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Preface 

DNA repair is a central component of DNA transactions. Every day living cells battle 
to offset DNA damage and errors that lead to aging and could cause cancer or other 
genetic diseases. DNA repair is an important mechanism of defense against the 
potential dangers for the integrity of genes and genomes, damage to which derives 
from environmental genotoxic stress, like chemicals, tobacco smoke and radiation or 
simply from endogenous sources. There could be mistakes in DNA synthesis or the 
threat from reactive oxygen species that are produced by normal cellular metabolism. 
The genetic information is thus always at risk to change and mutate, due to the 
occurrence of continuous errors and distortions.  

DNA can be damaged in many different ways. Defects could arise because a wrong 
nucleotide is introduced, or because nucleotides are modified, or because the DNA 
has been broken or degraded. How are defects in DNA identified, how do cells 
recognize the different types of damage, how is the wrong information discarded 
and how does repair occur? I have been in the field of DNA repair since the 
beginning of my postdoctoral research work and I have had the opportunity to see 
how much this field has grown in the last decade. Although we certainly have 
gained important understanding on the numerous mechanisms of DNA repair, still 
a lot is unknown. The area is vast, there is much more to discover. We can imagine 
the DNA repair system to be like a particular cosmos. What is its limit, what its 
potential? How is DNA repair coordinated? Is it perfect or are there flaws, can it be 
manipulated? 

When asked to edit a book on DNA repair, I thought this could be an exciting chance 
to further navigate into the ‘DNA repair cosmos’. This book was not intended to 
provide the whole picture (besides impossible task) of DNA repair. Rather, this book 
was conceived to be like a voyager vessel and its goals are: 

I) To cover aspects of DNA repair processes that target nucleotide, base or sugar
modifications in DNA, starting with basic principles of DNA replication,
recombination and the cell cycle to the multiplicity of DNA repair mechanisms 
and their biological importance, emphasizing recent major advances and future 
directions in this rapidly expanding field. 



XII      Preface

II) To convey the fact that DNA repair is not merely a system in which a few factors
detect and correct damage in DNA, but instead a complex of dynamic, intricate
and interconnected mechanisms.   

III) Furthermore, to stimulate the readers to read more and especially to explore more
into the fascinating field of DNA repair.

Putting together the chapters of this book has been a great pleasure and exciting 
experience. The credit belongs to all the authors of the chapters, who took their effort 
in sharing their knowledge, expertise and ideas for this book. I wish to express my 
gratitude to Prof. Ana Nikolic, InTech Editorial Team Manager, who first contacted me 
to initiate this project under the working title DNA Repair. I would like to thank very 
much Ms. Alenka Urbancic, InTech Publishing Process Manager, for her constant 
assistance and support during all phases of preparation of this book. I am also 
indebted to InTech and its staff for the accomplishment of this book project.  

Francesca Storici 
School of Biology 

Georgia Institute of Technology 
Atlanta, GA 

USA 
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Lagging Strand Synthesis  
and Genomic Stability 

Tuan Anh Nguyen, Chul-Hwan Lee and Yeon-Soo Seo 
Korea Advanced Institute of Science and Technology,  

South Korea 

1. Introduction 
In eukaryotic cells, DNA replication starts at many origins in each chromosome during S 
phase of cell cycle. Each origin is activated at different time points in S phase, which takes 
place once and only once per cell cycle. In yeast and most likely higher eukaryotes, the 
origin-recognition complex (ORC) and several other initiation factors play a pivotal role in 
activation and regulation of replication origins. Briefly, the ORC-bound origins are 
sequentially activated and deactivated along the progression of cell cycle. The prereplicative 
complex (pre-RC) is formed by loading the replicative helicase MCM complex onto the 
ORC-bound origins with the aid of Cdc6 and Cdt1. This complex is activated by S-phase 
cyclin dependent kinases (Cdks) when cells enter S phase. The elevated levels of Cdk 
activities lead to removal of some initiation proteins such as Cdc6 by proteolysis, allowing 
the pre-RC to be further activated for subsequent DNA synthesis. The irreversible removal 
of initiation factors is a major mechanism to ensure DNA to be replicated once and only 
once per cell cycle. The assembly of replication initiation complex and its activation are well 
reviewed in many literatures (Sclafani & Holzen, 2007; Remus & Diffley, 2009; Araki, 2010). 
Activation of origins leads to the establishment of bidirectional replication forks for the 
DNA synthesis of leading and lagging strands.   

2. Overview of lagging strand synthesis  
Leading strand synthesis, once initiated, occurs in a highly processive and continuous 
manner by a proofreading DNA polymerase. Unlike leading strands, lagging strands are 
synthesized as discrete short DNA fragments, termed ‘Okazaki fragments’ which are later 
joined to form continuous duplex DNA. Synthesis of an Okazaki fragment begins with a 
primer RNA-DNA made by polymerase (Pol) -primase. The synthesis of RNA portion (~ 
10 to 15 ribonucleotides) and subsequent extension of short (~20 to 30 nucleotides, nt) DNA 
are coupled. The recognition of a primer RNA-DNA by the Replication-Factor C (RFC) 
complex leads to dissociation of Pol-primase and loading of proliferating cell nuclear 
antigen (PCNA), resulting in recruitment of Pol  to the primer-template junction, a process 
called ‘polymerase switching.’ Then the primer RNA-DNA is elongated by Pol . When Pol 
encounters a downstream Okazaki fragment, it displaces the 5’ end region of the Okazaki 
fragment, generating a single-stranded (ss) nucleic acid flap. The flaps formed can be 
efficiently processed by the combined action of Flap endonuclease 1 (Fen1) and Dna2 to 
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eventually create nicks. The nicks are finally sealed by DNA ligase 1 to complete Okazaki 
fragment processing. The current model is summarized in Fig. 1.  

3. Potential risks associated with lagging strand synthesis in eukaryotes  
Lagging strand maturation appears to be intrinsically at high risks of suffering DNA 
alterations for several reasons. First, a substantial part (up to 20%) of short Okazaki 
fragments (~150-nt in average) is synthesized by Polwhich does not contain a 
proofreading function (Conaway and Lehman, 1982; Bullock et al., 1991). Thus, the high-
incidence errors in Okazaki fragments, if not effectively removed, could become a source of 
genome instability. Second, the modus operandi of Okazaki fragment processing could put 
eukaryotic chromosomes at risks of DNA alteration. It involves the formation and 
subsequent removal of a flap structure (Bae & Seo, 2000; Bae et al., 2001a); flaps could be a 
source of a potential risk because they can take a variety of structures according to their 
sizes and sequences. Third, since the size of Okazaki fragments is very small, cells require a 
great number (for example, 2 x 107 in humans) of Okazaki fragments to be synthesized, 
processed, and ligated per cell cycle. This bewilderingly great number of events would 
make infallible processing of all Okazaki fragments dependent on multiple back-up or 
redundant pathways. Forth, lagging strand synthesis is mechanistically more complicated 
than leading strand synthesis, implying that the sophisticated machinery for this process 
may come across accidents in many different ways. Therefore, failsafe synthesis of lagging 
strand is highly challenging by virtue of the complex multi-step process and the 
sophisticated machinery for Okazaki fragment processing.  

