectal cancer cell lines (Iizaka et al., 2002). Celecoxib up-regulated ATM, MAP3K2, 
CDKN1A and Bax gene expression in the colorectal cancer cell line HCA-7; in contrast, Bax 
gene expression was down-regulated in the HCT116 cell line upon celecoxib treatment 
(Fatima et al., 2008) suggesting that there may be variation in response from cell line to cell 
line to NSAID exposure.  
We have recently reported finding that XRCC3 protein expression in SW480 cells was 
increased upon 1 mM aspirin treatment for 48 hours (Dibra et al., 2010). The altered 
expression of XRCC3 upon aspirin exposure may have implications to the sensitivity of cells 
to chemotherapeutic agents. Indeed, previous research in the breast cancer cell line MCF7 
demonstrated that over‐expression of XRCC3 induced cisplatin resistance (Xu et al., 2005). 
Studies have shown that in contrast to XRCC3 over‐expression and cisplatin resistance, 
XRCC3 deficient HCT116 cells have increased sensitivity to cisplatin and also mitomycin C 
(Yoshihara et al., 2004). Depletion of XRCC3 by siRNA in MCF7 cells inhibited cell 
proliferation, leading to accumulation of DNA breaks and triggering activation of p53‐
dependant cell death (Loignon et al., 2007). Although some studies have shown no 
association between polymorphisms in XRCC3 and colorectal cancer risk (Mort et al., 2003; 
Yeh et al., 2005; Tranah et al., 2004; Skjelbred et al., 2006) some studies have (Improta et al., 
2008), and in XRCC3 polymorphisms have also been associated with breast and lung cancer 
susceptibility (Smith et al., 2003; Jacobsen et al., 2004). One essential point to note is that there 
is a lack of information in current literature about the effects of NSAIDs on normal human 
colonocytes. The information that we have relates to cell lines/in vitro studies and murine 
models. There is a need to understand the effects of these compounds on normal, healthy 
colon cells and how these effects prevent carcinogenesis in these cells. With the majority of the 
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derivatives of aspirin are more effective than aspirin itself, they should be considered for use 
in chemopreventitive trials in patients at high risk of developing CRC. Recently, in a mouse 
model of HNPCC, McIlhatton et al., reported that aspirin and low dose NO-aspirin 
increased life span. However, though the intestinal tumours in aspirin treated animals 
showed less microsatellite instability, low dose NO-aspirin had ‘minimal effect on MSI 
status’ and high dose NO-aspirin decreased life span and increased MSI (McIlhatton et al., 
2011). In addition to the phenomenon of aspirin selecting for microsatellite stability in 
colorectal cancer cells (Ruschoff et al., 1998), aspirin in vitro can inhibit CRC growth and 
increase the level of the DNA MMR proteins hMLH1, hMSH2, hMSH6 and hPMS2 in DNA 
MMR proficient cells (Goel et al., 2003). Increased DNA MMR levels could conceivably 
facilitate programmed cell death. This is a highly significant observation as defects in 
DNA MMR proteins are ultimately responsible for HNPCC and this study speculates in 
particular on the involvement of MLH1 function in the chemoprotective effect of aspirin. 
In addition to this, recent evidence has shown that although MLH1 expression is 
decreased in cases of sporadic colorectal adenoma, MLH1 expression was found to be 
increased in cases of sporadic colorectal adenomas with regular aspirin use (Sidelnikov et 
al., 2009). Aspirin is not alone in having the capacity to select for microsatellite stability: 
the NSAID mesalazine (5-aminosalicylic acid), used to treat patients with inflammatory 
bowel disease (IBD), experimentally reduced frameshift mutations in cultured CRC cells 
(HCT116 and HCT116+chr 3) independent of DNA mismatch repair proficiency (Gasche 
et al., 2005). In vitro, mesalazine inhibits the growth of HCT116 and HT-29 cells, a result 
reported a consequence of the compound inhibiting CDC25A, a cell cycle protein (Stolfi et 
al., 2008). Studies have also implicated cell-cycle arrest as a cellular response to aspirin 
exposure (Lai et al., 2008; Ricchi et al., 1997). Decreased transcription of CCNB1 (Cyclin B1) 
which regulates cell-cycle progression at the G2/M phase by sulindac treatment has been 
observed (Iizaka et al., 2002). To summarise: NSAIDs can select for microsatellite stability 
and cause cell-cycle arrest. 

2.3.1 NSAIDs and DNA repair protein expression 
Microarray analysis has been extensively utilised to examine alterations in gene expression 
in response to NSAID exposure in a number of colon cancer cell lines (Germann et al., 2003; 
Hardwick et al., 2004; Huang et al., 2006; Iizaka et al., 2002; Yin et al., 2006). Hardwick et al., 
(2004) reported that cell-cycle related genes and NF-κB were repressed upon aspirin 
treatment. Iizaka et al., (2002) reported an increase in GADD45α upon treatment with the 
NSAID sulindac. However, although, microarray analysis has been previously carried out to 
determine the effects of aspirin on colorectal cancer (Hardwick et al., 2004; Iizaka et al., 2002) 
these studies have not looked specifically at DNA damage signalling pathways. In addition, 
Hardwick et al., (2004) and also Yin et al., (2006) have shown that notably different gene 
expression patterns are seen when different concentrations of NSAID are used. Both studies 
showed that at low concentrations (1 mM) aspirin elicited activation of a different set of 
genes in the colorectal cancer cell line HT‐29, compared to cells incubated with 5 mM 
aspirin. There is a lack of consistency in the literature regarding dosages utilised for both 
clinical and experimental studies. Intriguingly, clinical trials have shown that low dose 
aspirin (81mg) is more protective against colorectal cancer than ‘high’ dose aspirin (325mg) 
(Baron et al., 2003). The variation in experimental design, especially with regards to what 
dose is clinically relevant makes it problematic when deciding on appropriate drug 
concentrations for experimental work.  
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In addition to the report by Iizaka et al., (2002), a number of other studies have also shown 
NSAID regulation of growth arrest and DNA damage (GADD) gene expression. Germann et 
al (2003) analysed gene expression of CC531 colorectal cancer cells treated with 4.5mM 
Butyrate or 3mM aspirin and showed that GADD153 is up-regulated upon aspirin 
treatment. GADD153 expression has also been shown to be induced by celecoxib treatment 
in cervical cancer cells (Kim et al., 2007). Microarray analysis of the colorectal cancer cell line 
HT-29 treated with 1mM and 5mM aspirin showed an up-regulation of GADD45α (Yin et al., 
2006). Further to this, microarray analysis also shows GADD45 gene expression to be up-
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models used in studies already established as cancerous, it is difficult to separate the effects of 
these compounds on normal cells rather than cells which are already cancerous and subject to 
pathway dysregulation. In addition to NSAIDs, flavonoids have also been associated with 
anti—carcinogenic properties. It is interesting to note that a recent study has shown that these 
compounds, which occur naturally in fruits and vegetables, not only have a protective effect 
against oxidative DNA damage but also increase repair activity in vitro (Ramos et al., 2010). To 
summarise: NSAIDs can alter the expression of DNA repair, and pro- and anti-apoptotic 
proteins. 