4. ‘Core’ factors for synthesis and maturation of lagging strands   
The protein factors required for synthesis of lagging strands include Pol -primase, Pol , 
PCNA, RFC, RPA, Fen1 (5’ to 3’ exonuclease or MF1, maturation factor 1), RNase H, and 
DNA ligase 1. In essence, a combined action of these factors was sufficient and necessary for 
completion of lagging strand synthesis in vitro in simian virus 40 DNA replication (Ishimi et 
al., 1988; Waga & Stillman, 1994). Among them, the two nucleases Fen1 and RNase H were 
shown to have roles in the removal of primer RNA of Okazaki fragments. In yeasts, 
however, the deletion of genes encoding Fen1 (RAD27) or RNase H (RNH35) was not lethal, 
indicating the presence of redundant pathways in eukaryotes (Tishkoff et al., 1997a; Qui et 
al, 1999). In addition, Dna2, which was originally reported as a helicase (Budd & Campbell 
1995; Budd et al., 1995), was shown to play a critical role in the processing of Okazaki 
fragments using its endonuclease activity (Bae et al., 1998; Bae & Seo, 2000; Bae et al., 2001a; 
MacNeill, 2001; Kang et al., 2010). Displacement DNA synthesis by Pol  generates flap 
structures, which can be substrates for Dna2 and Fen1 endonuclease activities (Bae & Seo, 
2000). For the convenience sake, all enzymes (Pol , PCNA, RFC, RPA, Fen1, RNase H, 
Dna2, and DNA ligase 1) described early from yeast and human studies are referred to as 
‘core’ factors for synthesis of lagging strands in this chapter. We refer to all the others as 
‘auxiliary’ factors which may not be needed normally, but become critical under specific 
circumstances (Fig. 1 and see also Fig. 3). These factors have been screened for their abilities 
to suppress the crippled function of Dna2 or Fen1. It is believed that (i) the ‘auxiliary’ factors 
come to assist the ‘core’ machinery that does not function appropriately, (ii) they provide 
additional enzymatic activities to resolve hairpin or higher-ordered structures in flaps, or 
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(iii) they are needed to resolve toxic recombination intermediates arising during lagging 
strand metabolism. Thus, it is the multiplicity of ‘auxiliary’ factors that allows the ‘core’ 
machinery to be fine-tuned in response to diverse situations with regard to Okazaki 
fragment processing. 
 

 
Fig. 1. A current model for processing of Okazaki fragments in eukaryotes. Dna2-dependent 
pathway includes: (i) The 5' terminus of an Okazaki fragment containing the primer RNA-
DNA is rendered single-stranded by displacement DNA synthesis catalyzed by Pol δ. (ii) 
RPA rapidly forms an initial complex with the nascent flap structure and (iii) then recruits 
Dna2 to form a ternary complex. This leads to the initial cleavage of RNA-containing 
segments by Dna2, (iv) leaving a short flap DNA that can be further processed either by 
Fen1 (Fen1-dependent) or by other nucleases, possibly Exo1 or 3’ exonuclease of Pol  (Fen1-
independent) (not shown; see the text for details). (v) Finally, the resulting nick is sealed by 
DNA ligase 1. Short flaps can be processed directly by Fen1 (Dna2-independent pathway) 
that involves the ‘idling’ (not shown) or ‘nick translation’ (see the text for details). Nicks 
generated by this mechanism are directly channelled into the nick sealing step. ‘Auxiliary’ 
factors that stimulate Dna2 or Fen1 or both are boxed and their targets are indicated by 
arrowheads. A double arrowhead indicates mutual stimulation. 
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4.1 Multiple pathways in parallel with Fen1  
Fen1 is a major, but not the only enzyme that can create ligatable nicks directly from flap 
structures (Harrington & Lieber, 1994; Murante et al., 1995; Liu et al., 2004; Garg & Burgers 
2005). In vivo studies demonstrated that double-strand break(DSB)-induced DNA repair, 
which requires replication of both leading and lagging strands, still occurred 50% in Fen1-
deficient strains compared to wild type (Holmes & Haber, 1999), indicating that the 50% of 
the repair events were carried out with nicks created by nuclease(s) other than Fen1. The 
ability of Pol to switch from displacement DNA synthesis to its 3’ exonuclease could 
constitute a pathway to create nicks; the retrograde 3’ exonucleolytic degradation of a newly 
elongated end, followed by annealing of the displaced flap to the lagging strand template, 
can be a mechanism for nick formation (Jin et al., 2001). The overexpression of Exo1 in 
rad27 restored growth of the mutant cells at the nonpermissive temperature (Tishkoff et 
al., 1997b). Single mutant cells with either rad27 or exo1 were viable, whereas rad27 
exo1 double mutants were not (Budd et al., 2000; Tishkoff et al., 1997b). Yeast Exo1 has 5′ 
exonuclease activity acting on double stranded (ds) DNA and an associated 5′-flap 
endonuclease activity (Tran et al., 2001). In addition, yeast rad27 cells (lacking yeast Fen1) 
were not lethal, but temperature-sensitive (ts) in growth, consistent with existence of 
multiple pathways for nick generation in yeasts. It was shown that Pol has a unique ability 
to maintain dynamically the nick position in conjunction with Fen1, via a process called 
‘idling’. In addition, Polcooperates with Fen1 and PCNA to carry out ‘nick translation’ to 
progressively remove primer RNA-DNAs (Garg et al., 2004). The endonuclease activity of 
Fen1 can keep cleaving a flap while it is being displaced by Pol , allowing nicks to be 
changed in their positions along with Pol  movement.  

4.2 Structured flaps are special types of DNA damage that could cause genome 
instability  
Failure to create nicks by Fen1 in a timely manner could cause genome instability. The 
importance of Fen1 in this regard was clearly demonstrated by the dramatic increase of 
small (5- to 108-bp) duplications flanked by 3- to 12-bp repeats in rad27mutants (Tishkoff 
et al., 1997a). This unusual type of duplication mutations is in keeping with the current 
model of Okazaki fragment processing; unprocessed flaps, rapidly accumulated in the 
absence of Fen1, are ligated with the 3′-end of the downstream Okazaki fragment, resulting 
in duplication mutations. In the absence of Fen1, many types of repeat DNA sequences in 
eukaryotic chromosomes are not stably maintained. These include dinucleotide, 
trinucleotide, micro- or mini-satellite DNA, and telomeric DNA (Johnson et al., 1995; 
Kokoska et al., 1998; Xie et al., 2001; Freudenreich et al., 1998; Spiro et al., 1999; White et al., 
1999; Maleki et al., 2002; Lopes et al., 2002; Lopes et al., 2006). Most notably, expansion of 
trinucleotide repeats such as CTG/CAG or CGG/CCG has been extensively studied using 
yeasts as model system (Schweitzer & Livingston, 1998; Freudenreich et al., 1998; Shen et al., 
2005), because of their clinical relevance to many human neurodegenerative diseases such as 
Fragile X Syndrome, Huntington’s Disease, and Myotonic Dystrophy (Pearson et al., 2005; 
Kovtun & McMurray, 2008). All of the disease-causing trinucleotide repeats are able to form 
secondary or higher-ordered structures in solution, such as hairpins (CAG, CTG, CGG, and 
CCG repeats), G quartets (CGG repeats), and triplexes (GAA and CTT) (Fig. 2). 
Trinucleotide repeats, once displaced by Pol , could reanneal to the template in a 
misaligned manner. If they are joined to the 3’ end of the new Okazaki fragment, followed 
by a subsequent round of DNA replication, the repeats could be expanded. In yeast, stability 
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of trinucleotide repeats is greatly affected by their orientation with respect to nearby 
replication origins (Freudenreich et al., 1997; Miret et al., 1998). The orientation-dependent 
and sequence-specific instability of trinucleotide repeats support the model that expansions 
of CTG and CAG tracts result from aberrant DNA replication via hairpin-containing 
Okazaki fragments. In addition, telomere repeats are not stably maintained in the absence of 
functional Fen1 in yeasts (Parenteau & Wellinger, 1999 and 2002). Although Fen1 is critical 
for repeat stability in yeasts, it remains unclear in mice or humans (Spiro & McMurray, 2003; 
Moe et al., 2008; van den Broek et al., 2006). One explanation is that unlike yeasts, mammals 
may have more diverse pathways to remove or prevent formation of long flaps, since 
instability of the trinucleotide repeats occurs through formation of long flaps. Alternatively, 
Fen1 is responsible for formation of most nicks in mammals because deletion of Fen1 caused 
embryonic lethality in mice (Kucherlapati et al., 2002). The human minisatellite DNA 
became unstable in rad27 or dna2 mutant cells when it was inserted into one of the yeast 
chromosomes (Lopes et al., 2002; Cederberg & Rannug, 2006). These data also are in keeping 
with the idea that improperly processed 5’ flap instigates minisatellite destabilization. DNA 
instability associated with secondary or higher-ordered structures in the flap indicates that 
structures formed during DNA metabolisms can be regarded as special forms of DNA 
damage that need to be immediately removed (Fig. 2). The role of Fen1 in safeguarding the 
genome integrity has qualified Fen1 as a tumor suppressor in mammals and its 
physiological importance was recently reviewed with an emphasis on studies of human 
mutations and mouse models (Zheng et al., 2011).  
 