2.3.2 Curcumin and DNA repair 
Curcumin is a naturally occurring turmeric derivative with anti-inflammatory properties 
and apoptotic, anti-proliferative, anti-oxidant and anti-angiogenic effects (Shehzad et al., 
2010). In vivo studies have shown that curcumin decreased intestinal polyp formation in the 
APCmin/+ mouse model (Murphy et al., 2010). Curcumin is considered an attractive 
compound for chemopreventative use and there are at present clinical trials ongoing testing 
the effectiveness of the compound against different types of cancer (Shehzad et al., 2010). 
However, as with aspirin, a known mechanism of action of curcumin is yet to be elucidated 
with a range of molecular targets proposed (as reviewed in Shehzad et al., 2010 and 
Ravindran et al., 2009). As discussed in a recent review (Burgos-Moron et al., 2010), although 
curcumin is widely regarded as a potential chemopreventative drug its safety and efficiency 
is yet to be fully elucidated and results from studies, clinical or otherwise, should be 
interpreted with this in mind. Curcumin has been shown to affect DNA damage and repair. 
Curcumin has been found to induce DNA damage in mouse-rat hybrid retina ganglion cells 
(Lu et al., 2009). The study reported that curcumin decreased expression of the DNA repair 
genes ATR, ATM, BRCA1, DNA-PK and MGMT. Curcumin has also been seen to cause DNA 
damage, as tested in the Comet Assay, in gastric mucosa cells and human peripheral blood 
lymphocytes (Blasiak et al., 1999). Curcumin has been shown to induce DNA single strand 
breaks (Scott & Loo, 2004) and induce the expression of the pro-apoptotic gene GADD153 in 
HCT116 colonocytes. It is suggested that the up-regulation of GADD153 is a direct response 
to DNA damage caused by curcumin, ultimately resulting in the induction of apoptosis 
(Scott & Loo, 2004). Microarray analysis of human lung cancer cells after curcumin 
treatment saw an upregulation of GADD45 and GADD153 gene expression (Saha et al., 
2010) and microarray analysis has also shown an up-regulation of GADD45 by curcumin 
treatment in a human breast cancer cell line (Ramachandran et al., 2005). It  
has recently been proposed that DNA MMR may play a role in the cellular response to 
curcumin (Jiang et al., 2010): DNA MMR proficient cells showed a greater accumulation  
of double strand breaks (DSB) upon curcumin treatment compared to MMR deficient cells 
suggesting that DSB formation induced by curcumin is primarily a DNA MMR-dependent 
process; further to this, curcumin was reported to activate ATM/Chk1 and cause cell-cycle 
arrest and apoptosis in human pancreatic cancer cells. DNA MMR proficient cells showed 
activation of Chk1 and induction of the G(2)-M cell cycle checkpoint (Jiang et al.,  
2010) suggesting that the curcumin induced checkpoint response may be a DNA MMR 
dependent mechanism. Interestingly, microarray analysis of gene expression of invasive 
lung adenocarcinoma (CL1-5) cells exposed to curcumin found an induction in MLH1 
gene expression and reduction in MMP expression (Chen et al., 2004). Curcumin is  
also reported to affect the Fanconi anemia (FA)/BRCA pathway. Curcumin sensitises 
ovarian and breast cancer cells with a functional FA/BRCA pathway to cisplatin 
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(Chirnomas et al., 2006). This is a clinically significant finding as resistance to 
chemotherapeutic drugs such as cisplatin is common and monoketone analogs of 
curcumin are now being developed as a new class of FA pathway inhibitors (Landais et 
al., 2009). Recently, curcumin inhibition of the FA/BRCA pathway has also been 
suggested to be a mechanism for the reversal of multiple resistance in a multiple myeloma 
cell line (Xiao et al., 2010). In a recent phase IIa clinical trial report, curcumin reduced 
aberrant crypt foci formation (Carroll et al., 2011). 

2.3.3 Interaction of NSAIDs with anti-cancer treatments 
The capacity for specific cyclooxygenase inhibitors and NSAIDs to enhance the cellular 
response to chemotherapeutic and radiotherapeutic agents has been examined. Additive, 
synergistic and antagonistic effects have been reported. For example, the effect of a selective 
COX-2 inhibitor SC-236 (4-[5-(4-chlorophenyl)-3-trifluoromethyl)-1H-pyrazol-1-yl) benzene 
sulphonamide) was tested on cells derived from a murine sarcoma in the absence and 
presence of γ-ray irradiation, and a clonogenic cell survival assay confirmed that the 
compound significantly enhanced cell radiosensitivity (Raju et al., 2002). In the human 
hepatocellular carcinoma cell line HepG2, indomethacin and SC-236 enhanced doxorubicin 
toxicity reportedly via inhibiting P-glycoprotein and the multidrug resistance-associated 
protein 1 (MRP1) (Ye et al., 2011). Exogenous prostaglandin E2 addition failed to reverse the 
cellular accumulation and retention of doxorubicin and the authors concluded that the 
action of the drugs was via a COX-independent mechanism. Synergistic cell death 
characterised as being apoptotic based on Bax expression, DNA fragmentation and TUNEL 
assay, was observed in HT-29 cells co-treated with aspirin and 5-fluorouracil (Ashktorab et 
al., 2005). In marked contrast to the above findings, an antagonistic activity of celecoxib and 
SC-236 to cytotoxicity mediated by cisplatin to human esophageal squamous cell carcinoma 
cells has been observed; mechanistic analysis indicated that the compounds decrease 
cisplatin accumulation and DNA platination, in a COX-2 independent manner (Yu et al., 
2011). As previously intimated, there is evidence that NSAIDs can affect double strand 
break repair pathways. It is known that the homologous recominbation protein Rad51 is 
overexpressed in chemo-radioresistent carcinomas. A study by Ko et al., (2009) showed that 
celecoxib enhanced gefitinib induced cytotoxicity in NSCLC cells: combined 
celecoxib/gefitinib treatment resulted in the reduction of Rad51 protein levels. Degradation 
of Rad51 occurred via a 26S proteasome-dependent pathway. Celecoxib has been shown to 
inhibit growth of head and neck carcinoma cells and enhance radiosensitivity in a dose-
dependent manner: celecoxib downregulated Ku70 protein expression and inhibited DNA-
PKcs kinase activity which is known to be involved in DSB repair (Raju et al., 2005). Further 
to this, sodium salicylate has been shown to inhibit the kinase activity of ATM and DNA-PK 
which suppresses their DNA damage response (Fan et al., 2010). A recent study in prostate 
cancer demonstrated that treatment of the prostate cancer cell line PC-3 with NO-sulindac 
increased the rate of single strand DNA breaks and that there was slower repair of these 
lesions (Stewart et al., 2011). We thus suggest that caution is exercised in situations where 
patients are prescribed NSAIDs when undergoing chemotherapy or radiotherapy as 
unexpected additive or antagonistic reactions may arise, and thus potentially compromise 
treatment effectiveness. However, there is also the promise that NSAIDs (either known or 
novel) may significantly synergise and enhance responses to chemotherapeutic, biologic, or 
radiotherapeutic modalities. 



 
DNA Repair and Human Health 756 

models used in studies already established as cancerous, it is difficult to separate the effects of 
these compounds on normal cells rather than cells which are already cancerous and subject to 
pathway dysregulation. In addition to NSAIDs, flavonoids have also been associated with 
anti—carcinogenic properties. It is interesting to note that a recent study has shown that these 
compounds, which occur naturally in fruits and vegetables, not only have a protective effect 
against oxidative DNA damage but also increase repair activity in vitro (Ramos et al., 2010). To 
summarise: NSAIDs can alter the expression of DNA repair, and pro- and anti-apoptotic 
proteins. 