 
Fig. 2. A variety of structures are possible in unprocessed 5’-ssDNA flaps. If an excessively 
long 5’ flap is not processed in a timely manner, the flap can reanneal back to the template 
DNA, generating an ‘equilibrating’ flap which is more difficult to process by Fen1 alone. 
Alternatively, it could form hairpin or higher-order structures such as triplex or quadruplex 
according to the sequence context.  
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Trinucleotide repeats, once displaced by Pol , could reanneal to the template in a 
misaligned manner. If they are joined to the 3’ end of the new Okazaki fragment, followed 
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4.3 Dna2 as a preemptive means to prevent formation of long flaps 
4.3.1 Long flaps are in vivo substrates preferred by Dna2 
Dna2 is highly conserved throughout eukaryotes and contains at least two catalytic domains 
for helicase and endonuclease activities (Budd & Campbell, 1995; Budd et al., 1995; Bae et 
al., 1998; Bae et al., 2001b). Genetic data from fission and budding yeasts indicate that the 
endonuclease activity of Dna2 is essential, playing an essential role in vivo in Okazaki 
fragment processing (Kang et al., 2000; Lee et al., 2000; Budd et al., 2000; Kang et al., 2010). 
There are several lines of evidence that long flaps can be formed in vivo that need the action 
of Dna2. Long flaps, once formed, could impose formidable burdens to cells, most likely due 
to their tendency to bind proteins nonspecifically or to form hairpin or higher-ordered 
structure that is difficult to be processed. In this sense, any structural intermediates formed 
in flaps can be regarded as a special type of DNA damage. The requirement of Dna2 
endonuclease and helicase activities for a complete removal of long or hairpin flaps 
supports the idea that the major role of Dna2 is to prevent formation of excessively long 
flaps by cleaving them into shorter ones as soon as they occur. The flaps shortened by Dna2 
are not able to form secondary or higher-ordered structure. Thus, Dna2 functions to 
maintain flaps as short as possible during replication. The marked increase of unusual 
duplications or trinucleotide expansions in the absence of Fen1 (Tishkoff et al., 1997a) 
provide strong evidence that long flaps are produced in vivo. It was shown that calf thymus 
Pol was able to displace downstream duplex DNA longer than 200 bps in vitro, revealing 
its intrinsic ability to form extensive flaps (Podust & Hubscher, 1993; Podust et al., 1995; 
Maga et al., 2001). In vitro reconstitution experiments using yeast enzymes showed that a 
portion of flaps grows long up to 20- to 30-nt, although flaps formed in vitro are primarily 
short, up to 8-nt in length (Rossi & Bambara, 2006). The frequency of long flaps can be 
affected by sequence in the lagging strand template or by interactions of Pol/Dna2 with 
other proteins. For example, Pol  lacking PCNA-interaction tends to preferentially generate 
short flaps (Jin et al., 2003; Garg et al., 2004; Tanaka et al., 2004). In contrast, Pif1 helps to 
create long flaps through its helicase activity in vitro (Rossi et al., 2008) and in vivo (Ryu et 
al., 2004). Several other elaborate genetic experiments are in keeping with involvement of 
Dna2 in the cleavage of long flaps. First, dna2-1 was lethal in combination with a mutation 
in Pol  (pol3-01) which increased strand displacement synthesis. Meanwhile, deletions of 
Pol32 subunit, which reduces strand displacement activity of Pol  in vitro, suppressed the 
growth defects of dna2-1 and dna2-2 (Burgers & Gerik, 1998; Garg et al., 2004; Johansson et 
al., 2004). Similar results were also obtained in S. pombe (Reynolds et al., 2000; Zuo et al., 
2000; Tanaka et al., 2004). The observation that overexpression of RPA alleviates the 
requirement of Dna2 helicase activity (Bae et al., 2002) is also consistent with formation of 
long flaps in vivo. In order for dsDNA-destabilizing activity of RPA to substitute for the 
helicase activity of Dna2, flaps should be at least long enough to form hairpin structure.     

4.3.2 RPA acts as a molecular switch between Dna2 and Fen1 
Several independent observations indicate that RPA plays a critical role in Okazaki 
fragment processing in conjunction with Dna2; (i) a mutation in DNA2 was identified 
during a synthetic lethal screen with rfa1Y29H, a ts mutant allele of RFA1. Furthermore, 
Dna2 and Rpa1 (a large subunit of RPA encoded by RFA1) physically interacted with each 
other both in vivo and in vitro (Bae et al., 2003). (ii) The 32 kDa subunit of RPA was 
crosslinked to primer RNA–DNA in the lagging strand of replicating SV40 chromosomes 
(Mass et al., 1998). (iii) The genetic interaction between RPA and Dna2 was discovered from 
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screening of suppressors that rescued ts growth defects of dna2405N mutant when 
expressed in a multicopy plasmid (Bae et al., 2001a). The fact that RPA binds most efficiently 
ssDNA longer than 20-nt and interacts genetically with Dna2 is consistent with the idea that 
the in vivo substrates of Dna2 are long ssDNA flaps. In vitro, RPA markedly stimulated 
Dna2-catalyzed cleavage of 5’ flap at physiological salt concentration (Bae et al., 2001a), 
which was further confirmed by others (Ayyagari et al., 2003; Kao et al., 2004). However, 
RPA inhibited Fen1-catalyzed cleavage of 5’ flaps. This inhibition was readily relieved by 
the addition of Dna2 (Bae et al., 2001a). Thus, a 5’ flap longer than 20-nt first binds RPA, and 
then rapidly recruits Dna2 to form a ternary complex. Dna2-catalyzed cleavage of the flap 
releases free RPA-bound ssDNA and a shortened flap (mostly 6-nt). The short flap produced 
is no longer resistant to and can be completely removed by Fen1 to produce ligatable nicks. 
Therefore, RPA acts as a molecular switch between Dna2 and Fen1 for the sequential action 
in cleavage of long flaps, Dna2 followed by Fen1, of the two endonucleases (Bae et al., 
2001a).   

4.3.3 A concerted action of helicase and endonuclease activities for removal of 
hairpin flaps 
The presence of both endonuclease and helicase activities in one polypeptide of Dna2 
implies that both activities act in a collaborative manner. The lethality of dna2 mutation 
lacking helicase activity (Budd et al., 1995) suggests that DNA unwinding activity is critical 
for its physiological function in vivo. The addition of ATP not only activates helicase 
activity, but also alters the cleavage pattern of flap DNA by Dna2. The average size of 
cleaved flaps is expanded in the presence of ATP (Bae et al., 2002). Furthermore, the 
addition of ATP allowed wild type Dna2, not helicase-negative Dna2K1080E mutant, to 
cleave secondary-structured flap via its combined action of helicase and nuclease activities 
(Bae et al., 2002). The mixture of helicase-negative Dna2K1080E and nuclease-negative 
Dna2D657A mutant enzymes failed to recover wild type action on these structured flaps. 
Therefore, it is critical essential that these two essential activities should be concerted. In 
keeping with this, simultaneous expression of both mutant proteins in dna2 cell did not 
allow cells to grow. Dna2 is also capable of unwinding G-quadruplex DNA structures, 
suggesting another critical role of Dna2 helicase in resolving the structural intermediates 
arising during DNA metabolisms (Masuda-Sasa et al., 2008). It was also shown that 
concerted action of exonuclease and gap-dependent endonuclease activities of Fen1 could 
contribute to the resolution of trinucleotide-derived secondary structures formed during 
maturation of Okazaki fragments (Singh et al., 2007).  