2.3.2 Curcumin and DNA repair 
Curcumin is a naturally occurring turmeric derivative with anti-inflammatory properties 
and apoptotic, anti-proliferative, anti-oxidant and anti-angiogenic effects (Shehzad et al., 
2010). In vivo studies have shown that curcumin decreased intestinal polyp formation in the 
APCmin/+ mouse model (Murphy et al., 2010). Curcumin is considered an attractive 
compound for chemopreventative use and there are at present clinical trials ongoing testing 
the effectiveness of the compound against different types of cancer (Shehzad et al., 2010). 
However, as with aspirin, a known mechanism of action of curcumin is yet to be elucidated 
with a range of molecular targets proposed (as reviewed in Shehzad et al., 2010 and 
Ravindran et al., 2009). As discussed in a recent review (Burgos-Moron et al., 2010), although 
curcumin is widely regarded as a potential chemopreventative drug its safety and efficiency 
is yet to be fully elucidated and results from studies, clinical or otherwise, should be 
interpreted with this in mind. Curcumin has been shown to affect DNA damage and repair. 
Curcumin has been found to induce DNA damage in mouse-rat hybrid retina ganglion cells 
(Lu et al., 2009). The study reported that curcumin decreased expression of the DNA repair 
genes ATR, ATM, BRCA1, DNA-PK and MGMT. Curcumin has also been seen to cause DNA 
damage, as tested in the Comet Assay, in gastric mucosa cells and human peripheral blood 
lymphocytes (Blasiak et al., 1999). Curcumin has been shown to induce DNA single strand 
breaks (Scott & Loo, 2004) and induce the expression of the pro-apoptotic gene GADD153 in 
HCT116 colonocytes. It is suggested that the up-regulation of GADD153 is a direct response 
to DNA damage caused by curcumin, ultimately resulting in the induction of apoptosis 
(Scott & Loo, 2004). Microarray analysis of human lung cancer cells after curcumin 
treatment saw an upregulation of GADD45 and GADD153 gene expression (Saha et al., 
2010) and microarray analysis has also shown an up-regulation of GADD45 by curcumin 
treatment in a human breast cancer cell line (Ramachandran et al., 2005). It  
has recently been proposed that DNA MMR may play a role in the cellular response to 
curcumin (Jiang et al., 2010): DNA MMR proficient cells showed a greater accumulation  
of double strand breaks (DSB) upon curcumin treatment compared to MMR deficient cells 
suggesting that DSB formation induced by curcumin is primarily a DNA MMR-dependent 
process; further to this, curcumin was reported to activate ATM/Chk1 and cause cell-cycle 
arrest and apoptosis in human pancreatic cancer cells. DNA MMR proficient cells showed 
activation of Chk1 and induction of the G(2)-M cell cycle checkpoint (Jiang et al.,  
2010) suggesting that the curcumin induced checkpoint response may be a DNA MMR 
dependent mechanism. Interestingly, microarray analysis of gene expression of invasive 
lung adenocarcinoma (CL1-5) cells exposed to curcumin found an induction in MLH1 
gene expression and reduction in MMP expression (Chen et al., 2004). Curcumin is  
also reported to affect the Fanconi anemia (FA)/BRCA pathway. Curcumin sensitises 
ovarian and breast cancer cells with a functional FA/BRCA pathway to cisplatin 

 
Non-Steroidal Anti-Inflammatory Drugs, DNA Repair and Cancer 757 

(Chirnomas et al., 2006). This is a clinically significant finding as resistance to 
chemotherapeutic drugs such as cisplatin is common and monoketone analogs of 
curcumin are now being developed as a new class of FA pathway inhibitors (Landais et 
al., 2009). Recently, curcumin inhibition of the FA/BRCA pathway has also been 
suggested to be a mechanism for the reversal of multiple resistance in a multiple myeloma 
cell line (Xiao et al., 2010). In a recent phase IIa clinical trial report, curcumin reduced 
aberrant crypt foci formation (Carroll et al., 2011). 

2.3.3 Interaction of NSAIDs with anti-cancer treatments 
The capacity for specific cyclooxygenase inhibitors and NSAIDs to enhance the cellular 
response to chemotherapeutic and radiotherapeutic agents has been examined. Additive, 
synergistic and antagonistic effects have been reported. For example, the effect of a selective 
COX-2 inhibitor SC-236 (4-[5-(4-chlorophenyl)-3-trifluoromethyl)-1H-pyrazol-1-yl) benzene 
sulphonamide) was tested on cells derived from a murine sarcoma in the absence and 
presence of γ-ray irradiation, and a clonogenic cell survival assay confirmed that the 
compound significantly enhanced cell radiosensitivity (Raju et al., 2002). In the human 
hepatocellular carcinoma cell line HepG2, indomethacin and SC-236 enhanced doxorubicin 
toxicity reportedly via inhibiting P-glycoprotein and the multidrug resistance-associated 
protein 1 (MRP1) (Ye et al., 2011). Exogenous prostaglandin E2 addition failed to reverse the 
cellular accumulation and retention of doxorubicin and the authors concluded that the 
action of the drugs was via a COX-independent mechanism. Synergistic cell death 
characterised as being apoptotic based on Bax expression, DNA fragmentation and TUNEL 
assay, was observed in HT-29 cells co-treated with aspirin and 5-fluorouracil (Ashktorab et 
al., 2005). In marked contrast to the above findings, an antagonistic activity of celecoxib and 
SC-236 to cytotoxicity mediated by cisplatin to human esophageal squamous cell carcinoma 
cells has been observed; mechanistic analysis indicated that the compounds decrease 
cisplatin accumulation and DNA platination, in a COX-2 independent manner (Yu et al., 
2011). As previously intimated, there is evidence that NSAIDs can affect double strand 
break repair pathways. It is known that the homologous recominbation protein Rad51 is 
overexpressed in chemo-radioresistent carcinomas. A study by Ko et al., (2009) showed that 
celecoxib enhanced gefitinib induced cytotoxicity in NSCLC cells: combined 
celecoxib/gefitinib treatment resulted in the reduction of Rad51 protein levels. Degradation 
of Rad51 occurred via a 26S proteasome-dependent pathway. Celecoxib has been shown to 
inhibit growth of head and neck carcinoma cells and enhance radiosensitivity in a dose-
dependent manner: celecoxib downregulated Ku70 protein expression and inhibited DNA-
PKcs kinase activity which is known to be involved in DSB repair (Raju et al., 2005). Further 
to this, sodium salicylate has been shown to inhibit the kinase activity of ATM and DNA-PK 
which suppresses their DNA damage response (Fan et al., 2010). A recent study in prostate 
cancer demonstrated that treatment of the prostate cancer cell line PC-3 with NO-sulindac 
increased the rate of single strand DNA breaks and that there was slower repair of these 
lesions (Stewart et al., 2011). We thus suggest that caution is exercised in situations where 
patients are prescribed NSAIDs when undergoing chemotherapy or radiotherapy as 
unexpected additive or antagonistic reactions may arise, and thus potentially compromise 
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Fig. 2. A schematic illustration (composite) of the possible interconnections of the molecules 
and activities cited in the text. Where NSAIDs can potentially act is illustrated with X. 
Abbreviations: BER, base excision repair; CIN, chromosomal instability; COX, 
cyclooxygenase; DDR, DNA damage response; EGF, epidermal growth factor; Fpg, 
formamidopyrimidine-DNA glycosylase; 4-HNE, trans-4-hydroxynonenal; HIF-1α, hypoxia 
inducible factor-1α; MDA, malondialdehyde; MIN, microsatellite instability; MMP, matrix 
metalloproteinase; miR, micro RNA; NF-κB, nuclear factor kappa B; RNOS, reactive 
nitrogen oxide species; ROS, reactive oxygen species; STAT3, signal transducer and activator 
of transcription 3; VEGF, vascular endothelial growth factor. For reasons of clarity, 
chemokine and cytokine receptor interactions are not shown. 
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3. Conclusion 
The accumulated findings from a significant body of research indicates that NSAIDs –
including aspirin- act via multiple mechanisms in reducing the morbidity and mortality of 
cancer, and that aspirin and other NSAIDs reduce inflammation via COX-dependent and 
COX-independent pathways. NSAIDs can select for DNA mismatch repair competency and 
microsatellite stable cells thus inhibiting at least one well recognised pathway of colorectal 
cancer progression; furthermore, in vitro data suggest that NSAIDs exhibit ‘direct’ and 
relatively specific and rapid toxicity to colorectal cancer cells, with evidence suggesting that 
this may (but almost certainly not exclusively) involve DNA repair pathways. There is a 
paucity of information regarding the effect of NSAIDS on gene expression in non-
transformed cell lines, including colonocytes and stromal cells and stem cells. 
Epidemiological evidence strongly indicates that NSAIDs are particularly protective against 
adenocarcinoma formation. Given the potential as chemopreventative agents, significant 
effort should be directed into producing novel NSAID derivatives that do not produce the 
adverse gastrointestinal and cardiovascular effects but retain the multiple and potent 
protective actions that are involved in suppressing adenocarcinoma formation.  
We feel that the following questions need to be addressed: 
a. What is the mechanism by which aspirin selects for microsatellite stability? 
b. What is the mechanism by which aspirin and other NSAIDs show their relatively 

specific toxicity to colorectal cancer cells? 
c. Does long term usage of aspirin and other NSAIDs preferentially reprogram the colonic 

epithelium via epigenetic mechanisms eg altering histone deacetylase and DNA 
methyltransferase activities?  

d. How do NSAIDS affect gene expression in non-transformed cells, including colonic 
stem cells? Do NSAIDs affect epithelial miRNA profiles? 
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1. Introduction 

DNA polymerase (i.e., DNA-dependent DNA polymerase [pol], E.C. 2.7.7.7) catalyzes the 
polymerization of deoxyribonucleotides alongside a DNA strand, which it "reads" and uses 
as a template (Kornberg & Baker, 1992). The newly polymerized molecule is complementary 
to the template strand and identical to the template’s partner strand. Pol can add free 
nucleotides only to the 3’ end of the newly formed strand, meaning that elongation of the 
new strand occurs in a 5’ to 3’ direction.  
The human genome encodes at least 14 pols that conduct cellular DNA synthesis (Bebenek 
& Kunkel, 2004; Hubscher et al., 2002). Eukaryotic cells contain 3 DNA replicative pols (α, δ 
and ε), 1 mitochondrial pol (γ), and at least 10 DNA repair and/or recombination-related 
pols (β, ζ, η, θ, ι, κ, λ, μ and ν, and REV1) (Friedberg et al., 2000; Takata et al., 2006). Pols 
have a highly conserved structure, which means that their overall catalytic subunits show 
little variance among species. Enzymes with conserved structures usually perform 
important cellular functions, the maintenance of which provides evolutionary advantages. 
On the basis of sequence homology, eukaryotic pols can be divided into 4 main families, 
termed A, B, X and Y (Friedberg et al., 2000). Family A includes mitochondrial pol γ, as well 
as pols θ and ν. Family B includes 3 DNA replicative pols (α, δ and ε) and pol ζ. Family X 
comprises pols β, λ and μ; and lastly, family Y includes pols η, ι and κ, in addition to REV1.  
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have a highly conserved structure, which means that their overall catalytic subunits show 
little variance among species. Enzymes with conserved structures usually perform 
important cellular functions, the maintenance of which provides evolutionary advantages. 
On the basis of sequence homology, eukaryotic pols can be divided into 4 main families, 
termed A, B, X and Y (Friedberg et al., 2000). Family A includes mitochondrial pol γ, as well 
as pols θ and ν. Family B includes 3 DNA replicative pols (α, δ and ε) and pol ζ. Family X 
comprises pols β, λ and μ; and lastly, family Y includes pols η, ι and κ, in addition to REV1.  
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We have been screening for selective inhibitors of each pol derived from natural products 
including food materials and nutrients for more than 15 years (Mizushina, 2009; Sakaguchi 
et al., 2002). In our studies of pol inhibitors, we have found that selective inhibitors of pol λ, 
which is a DNA repair-related pol, have anti-inflammatory activity against 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced inflammation (Mizushina et al., 2003; 
Mizushina, 2009). Although tumor promoters such as TPA are classified as compounds that 
promote tumor formation (Hecker, 1978), they also cause inflammation and are commonly 
used as artificial inducers of inflammation in order to screen for anti-inflammatory agents 
(Fujiki & Sugimura, 1987). Tumor promoter-induced inflammation can be distinguished 
from acute inflammation, which is exudative and accompanied by fibroblast proliferation 
and granulation. The tumor promoter TPA is frequently used to search for new types of 
anti-inflammatory compound. TPA not only causes inflammation, but also influences 
mammalian cell growth (Nakamura et al., 1995), suggesting that the molecular basis of the 
inflammation stems from pol reactions related to cell proliferation. This relationship, 
however, needs to be investigated more closely.  
In this review, we examine the relationship between pol λ inhibition and anti-inflammation 
using pol λ-specific inhibitors, such as chemically synthesized curcumin derivatives. On the 
basis of these results, the pol λ-inhibitory mechanism and anti-inflammation effects of 
monoacetyl-curcumin, which was the strongest pol λ inhibitor among the compounds 
tested, is discussed.  

2. Effect of curcumin derivatives on the activities of mammalian pols 
2.1 Pol assay for inhibitor screening 
A pol activity assay to detect pol inhibitors was established by Mizushina et al. (1996a; 
1996b; 1997). Purified mammalian pols α, β, γ, δ, ε, η, ι, κ and λ, which have high activity, 
were kind gifts from pol researchers around the world. As shown in Fig. 1, 
poly(dA)/oligo(dT)18 (A/T = 2/1) and 2'-deoxythymidine 5'-triphosphate (dTTP) were used 
as the DNA template-primer and nucleotide (dNTP, 2'-deoxynucleotide 5'-triphosphate) 
substrate, respectively. The candidate inhibitors, which were low molecular weight organic 
compounds, were dissolved in distilled dimethyl sulfoxide (DMSO) at various 
concentrations and sonicated for 30 s. Aliquots (4 μL) of the sonicated samples were mixed 
with 16 μl of each enzyme (final amount 0.05 units) in 50 mM Tris–HCl (pH 7.5) containing 1 
mM dithiothreitol, 50% glycerol and 0.1 mM EDTA, and pre-incubated at 0 ºC for 10 min. 
These inhibitor–enzyme mixtures (8 μL) were then added to 16 μl of each of the enzyme 
standard reaction mixtures, and incubation was carried out at 37 ºC for 60 min, except for 
Taq pol, which was incubated at 74 ºC for 60 min. Activity without the inhibitor was 
considered 100%, and the remaining activity at each concentration of the inhibitor was 
determined relative to this value. One unit of pol activity was defined as the amount of 
enzyme that catalyzed the incorporation of 1 nmol of dNTP (i.e., dTTP) into synthetic DNA 
template–primers in 60 min at 37 ºC under the normal reaction conditions for each enzyme 
(Mizushina et al., 1996b; 1997).  