4.3.4 Dna2 as an alternative means to remove mismatches  
Since the Pol -synthesized DNA in Okazaki fragments is highly mutagenic, eukaryotic cells 
need to eliminate this mutagenic DNA to prevent accumulation of errors. Recently, it was 
shown that in yeast Pol  incorporates ribonucleotides more frequently than Pol or 
Pol(Nick McElhinny et al., 2010b)The unrepaired ribonucleotides in DNA could inflict a 
potential problem on DNA replication because Pol  has difficulty bypassing a single 
ribonucleotide present within a DNA template in yeasts. This again emphasizes that 
processing of Okazaki fragments is associated with high risks of DNA alterations. It has 
been puzzling that eukaryotic cells maintain a low mutation rate, despite the fact that a 
substantial portion (~10%) of total DNA is synthesized by Pol , a flawed DNA polymerase. 
To account for this enigma, it was proposed that in mammals Pol  is associated with a 3’ 
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exonuclease that may confer a proofreading function on Pol  (Bialec and Grosse, 1993). In 
yeasts, an intermolecular proofreading mechanism was proposed in which Pol  could play 
a role in proofreading errors made by Pol  during initiation of Okazaki fragments (Pavlov 
et al., 2006). Mismatch repair (MMR) can correct mismatches in the Pol -synthesized DNA 
(Modrich & Lahue 1996; Kolodner & Marsischky,1999; Kunkel & Erie, 2005). One unsolved 
fundamental problem in eukaryotic MMR, however, is the strand discrimination signal, 
although a strand-specific nick is generally believed to be the signal (Holmes et al., 1990; 
Thomas et al., 1991; Modrich, 1997). Equally possible is that the presence of flaps, which 
may be as abundant as nicks in lagging strand, could act as the strand discrimination signal. 
At any rate, the accuracy of MMR would depend on the rate at which nicks or flaps (the 
strand discrimination signals) are being removed. Thus, MMR could be unreliable if MMR is 
kinetically slower than sealing nicks. The ability of Dna2 to efficiently remove the RPA-
bound flap containing the whole RNA-DNA primer could offer an alternative mechanism to 
remove mismatches present in the primer DNA of Okazaki fragments.   

5. Multi-factorial interplays as a means to ensure high-fidelity replication of 
lagging strand  
If one of the ‘core’ factors is crippled, a redundant factor(s) that works in parallel can reveal 
itself. In our laboratory, we have focused on isolating genetic suppressors that can rescue 
dna2 mutations in order to identify redundant pathways for Okazaki fragment processing. 
Most suppressors isolated turned out to have roles in maintenance of genome integrity, in 
keeping with the notion that faulty processing of Okazaki fragment could lead to genome 
instability. The in vivo and in vitro interactions of the suppressors with Dna2 or Fen1 
suggest that Okazaki fragment processing is a converging place for DNA replication, repair, 
and recombination proteins to ensure removal of flaps in an accurate and timely manner in 
eukaryotes.  

5.1 RNase H2 as an enzyme to clean up ribonucleotides in lagging strands 
Both type I and type II RNase H play a role in the removal of ribonucleotides present in 
duplex DNA (Ohtani et al., 1999; Cerritelli & Crouch, 2009). The S. cerevisiae RNase H2 
enzyme is active as a heterotrimeric complex that consists of Rnh201, Rnh202, and Rnh203, 
which are encoded by RNH201 (formerly known as RNH35), RNH202, and RNH203, 
respectively (Jeong et al., 2004). Expression analyses and other results suggest that RNase 
H2 plays roles in DNA replication and/or repair (Frank et al., 1998; Qiu et al., 1999; 
Arudchandran et al., 2000). Since rnh201and rnh202displayed synthetic lethal 
interactions with dna2-1 and rad27, yeast RNase H2 has been implicated in Okazaki 
fragment processing (Budd et al., 2005). The unique ability of eukaryotic RNase H2 (type II) 
to cleave the 5’ side of a single ribonucleotide embedded within duplex DNA suggests an 
additional role, that is, the removal of ribonucleotides misincorporated into DNA (Rydberg 
& Game, 2002). The catalytic activity of RNase H2 was critical for a pathway requiring the 
function of RAD27 since all rnh201 mutant alleles failed to complement the growth defect of 
rad27rnh201. Moreover, the addition of 20 mM hydroxyurea to growth media rescued the 
ts phenotype of dna2405N, but failed to suppress the double mutants, dna2405N 
rnh201, dna2405N rnh202 and dna2405N rnh203Nguyen et al., 2011. Thus, the 
suppression of dna2 mutation also depends on a functional RNase H2, suggesting that 
RNase H2 plays a critical role in the removal of primer RNAs if cells have impaired Dna2. 
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An alternative explanation, which is not mutually exclusive from the above possibility, is 
that the addition of 20 mM HU might have led to a decreased ratio of deoxyribonucleotides 
to ribonucleotides, causing a dramatic increase in ribonucleotide incorporation. This might 
render cells more dependent on the clean-up function of RNase H2 to remove 
misincorporated ribonucleotides present in newly synthesized DNA strands by replicative 
polymerases (Nick McElhinny et al., 2010a). The fact that Pol  misincorporates 
ribonucleotides more frequently than Pol  or Pol  is consistent with a more critical role of 
RNase H2 in lagging strand synthesis than in leading strand (Nick McElhinny et al., 2010b). 
It was shown that in humans, Rnh202-PCNA interaction is important to recruit RNase H2 to 
replication foci (Bubeck et al., 2011). Since the biochemical activity of RNase H2 is dedicated 
to the removal of ribonucleotide incorporated into DNA, the interaction between PCNA and 
RNase H2 may function to recruit RNase H2 to lagging strands for Okazaki fragment 
processing. It was also shown that elevated levels of misincorporated ribonucleotides 
during DNA replication cause genomic instability (Nick McElhinny et al., 2010a). Mutations 
in the human homologs of the three yeast RNase H2 subunits are related to the development 
of Aicardi-Goutieres syndrome (Crow et al., 2006). 

5.2 Many stimulators of Dna2 and Fen1 to prevent formation of structural 
intermediates  
5.2.1 Mgs1  
MGS1 (Maintenance of Genome Stability 1) of S. cerevisiae was found to act as a multicopy 
suppressor of the ts growth defect of dna2Δ405N mutation (Kim et al., 2005). Mgs1 
stimulated the structure-specific nuclease activity of yeast Fen1 in an ATP-dependent 
manner. ATP binding but not hydrolysis was sufficient for the stimulatory effect of Mgs1. 
Suppression of dna2Δ405N required the presence of a functional copy of RAD27. MGS1 is a 
highly conserved enzyme containing both DNA-dependent ATPase and DNA annealing 
activities, playing a role in post-replicational repair processes (Hishida et al., 2001 and 2002). 

5.2.2 Vts1 
VTS1 (vti1–2 suppressor) of S. cerevisiae was originally identified as a multicopy (and 
lowcopy) suppressor of vti1-2 mutant cells that displayed defects in growth and vacuole 
transport (Dilcher et al., 2001). The Vts1 protein is also highly conserved in eukaryotes and 
encodes a sequence- and structure-specific RNA binding protein that has a role in 
posttranscriptional regulation of a specific set of mRNAs with cognate binding sites at their 
3’-untranslated region (Aviv et al., 2003). VTS1 was identified as a multi-copy suppressor of 
helicase-negative dna2K1080E. The suppression was allele-specific since overexpression of 
Vts1 did not suppress the ts growth defects of dna2405N (Lee et al., 2010). Purified 
recombinant Vts1 stimulated the endonuclease activity of wild type Dna2, but not of 
Dna2405N devoid of the N-terminal domain, indicating that the activation requires the N-
terminal domain of Dna2. Stimulation of Dna2 endonuclease activity by Vts1 appeared to be 
the direct cause of suppression, although it also stimulated Fen1 activity.  

5.2.3 PCNA and RFC  
RFC and PCNA are processivity factors for Pol  and Pol . RFC, a clamp loader of PCNA, 
consists of five subunits (Rfc1 to 5) which share significant homology in seven regions 
referred to as RFC boxes (box II-VIII) (Cullman et al., 1995; Majka & Burgers, 2004). 
Although PCNA has been well known for its ability to stimulate Fen1 (Li et al., 1995; Tom et 
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exonuclease that may confer a proofreading function on Pol  (Bialec and Grosse, 1993). In 
yeasts, an intermolecular proofreading mechanism was proposed in which Pol  could play 
a role in proofreading errors made by Pol  during initiation of Okazaki fragments (Pavlov 
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(Modrich & Lahue 1996; Kolodner & Marsischky,1999; Kunkel & Erie, 2005). One unsolved 
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although a strand-specific nick is generally believed to be the signal (Holmes et al., 1990; 
Thomas et al., 1991; Modrich, 1997). Equally possible is that the presence of flaps, which 
may be as abundant as nicks in lagging strand, could act as the strand discrimination signal. 
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strand discrimination signals) are being removed. Thus, MMR could be unreliable if MMR is 
kinetically slower than sealing nicks. The ability of Dna2 to efficiently remove the RPA-
bound flap containing the whole RNA-DNA primer could offer an alternative mechanism to 
remove mismatches present in the primer DNA of Okazaki fragments.   

5. Multi-factorial interplays as a means to ensure high-fidelity replication of 
lagging strand  
If one of the ‘core’ factors is crippled, a redundant factor(s) that works in parallel can reveal 
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dna2 mutations in order to identify redundant pathways for Okazaki fragment processing. 
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5.1 RNase H2 as an enzyme to clean up ribonucleotides in lagging strands 
Both type I and type II RNase H play a role in the removal of ribonucleotides present in 
duplex DNA (Ohtani et al., 1999; Cerritelli & Crouch, 2009). The S. cerevisiae RNase H2 
enzyme is active as a heterotrimeric complex that consists of Rnh201, Rnh202, and Rnh203, 
which are encoded by RNH201 (formerly known as RNH35), RNH202, and RNH203, 
respectively (Jeong et al., 2004). Expression analyses and other results suggest that RNase 
H2 plays roles in DNA replication and/or repair (Frank et al., 1998; Qiu et al., 1999; 
Arudchandran et al., 2000). Since rnh201and rnh202displayed synthetic lethal 
interactions with dna2-1 and rad27, yeast RNase H2 has been implicated in Okazaki 
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to cleave the 5’ side of a single ribonucleotide embedded within duplex DNA suggests an 
additional role, that is, the removal of ribonucleotides misincorporated into DNA (Rydberg 
& Game, 2002). The catalytic activity of RNase H2 was critical for a pathway requiring the 
function of RAD27 since all rnh201 mutant alleles failed to complement the growth defect of 
rad27rnh201. Moreover, the addition of 20 mM hydroxyurea to growth media rescued the 
ts phenotype of dna2405N, but failed to suppress the double mutants, dna2405N 
rnh201, dna2405N rnh202 and dna2405N rnh203Nguyen et al., 2011. Thus, the 
suppression of dna2 mutation also depends on a functional RNase H2, suggesting that 
RNase H2 plays a critical role in the removal of primer RNAs if cells have impaired Dna2. 
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An alternative explanation, which is not mutually exclusive from the above possibility, is 
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VTS1 (vti1–2 suppressor) of S. cerevisiae was originally identified as a multicopy (and 
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transport (Dilcher et al., 2001). The Vts1 protein is also highly conserved in eukaryotes and 
encodes a sequence- and structure-specific RNA binding protein that has a role in 
posttranscriptional regulation of a specific set of mRNAs with cognate binding sites at their 
3’-untranslated region (Aviv et al., 2003). VTS1 was identified as a multi-copy suppressor of 
helicase-negative dna2K1080E. The suppression was allele-specific since overexpression of 
Vts1 did not suppress the ts growth defects of dna2405N (Lee et al., 2010). Purified 
recombinant Vts1 stimulated the endonuclease activity of wild type Dna2, but not of 
Dna2405N devoid of the N-terminal domain, indicating that the activation requires the N-
terminal domain of Dna2. Stimulation of Dna2 endonuclease activity by Vts1 appeared to be 
the direct cause of suppression, although it also stimulated Fen1 activity.  

5.2.3 PCNA and RFC  
RFC and PCNA are processivity factors for Pol  and Pol . RFC, a clamp loader of PCNA, 
consists of five subunits (Rfc1 to 5) which share significant homology in seven regions 
referred to as RFC boxes (box II-VIII) (Cullman et al., 1995; Majka & Burgers, 2004). 
Although PCNA has been well known for its ability to stimulate Fen1 (Li et al., 1995; Tom et 
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al., 2000; Frank et al., 2001; Gary et al., 1999; Gomes & Burgers, 2000), human RFC complex 
was recently found to markedly stimulate Fen1 activity via multiple stimulatory motifs per 
molecule (Cho et al., 2009). Fen1 stimulation by RFC is a separable function from ATP-
dependent PCNA loading to primer ends. Analysis of stimulatory domain of RFC4 revealed 
that only a small part (RFC4170-194; subscripts indicate positions of amino acids) of it was 
sufficient to stimulate Fen1 activity and among them, the four amino acid residues were 
critical for Fen1 stimulation (Cho et al., 2009). The multiple stimulatory motifs present in the 
RFC complex could contribute to more rapid formation of ligatable nicks as an integral part 
of replication machinery while it moves along with replication forks (Masuda et al., 2007).    
 

 
Fig. 3. Multiple layers of redundant pathways for failsafe processing of Okazaki fragments. 
Various flap structures, exemplified by four types only, can be generated during lagging 
strand synthesis. In most cases, it is believed that they can be processed by the combined 
action of ‘core’ factors in the first layer (indicated in the red box), the basic machinery for 
Okazaki fragment synthesis. ‘Accessory factors’ that constitute the second layer (indicated 
in the green box) function mostly to strengthen enzymatic activities of Dna2 and/or Fen1. 
When the ‘core’ proteins fail to function, unprocessed flaps can be removed by proteins in 
the third layer (indicated in the blue box) that contains factors for DNA repair and 
recombination (see text for details). Msn5 or Sml1 may not be directly related to Dna2 or 
Fen1 and thus need to be tested in this regard. Note that some proteins can belong to more 
than one layer. Pol -primase is not shown for simplicity. 

5.2.4 Mus81-Mms4  
Mus81-Mms4 is a structure-specific endonuclease that can cleave nicked Holliday junctions, 
D-loop, replication forks, and 3’-flaps that could arise in vivo during the repair of damaged 
replication forks (Boddy et al., 2001; Kaliraman et al., 2001; Bastin-Shanower et al., 2003;  
Ciccia et al., 2003; Whitby et al., 2003). Overexpression of Mus81 suppressed the lethality of 
helicase-negative dna2K1080E (Kang et al., 2010) as well as dna2-2 and dna2-4, the two other 
dna2 mutant alleles isolated by others (Formosa & Nittis, 1999). In addition, Mus81-Mms4 
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and Fen1 stimulated each other in a manner requiring a specific protein-protein interaction. 
This indicates that the three endonucleases, Rad27, Mus81-Mms4, and Dna2, collaborate to 
remove a variety of structural intermediates in vivo.   