2.2 Mammalian pol inhibitory effect of curcumin derivatives 
As described above, we are searching for natural inhibitors specific to each of the 
mammalian pols. A phenolic compound produced from a higher plant, a Japanese vegetable  
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(Petasites japonicus) collected from Akita prefecture, Japan, was found to inhibit pol λ activity 
selectively (Mizushina et al., 2002). The compound was purified and its chemical structure 
was analyzed, and it was identified as petasiphenol (compound 1 in Fig. 2) (Iriye et al., 
1992). The three-dimensional relationship between pol inhibitors and the pol structure was 
investigated, which suggested that some phenolic compounds might be pol inhibitors. It 
was therefore tested whether commercial or easily obtainable phenolic compounds might 
also be pol λ-specific inhibitors. As a result, curcumin (diferuloylmethane, compound 2 in 
Fig. 2), which is the same type of phenolic compound as petasiphenol, and 13 chemically 
synthesized derivatives of curcumin (compounds 3–15 in Fig. 2) were prepared, and then 
tested for their inhibitory effects on mammalian pols.  
The inhibition of four mammalian pols, namely calf pol α, human pol γ, human pol κ and 
human pol λ, by each compound at 10 μM was investigated. Pols α, γ, κ and λ were used as 
representatives of the B, A, Y and X families of pols, respectively (Bebenek & Kunkel, 2004; 
Hubscher et al., 2002; Takata et al., 2006). As shown in Fig. 3, petasiphenol (1) and curcumin 
(2) inhibited human pol λ activity. The inhibitory effect on pol λ of compounds 4, 5, 13 and 
14 was stronger than that of curcumin (2). Compounds 6 to 11, which do not have any enone 
moieties, did not affect pol λ activity; thus, the enone moiety, which is present in 
petasiphenol, might be important or essential for pol λ inhibition. As mentioned above, 
compounds 4, 5 and 13, which have one or more acetoxy moieties, strongly inhibited the 
activity of pol λ, and compound 13 (monoacetyl-curcumin) was the strongest inhibitor 
among the compounds tested. The one acetoxy moiety at position C4” in monoacetyl-
curcumin (13) might stimulate the inhibitory effect on pol λ. On the other hand, at 10 μM, 
none of the compounds inhibited the activity of calf pol α, human pol γ or human pol κ.  
On the basis of these results, we concentrated on curcumin (2), which is a major food 
component, and monoacetyl-curcumin (13), which was the strongest inhibitor of pol λ 
among the curcumin derivatives tested, in the next part of this study.  
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activity of pol λ, and compound 13 (monoacetyl-curcumin) was the strongest inhibitor 
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Fig. 2. Structure of curcumin derivatives. Compound 1: petasiphenol; compound 2: 
curcumin (diferuloylmethane); compound 3: (1E,6E)-1,7-bis(3’,4’-dimethoxyphenyl)-4,4-
dimethyl-1,6-heptadien-3,5-dione; compound 4: (1E,4Z,6E)-1,7-bis(4’-acetoxy-3’-
methoxyphenyl)-5-hydroxy-1,4,6-heptatrien-3-one (diacetyl-curcumin); compound 5: 
(1E,6E)-1,7-bis(4’-acetoxy-3’-methoxyphenyl)-4,4-dimethyl-1,6-heptadien-3,5-dione; 
compound 6: 1,7-bis4-hydroxy-3-methoxyphenyl-3,5-heptadione; compound 7: 1,7-bis4-
hydroxy-3-methoxyphenyl-5-hydroxy-3-heptanone; compound 8: 1,7-bis4-hydroxy-3-
methoxyphenyl-3,5-heptadiol; compound 9: 1,7-bis4-acetoxy-3-methoxyphenyl-3,5-
heptadione; compound 10: 1,7-bis4-acetoxy-3-methoxyphenyl-5-hydroxy-3-heptanone; 
compound 11: 1E,6E-1,7-bis4-acetoxy-3-methoxyphenyl-3,5-dihydroxyheptane; compound 
12: 1E,6E-1,7-bis4-hydroxy-3-methoxyphenyl-3,5-dihydroxy-1,6-heptadiene; compound 13: 
(1E,4Z,6E)-7-(4’’-acetoxy-3’’-methoxyphenyl)-5-hydroxy-1-(4’-hydroxy-3’-
methoxyphenyl)hepta-1,4,6-trien-3-one (monoacetyl-curcumin); compound 14: (1E,4Z,6E)-1-
(3’,4’-dimethoxyphenyl)-5-hydroxy-7-[4”-hydroxy-3”-methoxypheny]hepta-1,4,6-trien-3-one 
(monometyl-curcumin); compound 15: 1E,6E-1-3,4-dimethoxyphenyl-4,4-dimethyl-7-4-
methoxyphenylhepta-1,6-dien-3,5-diol. 

3. Effect of curcumin (2) and monoacetyl-curcumin (13) on the activities of 
pols and other DNA metabolic enzymes 
Curcumin (2) and monoacetyl-curcumin (13) were effective at inhibiting human pol λ 
activity, and the inhibition was dose-dependent with 50% inhibition observed at a 
concentration of 7.0 and 3.9 μM, respectively (Table 1). These compounds had no influence 
on the activities of not only DNA replicative pols such as calf pol α, human pol δ and 
human pol ε, or mitochondrial DNA replicative pols such as human pol γ, but also DNA 
repair-related pols such as rat pol β, human pols η, ι and κ. It is interesting that these 
compounds had no affect on the activity of pol β, because pols β and λ both belong to the   
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Fig. 3. Inhibitory effect of curcumin derivatives (compounds 1–15) on the activities of 
mammalian pols. Each compound (10 μM) was incubated with calf pol α (B-family pol), 
human pol γ (A-family pol), human pol κ (Y-family pol) and human pol λ (X-family pol) 
(0.05 units each). Pol activity in the absence of the compound was taken as 100%, and the 
relative activity is shown. Data are shown as the mean ± SE (n=3).  

X-family of pols, and the three-dimensional structure of pol β is thought to be highly similar 
to pol λ (Garcia-Diaz et al., 2004).  
Curcumin (2) and monoacetyl-curcumin (13) also had no inhibitory effect on cherry salmon 
(fish) pols α and δ, cauliflower (higher plant) pol α, prokaryotic pols such as the Klenow 
fragment of E. coli pol I, Taq pol and T4 pol, and other DNA metabolic enzymes such as calf 
DNA primase of pol α, human immunodeficiency virus type-1 (HIV-1) reverse 
transcriptase, T7 RNA polymerase, T4 polynucleotide kinase and bovine deoxyribonuclease 
I. Therefore, these phenolic compounds were specific inhibitors of human pol λ among the 
pols and DNA metabolic enzymes tested. Petasiphenol (1) also selectively inhibited the 
activity of eukaryotic pol λ such as curcumin (2) and monoacetyl-curcumin (13) (Mizushina 
et al., 2002).  
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(monometyl-curcumin); compound 15: 1E,6E-1-3,4-dimethoxyphenyl-4,4-dimethyl-7-4-
methoxyphenylhepta-1,6-dien-3,5-diol. 

3. Effect of curcumin (2) and monoacetyl-curcumin (13) on the activities of 
pols and other DNA metabolic enzymes 
Curcumin (2) and monoacetyl-curcumin (13) were effective at inhibiting human pol λ 
activity, and the inhibition was dose-dependent with 50% inhibition observed at a 
concentration of 7.0 and 3.9 μM, respectively (Table 1). These compounds had no influence 
on the activities of not only DNA replicative pols such as calf pol α, human pol δ and 
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Fig. 3. Inhibitory effect of curcumin derivatives (compounds 1–15) on the activities of 
mammalian pols. Each compound (10 μM) was incubated with calf pol α (B-family pol), 
human pol γ (A-family pol), human pol κ (Y-family pol) and human pol λ (X-family pol) 
(0.05 units each). Pol activity in the absence of the compound was taken as 100%, and the 
relative activity is shown. Data are shown as the mean ± SE (n=3).  

X-family of pols, and the three-dimensional structure of pol β is thought to be highly similar 
to pol λ (Garcia-Diaz et al., 2004).  
Curcumin (2) and monoacetyl-curcumin (13) also had no inhibitory effect on cherry salmon 
(fish) pols α and δ, cauliflower (higher plant) pol α, prokaryotic pols such as the Klenow 
fragment of E. coli pol I, Taq pol and T4 pol, and other DNA metabolic enzymes such as calf 
DNA primase of pol α, human immunodeficiency virus type-1 (HIV-1) reverse 
transcriptase, T7 RNA polymerase, T4 polynucleotide kinase and bovine deoxyribonuclease 
I. Therefore, these phenolic compounds were specific inhibitors of human pol λ among the 
pols and DNA metabolic enzymes tested. Petasiphenol (1) also selectively inhibited the 
activity of eukaryotic pol λ such as curcumin (2) and monoacetyl-curcumin (13) (Mizushina 
et al., 2002).  
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Enzyme 
IC50 value (μM) 

Curcumin (2) Monoacetyl-curcumin (13) 
– Mammalian DNA polymerases –   

Calf DNA polymerase α >100 >100 
Rat DNA polymerase β >100 >100 
Human DNA polymerase γ >100 >100 
Human DNA polymerase δ >100 >100 
Human DNA polymerase ε >100 >100 
Human DNA polymerase η >100 >100 
Human DNA polymerase ι >100 >100 
Human DNA polymerase κ >100 >100 
Human DNA polymerase λ 7.0 ± 0.39 3.9 ± 0.25 

– Fish DNA polymerases –   
Cherry salmon DNA polymerase α >100 >100 
Cherry salmon DNA polymerase δ >100 >100 

– Plant DNA polymerases –   
Cauliflower DNA polymerase α >100 >100 

– Prokaryotic DNA polymerases –   
E. coli DNA polymerase I >100 >100 
Taq DNA polymerase >100 >100 
T4 DNA polymerase >100 >100 

– Other DNA metabolic enzymes –   
Calf primase of DNA polymerase α >100 >100 
HIV-1 reverse transcriptase >100 >100 
T7 RNA polymerase >100 >100 
T4 polynucleotide kinase >100 >100 
Bovine deoxyribonuclease I >100 >100 

Table 1. IC50 values of curcumin (2) and monoacetyl-curcumin (13) for various pols and 
other DNA metabolic enzymes. The compounds were incubated with each enzyme (0.05 
units). Enzyme activity in the absence of the compound was taken as 100%. Data are shown 
as the mean ± SE (n=3).  

When activated DNA (i.e., bovine deoxyribonuclease I-treated DNA) and dNTP were used 
as the DNA template-primer and nucleotide substrate instead of synthesized DNA 
[poly(dA)/oligo(dT)18 (A/T = 2/1)] and dTTP, respectively, the inhibitory effects of these 
compounds did not change.  

4. Effect of curcumin derivatives on TPA-induced anti-inflammatory activity 
As mentioned in the Introduction, TPA is known to cause inflammation and is commonly 
used in screens for anti-inflammatory agents (Fujiki & Sugimura, 1987). Curcumin (2) is 
known as an anti-TPA-induced inflammatory compound (Ammon & Wahl, 1991), but the 
other agents (compounds 1 and 3–15) had not previously been tested for anti-TPA-induced 
inflammatory activity.  
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Fig. 4. Anti-inflammatory activity of curcumin derivatives (compounds 1–15) toward TPA-
induced edema on mouse ear. Each compound (250 μg) was applied to one of the mouse 
ears and, after 30 min, TPA (0.5 μg) was applied to both ears. Edema was evaluated after 7 h. 
The anti-inflammatory activity (%) is expressed as the percentage reduction in edema as 
compared with the non-treated ear. Data are shown as the mean ± SE (n=5).  

Using an inflammation test in mice, the anti-inflammatory activity of these compounds was 
examined. The application of TPA (0.5 μg) to a mouse ear induced edema with a 241% 
increase in the weight of the ear disk at 7 h after application. As expected, curcumin (2) 
inhibited this inflammation at an applied dose of at least 250 μg (inhibitory effect (IE) = 63%) 
(Fig. 4). Petasiphenol (1), which was purified from Japanese vegetable (Petasites japonicus), 
was also an anti-inflammatory agent, although its effect was a third weaker than that of 
curcumin (2). Thus, both petasiphenol (1) and curcumin (2) could be potent inhibitors of 
inflammation caused by TPA. Interestingly, other curcumin derivatives also caused a 
marked reduction in TPA-induced inflammation: notably, the anti-inflammatory effect of 
monoacetyl-curcumin (13) was stronger than that of curcumin (2) with an IE of 81%, 
indicating that this compound possesses strong anti-inflammatory activity.  

5. Structure–activity relationship of curcumin derivatives 
Pol λ inhibition had a significant correlation (correlation coefficient = 0.9608) with anti-
inflammatory activity, as shown by Fig. 3 and Fig. 4, which led us to speculate that TPA-
induced inflammation may involve a process requiring pol λ, which is a DNA repair-related 
pol. Thus, to confirm whether there is a relationship between pol λ inhibition and anti-
inflammation, the inhibitory effects of the curcumin derivatives (compounds 1–15) on the 
two bio-activities were compared.  
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examined. The application of TPA (0.5 μg) to a mouse ear induced edema with a 241% 
increase in the weight of the ear disk at 7 h after application. As expected, curcumin (2) 
inhibited this inflammation at an applied dose of at least 250 μg (inhibitory effect (IE) = 63%) 
(Fig. 4). Petasiphenol (1), which was purified from Japanese vegetable (Petasites japonicus), 
was also an anti-inflammatory agent, although its effect was a third weaker than that of 
curcumin (2). Thus, both petasiphenol (1) and curcumin (2) could be potent inhibitors of 
inflammation caused by TPA. Interestingly, other curcumin derivatives also caused a 
marked reduction in TPA-induced inflammation: notably, the anti-inflammatory effect of 
monoacetyl-curcumin (13) was stronger than that of curcumin (2) with an IE of 81%, 
indicating that this compound possesses strong anti-inflammatory activity.  

5. Structure–activity relationship of curcumin derivatives 
Pol λ inhibition had a significant correlation (correlation coefficient = 0.9608) with anti-
inflammatory activity, as shown by Fig. 3 and Fig. 4, which led us to speculate that TPA-
induced inflammation may involve a process requiring pol λ, which is a DNA repair-related 
pol. Thus, to confirm whether there is a relationship between pol λ inhibition and anti-
inflammation, the inhibitory effects of the curcumin derivatives (compounds 1–15) on the 
two bio-activities were compared.  
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Among the fifteen curcumin derivatives tested, including curcumin (2) itself (Fig. 1), 
monoacetyl-curcumin (13) was the strongest inhibitor of both pol λ and anti-inflammation. 
Considering the structure of monoacetyl-curcumin (13) (Fig. 5), the essential moieties of the 
structure for these activities might be: <1> two enone moieties, <2> one hydroxyl group at 
position C4’, and <3> one acetoxy group at position C4”. These moieties are specific to 
monoacetyl-curcumin (13); therefore, these moieties are likely to be involved in the activities 
of both pol λ inhibition and anti-inflammation.  
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Fig. 5. Chemical structure of monoacetyl-curcumin (13). The functional groups likely to be 
essential for both pol λ inhibitory activity and anti-inflammatory activity in the curcumin 
derivatives are shown (<1> to <3>).  