5.2.5 Mph1 and Rad52 
MPH1 was first identified as a mutator phenotype 1 gene (Entian et al., 1999), and the 
mph1 mutant displayed increased mutation rates and sensitivity to a variety of DNA 
damaging agents (Scheller et al., 2000). Based on this and other genetic studies, MPH1 is 
proposed to function in an error-free DNA damage bypass pathway that requires 
homologous recombination (Schürer et al., 2004). It was shown that Mph1 has DNA-
dependent ATPase and 3’ to 5’ helicase activities (Prakash et al., 2005). Overexpression of 
Mph1 increased gross chromosomal rearrangements (GCR) by partially inhibiting 
homologous recombination through its interaction with RPA (Banerjee et al., 2008). These 
data suggest that Mph1 is important in maintaining the integrity of genome. MPH1 was 
isolated as a multicopy suppressor of dna2405N and dna2K1080E. Purified Mph1 
markedly stimulated the endonuclease activities of both Dna2 and Fen1 in vitro in an ATP-
independent manner (Kang et al., 2009). Stimulation depends on the specific protein-protein 
interaction between the N-terminal domain of Dna2 and Mph1. Since overexpression of 
Mph1 also suppressed the dna2405N mutant, the suppression of the Dna2 defect by Mph1 
is due to the stimulation of Fen1 activity, and not of Dna2. Rad52 that mediates exchanging 
RPA with Rad51 in ssDNA is a multi-copy suppressor of dna2K1080E. Purified Rad52 is 
able to stimulate both Fen1 and Dna2 in vitro (Lee et al., 2011). The stimulation is 
independent of the recombination activity of Rad52.  

5.3 Speculations on the presence of numerous stimulators of Dna2 and Fen1 
In addition to the proteins mentioned above, the list of proteins that stimulate Fen1 and 
Dna2 is growing, which are most likely involved in maintenance of genome integrity. In 
humans, WRN, BLM, and RecQ5, the human homologues of yeast RecQ are an example of 
Fen1 stimulator (Brosh et al., 2001; Wang et al., 2005; Speina et al., 2010). Recently, it was 
shown that Dna2 and Pif1 can contribute to rapid nick formation by stimulating FEN1 
(Henry et al., 2008). In addition, low levels of RPA also stimulated Fen1 activity particularly 
when short flaps were used as substrates. The acquisition of the ability of Fen1 or Dna2 to be 
stimulated by many proteins that work in close proximity may have conferred evolutionary 
benefits, because such an ability may permit faster generation and sealing of DNA nicks. 
Rapid generation and sealing of ligatable nicks may be more favorable in the preservation of 
genome integrity by converting unstable nicked DNA into stable duplex DNA.  

5.4 Repair of faulty processing of Okazaki fragments 
5.4.1 Homologous recombination as a last resort to repair faulty Okazaki fragments  
When rad27-p (impaired interactions with PCNA) was combined with pol3-5DV (a mutant 
allele of a Pol  subunit, defective in 3’ exonuclease and increased in displacement DNA 
synthesis), the double mutant cells were lethal in the absence of RAD51 that is essential for 
DSB repair (Jin et al., 2003). The lethal phenotype of rad27-p pol3-5DV rad51was 
suppressed by overexpression of Dna2, suggesting that increased levels of long flaps 
resulting from mutant Pol  required elevated levels of Dna2 for appropriate processing. In 
addition, the result above raises the possibility that excess levels of long flaps produced in 
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al., 2000; Frank et al., 2001; Gary et al., 1999; Gomes & Burgers, 2000), human RFC complex 
was recently found to markedly stimulate Fen1 activity via multiple stimulatory motifs per 
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of replication machinery while it moves along with replication forks (Masuda et al., 2007).    
 

 
Fig. 3. Multiple layers of redundant pathways for failsafe processing of Okazaki fragments. 
Various flap structures, exemplified by four types only, can be generated during lagging 
strand synthesis. In most cases, it is believed that they can be processed by the combined 
action of ‘core’ factors in the first layer (indicated in the red box), the basic machinery for 
Okazaki fragment synthesis. ‘Accessory factors’ that constitute the second layer (indicated 
in the green box) function mostly to strengthen enzymatic activities of Dna2 and/or Fen1. 
When the ‘core’ proteins fail to function, unprocessed flaps can be removed by proteins in 
the third layer (indicated in the blue box) that contains factors for DNA repair and 
recombination (see text for details). Msn5 or Sml1 may not be directly related to Dna2 or 
Fen1 and thus need to be tested in this regard. Note that some proteins can belong to more 
than one layer. Pol -primase is not shown for simplicity. 

5.2.4 Mus81-Mms4  
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dna2 mutant alleles isolated by others (Formosa & Nittis, 1999). In addition, Mus81-Mms4 
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and Fen1 stimulated each other in a manner requiring a specific protein-protein interaction. 
This indicates that the three endonucleases, Rad27, Mus81-Mms4, and Dna2, collaborate to 
remove a variety of structural intermediates in vivo.   

5.2.5 Mph1 and Rad52 
MPH1 was first identified as a mutator phenotype 1 gene (Entian et al., 1999), and the 
mph1 mutant displayed increased mutation rates and sensitivity to a variety of DNA 
damaging agents (Scheller et al., 2000). Based on this and other genetic studies, MPH1 is 
proposed to function in an error-free DNA damage bypass pathway that requires 
homologous recombination (Schürer et al., 2004). It was shown that Mph1 has DNA-
dependent ATPase and 3’ to 5’ helicase activities (Prakash et al., 2005). Overexpression of 
Mph1 increased gross chromosomal rearrangements (GCR) by partially inhibiting 
homologous recombination through its interaction with RPA (Banerjee et al., 2008). These 
data suggest that Mph1 is important in maintaining the integrity of genome. MPH1 was 
isolated as a multicopy suppressor of dna2405N and dna2K1080E. Purified Mph1 
markedly stimulated the endonuclease activities of both Dna2 and Fen1 in vitro in an ATP-
independent manner (Kang et al., 2009). Stimulation depends on the specific protein-protein 
interaction between the N-terminal domain of Dna2 and Mph1. Since overexpression of 
Mph1 also suppressed the dna2405N mutant, the suppression of the Dna2 defect by Mph1 
is due to the stimulation of Fen1 activity, and not of Dna2. Rad52 that mediates exchanging 
RPA with Rad51 in ssDNA is a multi-copy suppressor of dna2K1080E. Purified Rad52 is 
able to stimulate both Fen1 and Dna2 in vitro (Lee et al., 2011). The stimulation is 
independent of the recombination activity of Rad52.  

5.3 Speculations on the presence of numerous stimulators of Dna2 and Fen1 
In addition to the proteins mentioned above, the list of proteins that stimulate Fen1 and 
Dna2 is growing, which are most likely involved in maintenance of genome integrity. In 
humans, WRN, BLM, and RecQ5, the human homologues of yeast RecQ are an example of 
Fen1 stimulator (Brosh et al., 2001; Wang et al., 2005; Speina et al., 2010). Recently, it was 
shown that Dna2 and Pif1 can contribute to rapid nick formation by stimulating FEN1 
(Henry et al., 2008). In addition, low levels of RPA also stimulated Fen1 activity particularly 
when short flaps were used as substrates. The acquisition of the ability of Fen1 or Dna2 to be 
stimulated by many proteins that work in close proximity may have conferred evolutionary 
benefits, because such an ability may permit faster generation and sealing of DNA nicks. 
Rapid generation and sealing of ligatable nicks may be more favorable in the preservation of 
genome integrity by converting unstable nicked DNA into stable duplex DNA.  

5.4 Repair of faulty processing of Okazaki fragments 
5.4.1 Homologous recombination as a last resort to repair faulty Okazaki fragments  
When rad27-p (impaired interactions with PCNA) was combined with pol3-5DV (a mutant 
allele of a Pol  subunit, defective in 3’ exonuclease and increased in displacement DNA 
synthesis), the double mutant cells were lethal in the absence of RAD51 that is essential for 
DSB repair (Jin et al., 2003). The lethal phenotype of rad27-p pol3-5DV rad51was 
suppressed by overexpression of Dna2, suggesting that increased levels of long flaps 
resulting from mutant Pol  required elevated levels of Dna2 for appropriate processing. In 
addition, the result above raises the possibility that excess levels of long flaps produced in 
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rad27-p pol3-5DV cells could undergo DSB that can be harmlessly repaired by RAD51-
dependent repair pathway. This idea is further supported by a number of genetic data. First, 
dna2-C2 mutant cells displayed extensive chromosomal fragmentation like cdc9 (DNA 
ligase 1) mutation in S. pombe (Kang et al., 2000). Second, rad27∆ rad52∆, dna2-1 rad27∆, 
dna2-1 rad52∆, dna2-2 rad52∆ double mutants are synthetic lethal (Jin et al., 2003; Budd et 
al., 2005). Third, ts dna2-22 mutant displayed increase in the rates of recombination and 
chromosome loss at non-permissive temperature (Fiorentino and Crabtree, 1997). Forth, the 
dna2-2 mutant cells showed hyperrecombination of rDNA, causing reduced life span of S. 
cerevisiae (Hoopes et al., 2002). In S. pombe, it was shown that functions of rhp51+ 
(recombination gene RAD51 homolog) were required for viability of dna2 mutants (Tsutsui 
et al., 2005). Moreover, Rad52 was isolated as a multi-copy suppressor of helicase-negative 
dna2K1080E. Rad52 plays a role in the formation of Rad51-ssDNA filament by exchanging 
RPA with Rad51 (Song and Sung, 2000). Thus, the mediator function of Rad52 is crucial to 
initiate strand invasion. The rad52-QDDD-308-311-AAAA (rad52-QDDD/AAAA) mutant 
cells failed to form MMS-induced DNA repair foci and were not able to repair MMS-
induced damage (Plate et al., 2008). Moreover, the mutant Rad52-QDDD/AAAA protein 
barely interacted with RPA and showed inefficient recombination mediator activity while 
retaining wild type levels of DNA binding activity (Plate et al., 2008). The suppression of 
dna2 mutation by Rad52 required the mediator activity of Rad52; rad52QDDD/AAAA 
mutant was not able to suppress dna2K1080E (Lee et al., 2011). This suggests that faulty 
Okazaki fragment could lead to elevated levels of homologous recombination. In support of 
this, we discovered that dna2405N showed increases in the rates of inter- and intra-
chromosomal recombination and unequal sister chromatid recombination (Lee et al., 2011). 
Our results suggest that incomplete replication of lagging strand synthesis due to faulty 
processing of Okazaki fragments could be efficiently repaired via Rad52-dependent 
homologous recombination pathway (Fig. 4) (Reagan et al., 1995; Tishkoff et al., 1997b; Budd 
and Campbell, 2000). Recently, it was found that Dna2 itself is a critical player in DSB repair 
by directly participating in long-range resection of DSB ends in cooperation with Sgs1 in a 
redundant fashion with Exo1 (Mimitou and Symington, 2008; Zhu et al., 2008). Both helicase 
activity of Sgs1 and nuclease activity of Dna2 were essential for this resection, whereas the 
helicase activity of Dna2 was dispensable (Mimitou and Symington, 2008 and 2009; Zhu et 
al., 2008; Niu et al., 2010; Shim et al., 2010).   

5.4.2 Roles of Mph1 and Mus81-Mms4 as structure managers  
The involvement of Mph1, Mus81-Mms4, and Rad52 in Okazaki fragment processing is 
particularly interesting, not only because of their abilities to stimulate the endonuclease 
activity of Dna2 and/or Fen1, but also because of their roles in recombinational repair of 
lagging strand replication defect as suggested previously (Ii & Brill, 2008). We found that 
Mph1 is a multipurpose helicase that can unwind a variety of DNA structures such as 
junction structures containing three or four DNA strands. Mph1 is able to unwind fixed 
double-flap DNA (an intermediate form of equilibrating flaps) in such a way that among the 
two flaps the displacement of 5’ flap occurs first (Kang et al., 2011). Thus, the helicase 
activity of Mph1 could contribute to Okazaki fragment processing by facilitating conversion 
of equilibrating flaps into 5’ flaps, which are readily cleaved by Fen1. In addition, Mph1 was 
able to efficiently displace hairpin-containing oligonucleotides, as long as short (~5-nt) 
ssDNA regions were present at the ssDNA/dsDNA junction. The ability of Mph1 to 
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displace 5’ secondary-structure flaps may allow cells to strip off the chronically problematic 
Okazaki fragments from the template, resulting in a gap equivalent in size to an Okazaki 
fragment, which can be filled in by Pol . Fen1 and Mus81-Mms4 appear to function in two 
separate processes because of their different substrate specificity (5’- and 3’-flap specific, 
respectively), the mutual stimulation observed in yeasts suggests a more direct inter-
functional role between the two structure-specific endonucleases. The joint role of Fen1 and 
Mus81-Mms4 could come into effect via the interconversion between the substrates specific 
for each endonuclease. The 5’ or 3’ flap can be converted into a 3’ or 5’ flap, respectively, in a 
manner similar to that seen in Holliday junction migration. The equilibrating flaps (see Fig. 
1. for structure) could be processed more rapidly if 5’ and 3’ flap specific enzymes could 
stimulate each other’s activity.  
 

 
Fig. 4. Possible repair pathways for unprocessed flaps due to malfunction of Fen1 and/or 
Dna2. The unprocessed flap can be repaired via either DSB-dependent or -independent 
pathway. (A) In DSB-dependent pathway, replicated lagging strand containing unprocessed 
flap undergoes a DSB, followed by resection by the MRX complex (not shown). The 
resulting 3’ overhang starts homologous recombination by invading leading strand DNA. 
(B) If DSB is not involved, the 3’ flap, which could result from a 5’ unprocessed flap via 
‘equilibration,’ can initiate recombination by invading leading strand DNA. If nicks are 
available, the resulting recombination intermediate can be resolved by Mus81-Mms4 
catalyzed nick-directed cleavage (not shown in B). Alternatively, the intermediate can be 
converted into substrates for the Sgs1-Top3 pathway by forming pseudo double Holliday 
junctions (not shown in A). (C) Mph1 can remove the D-loop formed, facilitating synthesis-
dependent strand annealing.   
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rad27-p pol3-5DV cells could undergo DSB that can be harmlessly repaired by RAD51-
dependent repair pathway. This idea is further supported by a number of genetic data. First, 
dna2-C2 mutant cells displayed extensive chromosomal fragmentation like cdc9 (DNA 
ligase 1) mutation in S. pombe (Kang et al., 2000). Second, rad27∆ rad52∆, dna2-1 rad27∆, 
dna2-1 rad52∆, dna2-2 rad52∆ double mutants are synthetic lethal (Jin et al., 2003; Budd et 
al., 2005). Third, ts dna2-22 mutant displayed increase in the rates of recombination and 
chromosome loss at non-permissive temperature (Fiorentino and Crabtree, 1997). Forth, the 
dna2-2 mutant cells showed hyperrecombination of rDNA, causing reduced life span of S. 
cerevisiae (Hoopes et al., 2002). In S. pombe, it was shown that functions of rhp51+ 
(recombination gene RAD51 homolog) were required for viability of dna2 mutants (Tsutsui 
et al., 2005). Moreover, Rad52 was isolated as a multi-copy suppressor of helicase-negative 
dna2K1080E. Rad52 plays a role in the formation of Rad51-ssDNA filament by exchanging 
RPA with Rad51 (Song and Sung, 2000). Thus, the mediator function of Rad52 is crucial to 
initiate strand invasion. The rad52-QDDD-308-311-AAAA (rad52-QDDD/AAAA) mutant 
cells failed to form MMS-induced DNA repair foci and were not able to repair MMS-
induced damage (Plate et al., 2008). Moreover, the mutant Rad52-QDDD/AAAA protein 
barely interacted with RPA and showed inefficient recombination mediator activity while 
retaining wild type levels of DNA binding activity (Plate et al., 2008). The suppression of 
dna2 mutation by Rad52 required the mediator activity of Rad52; rad52QDDD/AAAA 
mutant was not able to suppress dna2K1080E (Lee et al., 2011). This suggests that faulty 
Okazaki fragment could lead to elevated levels of homologous recombination. In support of 
this, we discovered that dna2405N showed increases in the rates of inter- and intra-
chromosomal recombination and unequal sister chromatid recombination (Lee et al., 2011). 
Our results suggest that incomplete replication of lagging strand synthesis due to faulty 
processing of Okazaki fragments could be efficiently repaired via Rad52-dependent 
homologous recombination pathway (Fig. 4) (Reagan et al., 1995; Tishkoff et al., 1997b; Budd 
and Campbell, 2000). Recently, it was found that Dna2 itself is a critical player in DSB repair 
by directly participating in long-range resection of DSB ends in cooperation with Sgs1 in a 
redundant fashion with Exo1 (Mimitou and Symington, 2008; Zhu et al., 2008). Both helicase 
activity of Sgs1 and nuclease activity of Dna2 were essential for this resection, whereas the 
helicase activity of Dna2 was dispensable (Mimitou and Symington, 2008 and 2009; Zhu et 
al., 2008; Niu et al., 2010; Shim et al., 2010).   