6. Inhibitory activity of curcumin (2) and monoacetyl-curcumin (13) against 
inflammatory responses in cultured cells 
Next, because curcumin (2) and monoacetyl-curcumin (13) might be chemical knockout 
agents for DNA repair-related pol λ activity (Table 1), we used these compounds to 
investigate the anti-inflammatory mechanism of pol λ specific inhibitors in the murine 
macrophage cell line RAW264.7 treated with lipopolysaccharide (LPS or endotoxin), which 
stimulates macrophages to release inflammatory cytokines, interleukins (ILs) and tumor 
necrosis factor (TNF) (Hsu & Wen, 2002).  
RAW264.7 cells were seeded on a 12-well plate at 1x105 cells/well and incubated for 24 h. 
The cells were pre-treated with 10 or 50 μM curcumin (2) or monoacetyl-curcumin (13) for 
30 min and then stimulated with 100 ng/mL of LPS. After 30 min or 24 h, the cell culture 
medium was collected to measure the levels of inflammatory cytokines, such as tumor 
necrosis factor-α (TNF-α), nuclear factor-κB (NF-κB) and IκB. In RAW264.7 cells, 
cytotoxicity of these compounds at 50 μM was not observed (data not shown).  
As shown in Fig. 6A, at 50 μM, curcumin (2) and monoacetyl-curcumin (13) both 
significantly suppressed LPS-stimulated production of TNF-α, and monoacetyl-curcumin 
(13) showed greater inhibition than curcumin (2). At 10 μM, monoacetyl-curcumin (13) still 
showed suppression of TNF-α production, although curcumin (2) at 10 μM did not 
significantly inhibit TNF-α production.  
Next, the effect of monoacetyl-curcumin (13) on the expression level of pol λ protein in LPS-
treated RAW264.7 cells was investigated. Fig. 6B shows that these macrophages underwent 
a more than 3-fold increase in the expression of pol λ after LPS stimulation, but this increase 
was suppressed by 50 μM monoacetyl-curcumin (13). These results suggest that there is the 
positive correlation between inflammatory induction by LPS and pol λ expression; thus, not 
only the DNA polymerization activity but also the protein expression of DNA repair-related 
pol λ is likely to be important in inflammation.  
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NF-κB is known to be the rate-controlling factor in inflammatory responses. Therefore, the 
inhibitory effects of curcumin (2) and monoacetyl-curcumin (13) on the LPS-induced nuclear 
translocation of NF-κB were examined in RAW264.7 cells. At 50 μM, curcumin (2) and 
monoacetyl-curcumin (13) both inhibited NF-κB nuclear translocation stimulated by 100 
ng/mL of LPS, and the effect of monoacetyl-curcumin (13) was stronger than that of 
curcumin (2) (Fig. 6C). Stimulation with LPS results in activation of Toll-like receptor 4 and 
the downstream IκB kinases (IKKs), which in turn phosphorylate IκB, leading to 
degradation of IκB and translocation of NF-κB into the nucleus (Hashimoto et al., 2002). 
Therefore, the suppressive effects of curcumin (2) and monoacetyl-curcumin (13) on the 
LPS-induced phosphorylation of IκB were examined in RAW264.7 cells. By Western blot 
analysis, it was revealed that, at 50 μM, both curcumin (2) and monoacetyl-curcumin (13) 
significantly inhibited the LPS-induced phosphorylation of IκB (Fig. 6D). These results 
demonstrate that monoacetyl-curcumin (13), as well as curcumin (2), suppresses NF-κB 
nuclear translocation by inhibiting the phosphorylation of IκB.  
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treated RAW264.7 cells was investigated. Fig. 6B shows that these macrophages underwent 
a more than 3-fold increase in the expression of pol λ after LPS stimulation, but this increase 
was suppressed by 50 μM monoacetyl-curcumin (13). These results suggest that there is the 
positive correlation between inflammatory induction by LPS and pol λ expression; thus, not 
only the DNA polymerization activity but also the protein expression of DNA repair-related 
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Fig. 6. Inhibitory activities of curcumin (2) and monoacetyl-curcumin (13) against 
inflammatory responses in the cultured murine macrophage cell line RAW264.7. (a) 
RAW264.7 cells were pre-treated with 10 or 50 μM curcumin (2) or monoacetyl-curcumin 
(13) for 30 min and then incubated with 100 ng/mL of LPS for 24 h. The TNF-α level in the 
culture medium was measured by ELISA. Data are shown as the mean ± SE (n=4). (b) 
RAW264.7 cells were pre-treated with 50 μM monoacetyl-curcumin (13), and then incubated 
with 100 ng/mL of LPS for 30 min. The expression level of pol λ was evaluated by Western 
blot analysis. The intensity of each band was analyzed, and the values relative to non-
treatment with LPS are represented at the lower edge of the image. (c and d) RAW264.7 cells 
were pre-treated with 50 μM curcumin (2) or monoacetyl-curcumin (13), and then incubated 
with 100 ng/mL of LPS for 30 min. Nuclear translocation of NF-κB p65 (c) and the 
phosphorylation of IκB (d) were evaluated by Western blot analysis. The intensity of each 
band was analyzed, and the values relative to treatment with LPS alone are represented at 
the lower edge of the image. (e) RAW264.7 cells were pre-treated with 50 μM curcumin (2) 
or monoacetyl-curcumin (13) for 30 min, and then treated with 50 ng/mL of TNF-α and 4 
μM DCFH-DA for 30 min. The fluorescent intensity of DCF, which indicates ROS 
production, was measured as described in a previous report (Corda et al., 2001). Data are 
shown as the mean ± SE (n=4).  
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Anti-oxidative activity has been reported to be linked to anti-inflammatory activity 
(Rahman et al., 2006). We therefore investigated the anti-oxidative activity of curcumin (2) 
and monoacetyl-curcumin (13) against the production of reactive oxygen species (ROS) 
induced by TNF-α. Measurement of intracellular ROS was performed according to the 
method of a previous report (Corda et al., 2001). In RAW264.7 cells, at 50 μM, the two 
compounds decreased the production of ROS by 50 ng/mL of TNF-α to 59.5% and 32.1%, 
respectively (Fig. 6E). These results suggest that both compounds possess anti-oxidative 
activity, but that monoacetyl-curcumin (13) has stronger activity than curcumin (2).  

7. Inhibitory activity of curcumin (2) and monoacetyl-curcumin (13) against 
LPS-induced inflammation in vivo 
To assess their anti-inflammatory effects in vivo, the inhibitory activity of curcumin (2) and 
monoacetyl-curcumin (13) against LPS-induced acute inflammation was investigated in 
mice (Fig. 7). As shown in Fig. 7A, treatment with 250 μg/kg (body weight, BW) of LPS 
increased the serum TNF-α level, and an oral injection of 100 mg/kg (BW) of monoacetyl-
curcumin (13) significantly decreased the LPS-induced production of TNF-α to 36%. By 
contrast, curcumin (2) had no effect. Next, the inhibitory effects of these compounds on 
nuclear translocation of NF-κB in the liver were examined. Fig. 7B shows that LPS caused 
translocation of NF-κB into the nucleus, and monoacetyl-curcumin (13) blocked this nuclear 
translocation. Notably, curcumin (2) also inhibited nuclear translocation of NF-κB even 
though it did not block TNF-α production.  
The serum levels of curcumin (2) and monoacetyl-curcumin (13) 2 h after oral 
administration were measured in the mice by liquid-chromatography mass spectrometry. 
The serum concentrations were below the detection limit and, thus, were less than 0.3 nM 
for both curcumin (2) and monoacetyl-curcumin (13) (data not shown). It has been reported 
that curcumin (2) is poorly absorbed in the body (Anand et al., 2007). Thus, a lower 
concentration of monoacetyl-curcumin (13) than of curcumin (2) might be able to decrease 
the serum TNF-α level in mice treated with LPS.  

8. Discussion 
Inflammatory mediators, such as TPA and LPS, quickly stimulate ROS (Hsu & Wen, 
2002), and ROS are known to mediate oxidative DNA damage. As shown in Fig. 8, DNA 
repair pols such as pol λ induce protein expression and increase DNA polymerization 
activity to repair the damaged DNA. Furthermore, we consider that pol λ might have a 
great effect on inflammatory responses, such as TNF-α production, NF-κB activation, 
secretion of cytokines [e.g. interferons (IFNs) and interleukins (ILs) etc], tissue damage 
and cell death. The results summarized in this review suggest that inhibition of DNA 
repair by pol λ is related to anti-inflammatory pathways, and that pol λ-specific inhibitors 
such as monoacetyl-curcumin (13) might be chemotherapeutic drugs for inflammatory 
diseases. The detailed molecular mechanism underlying the correlation between DNA 
repair inhibition by pol λ and anti-inflammatory responses is not yet known; therefore, 
experiments with small interfering RNA (siRNA) targeting pol λ would help in further 
analyses.  
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(13) for 30 min and then incubated with 100 ng/mL of LPS for 24 h. The TNF-α level in the 
culture medium was measured by ELISA. Data are shown as the mean ± SE (n=4). (b) 
RAW264.7 cells were pre-treated with 50 μM monoacetyl-curcumin (13), and then incubated 
with 100 ng/mL of LPS for 30 min. The expression level of pol λ was evaluated by Western 
blot analysis. The intensity of each band was analyzed, and the values relative to non-
treatment with LPS are represented at the lower edge of the image. (c and d) RAW264.7 cells 
were pre-treated with 50 μM curcumin (2) or monoacetyl-curcumin (13), and then incubated 
with 100 ng/mL of LPS for 30 min. Nuclear translocation of NF-κB p65 (c) and the 
phosphorylation of IκB (d) were evaluated by Western blot analysis. The intensity of each 
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the lower edge of the image. (e) RAW264.7 cells were pre-treated with 50 μM curcumin (2) 
or monoacetyl-curcumin (13) for 30 min, and then treated with 50 ng/mL of TNF-α and 4 
μM DCFH-DA for 30 min. The fluorescent intensity of DCF, which indicates ROS 
production, was measured as described in a previous report (Corda et al., 2001). Data are 
shown as the mean ± SE (n=4).  
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Fig. 7. The inhibitory activity of curcumin (2) and monoacetyl-curcumin (13) against LPS-
induced inflammation in vivo. Male 8-week-old C57BL/6 mice were given an oral dose of 
100 mg/kg (BW) of curcumin (2) or monoacetyl-curcumin (13) dissolved in corn oil or 200 
μL of corn oil as a vehicle control. After 2 h, the mice were intraperitoneally injected with 
250 μg/kg (BW) of LPS dissolved in phosphate-buffered saline (PBS) or 200 μL of PBS as a 
vehicle control. After 1 h, the mice were killed. (a) The TNF-α level in serum was measured 
by ELISA. Data are shown as the mean ± SE (n=4). The treatment with corn oil and LPS 
(positive control) was taken as 100% (TNF-α level, 728 pg/mL) and that with corn oil and 
saline (negative control) as taken as 0% (TNF-α level, 32 pg/mL). (b) NF-κB p65 in the nuclei 
of mouse liver cells was detected by Western blotting. The intensity of each band was 
analyzed, and the values relative to treatment with LPS alone are represented at the lower 
edge of the image.  

As mentioned above, eukaryotic cells reportedly contain 14 pol species belonging to four 
families (Friedberg et al., 2000; Takata et al., 2006). Among the X family of pols, pol λ has 
an unclear biochemical function, although it seems to work in a similar way to pol β 
(Garcia-Diaz et al., 2002). Pol β is involved in the short-patch base excision repair (BER) 
pathway (Matsumoto & Kim, 1995; Singhal & Wilson, 1993; Sobol et al., 1996), as well as 
playing an essential role in neural development (Sugo et al., 2000). Recently, pol λ was 
found to possess 5'-deoxyribose-5-phosphate (dRP) lyase activity, but not 
apurinic/apyrimidinic (AP) lyase activity (Garcia-Diaz et al., 2001). Pol λ is able to 
substitute for pol β during in vitro BER, suggesting that pol λ also participates in BER. 
Northern blot analysis indicated that transcripts of pol β are abundantly expressed in the 
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testis, thymus and brain in rats (Hirose et al., 1989), whereas pol λ is efficiently 
transcribed mostly in the testis (Garcia-Diaz et al., 2000). Bertocci et al. reported that mice 
in which pol λ expression is knocked down are not only viable and fertile, but also display 
a normal hyper-mutation pattern (Bertocci et al., 2002).  
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Fig. 8. The relationship between DNA repair by pol λ and inflammation 

As well as causing inflammation, TPA influences cell proliferation and has physiological 
effects on cells because it has tumor promoter activity (Nakamura et al., 1995). Therefore, 
anti-inflammatory agents are expected to suppress DNA replication/repair/recombination 
in nuclei in relation to the action of TPA. Because pol λ is a DNA repair-related pol (Garcia-
Diaz et al., 2002), our finding – that the molecular target of curcumin derivatives as 
monoacetyl-curcumin (13) is pol λ – is in good agreement with this expected mechanism of 
anti-inflammatory agents. As a result, any inhibitor of DNA repair-related pol λ might also 
be an inflammatory suppressor.  

9. Conclusion 
This review summarizes data showing that a major anti-inflammatory food compound, 
curcumin (2), selectively inhibits the activity of pol λ among 9 species of mammalian pols 
tested. Monoacetyl-curcumin (13) was the strongest inhibitor of pol λ among the 13 
chemically synthesized derivatives of curcumin (2), suggesting that monoacetyl-curcumin 
(13) is a potent candidate for a functional compound. In addition, the inhibitory effects of 
monoacetyl-curcumin (13) on inflammatory responses in comparison to those of curcumin 
(2) in vitro and in vivo were investigated. Monoacetyl-curcumin (13) suppressed NF-κB 
activation induced by LPS and TNF-α in RAW264.7 murine macrophages. Moreover, 
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Northern blot analysis indicated that transcripts of pol β are abundantly expressed in the 
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testis, thymus and brain in rats (Hirose et al., 1989), whereas pol λ is efficiently 
transcribed mostly in the testis (Garcia-Diaz et al., 2000). Bertocci et al. reported that mice 
in which pol λ expression is knocked down are not only viable and fertile, but also display 
a normal hyper-mutation pattern (Bertocci et al., 2002).  
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Fig. 8. The relationship between DNA repair by pol λ and inflammation 

As well as causing inflammation, TPA influences cell proliferation and has physiological 
effects on cells because it has tumor promoter activity (Nakamura et al., 1995). Therefore, 
anti-inflammatory agents are expected to suppress DNA replication/repair/recombination 
in nuclei in relation to the action of TPA. Because pol λ is a DNA repair-related pol (Garcia-
Diaz et al., 2002), our finding – that the molecular target of curcumin derivatives as 
monoacetyl-curcumin (13) is pol λ – is in good agreement with this expected mechanism of 
anti-inflammatory agents. As a result, any inhibitor of DNA repair-related pol λ might also 
be an inflammatory suppressor.  

9. Conclusion 
This review summarizes data showing that a major anti-inflammatory food compound, 
curcumin (2), selectively inhibits the activity of pol λ among 9 species of mammalian pols 
tested. Monoacetyl-curcumin (13) was the strongest inhibitor of pol λ among the 13 
chemically synthesized derivatives of curcumin (2), suggesting that monoacetyl-curcumin 
(13) is a potent candidate for a functional compound. In addition, the inhibitory effects of 
monoacetyl-curcumin (13) on inflammatory responses in comparison to those of curcumin 
(2) in vitro and in vivo were investigated. Monoacetyl-curcumin (13) suppressed NF-κB 
activation induced by LPS and TNF-α in RAW264.7 murine macrophages. Moreover, 
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monoacetyl-curcumin (13) exerted inhibitory effects on TNF-α production and NF-κB 
activation in an animal model of LPS-induced acute inflammation. These results of the 
chemical knock out of pol λ by monoacetyl-curcumin (13) suggest that the inhibition of  
pol λ, which is a DNA repair-related pol, is related to anti-inflammatory processes.  
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