5.4.2 Roles of Mph1 and Mus81-Mms4 as structure managers  
The involvement of Mph1, Mus81-Mms4, and Rad52 in Okazaki fragment processing is 
particularly interesting, not only because of their abilities to stimulate the endonuclease 
activity of Dna2 and/or Fen1, but also because of their roles in recombinational repair of 
lagging strand replication defect as suggested previously (Ii & Brill, 2008). We found that 
Mph1 is a multipurpose helicase that can unwind a variety of DNA structures such as 
junction structures containing three or four DNA strands. Mph1 is able to unwind fixed 
double-flap DNA (an intermediate form of equilibrating flaps) in such a way that among the 
two flaps the displacement of 5’ flap occurs first (Kang et al., 2011). Thus, the helicase 
activity of Mph1 could contribute to Okazaki fragment processing by facilitating conversion 
of equilibrating flaps into 5’ flaps, which are readily cleaved by Fen1. In addition, Mph1 was 
able to efficiently displace hairpin-containing oligonucleotides, as long as short (~5-nt) 
ssDNA regions were present at the ssDNA/dsDNA junction. The ability of Mph1 to 
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displace 5’ secondary-structure flaps may allow cells to strip off the chronically problematic 
Okazaki fragments from the template, resulting in a gap equivalent in size to an Okazaki 
fragment, which can be filled in by Pol . Fen1 and Mus81-Mms4 appear to function in two 
separate processes because of their different substrate specificity (5’- and 3’-flap specific, 
respectively), the mutual stimulation observed in yeasts suggests a more direct inter-
functional role between the two structure-specific endonucleases. The joint role of Fen1 and 
Mus81-Mms4 could come into effect via the interconversion between the substrates specific 
for each endonuclease. The 5’ or 3’ flap can be converted into a 3’ or 5’ flap, respectively, in a 
manner similar to that seen in Holliday junction migration. The equilibrating flaps (see Fig. 
1. for structure) could be processed more rapidly if 5’ and 3’ flap specific enzymes could 
stimulate each other’s activity.  
 

 
Fig. 4. Possible repair pathways for unprocessed flaps due to malfunction of Fen1 and/or 
Dna2. The unprocessed flap can be repaired via either DSB-dependent or -independent 
pathway. (A) In DSB-dependent pathway, replicated lagging strand containing unprocessed 
flap undergoes a DSB, followed by resection by the MRX complex (not shown). The 
resulting 3’ overhang starts homologous recombination by invading leading strand DNA. 
(B) If DSB is not involved, the 3’ flap, which could result from a 5’ unprocessed flap via 
‘equilibration,’ can initiate recombination by invading leading strand DNA. If nicks are 
available, the resulting recombination intermediate can be resolved by Mus81-Mms4 
catalyzed nick-directed cleavage (not shown in B). Alternatively, the intermediate can be 
converted into substrates for the Sgs1-Top3 pathway by forming pseudo double Holliday 
junctions (not shown in A). (C) Mph1 can remove the D-loop formed, facilitating synthesis-
dependent strand annealing.   
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A helicase such as Mph1 could facilitate the interconversion process by virtue of its ability to 
displace the downstream strand. The product formed by this reaction would contain either 
5’ or 3’ ssDNA flap depending on the polarity of the helicase involved, generating the 
structures suitable for cleavage by either Mus81-Mms4 or Fen1. Most likely candidates for 
such a function would include the helicases with branch migration activities such as WRN, 
RecQ1, and Mph1 (Prakash et al., 2009; Opresko et al., 2009; Burgreev et al., 2008). The 
human BLM helicase was shown to stimulate nuclease activity of the Mus81-Eme1 complex 
(Zhang et al., 2005). In addition, Rad54 was found to strongly stimulate Mus81-Mms4 in an 
ATP-independent manner in humans and yeasts (Matulova et al., 2009). Alternatively, a 
nuclease(s) that can simultaneously process both 5’ and 3’ double flaps could reduce the 
length of both flaps. This could more rapidly generate a DNA substrate that can be 
processed by either Fen1 or Mus81-Mms4. It was shown that endonuclease activity of 
human Dna2 is stimulated in the presence of double flaps (Kim et al., 2006). 

6. Concluding remarks  
Processing of Okazaki fragments is a complicated process at high risks of various types of 
DNA alterations such as base change, repeat expansion, and small duplications due to the 
involvement of anomalous structural DNA– a special type of DNA damages which, if left 
unrepaired, can promote genome instability. Examples of anomalous structure include 
nicks, unprocessed flaps, DSBs, and recombination intermediates. Formation of anomalous 
structures can be prevented by preemptive actions of Dna2 and/or by numerous ‘auxiliary’ 
factors that enhance endonuclease activities of Fen1 or Dna2. Alternatively, anomalous 
structures can be repaired by first forming DSBs, a key event that activates recombination. 
DSB-mediated recombination is regarded as the basis of genetic instability in eukaryotes 
since it can be a source of illegitimate recombination in higher organisms. A diverse array of 
auxiliary factors identified up to date may be a mirror image of a variety of structural 
intermediates present in vivo. The highly dynamic and capricious nature of structural 
intermediates renders correct processing of Okazaki fragments a formidable task which has 
to rely on a number of factors important for genome maintenance. Thus, Okazaki fragment 
processing is a platform where a number of proteins with roles in DNA replication and 
repair/recombination act together to minimize the hazardous outcome associated with its 
mechanisms in eukaryotes. In the future, the biggest challenge would be complete 
understanding of how each of the factors involved is regulated to fit into the complicated 
and dynamic network of protein-protein interactions required for failsafe processing of 
Okazaki fragments.  
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1. Introduction 
DNA replication is a fundamental and stringently regulated cellular process that ensures the 
accurate propagation of the cell’s genetic material. An accurate duplication of the genome 
and segregation to the daughter cells is essential, as any unreplicated genomic regions will 
result in breaks and deletions during mitosis, including regions containing tumor 
suppressor genes, while local DNA over-replication will result in gene, and possibly 
oncogene, amplification (Gonzalez et al., 2005). Several DNA replication proteins, both 
initiator and replication fork (reviewed in (Hubscher, 2009)) proteins, have been shown to 
also play an essential role in several DNA repair pathways, such as base excision repair, 
nucleotide excision repair, and double-strand (ds) break and mismatch repair. Recent work 
from prokaryotes and eukaryotes has indicated that replication initiator proteins are also 
directly involved in multiple cellular processes (reviewed in (Scholefield et al., 2011)), 
coordinating the initiation of DNA replication with other cell cycle-related activities, 
including DNA repair (Moldovan et al., 2007; Oakley and Patrick, 2010). DNA repair, like all 
major cellular functions, including transcription and DNA replication, is a tightly regulated 
process. This review deals with the apparent synergy between the DNA replication and 
repair mechanisms. 

2. Mammalian DNA replication 
2.1 Replication origins  
Mammalian DNA replication is initiated at multiple sites (estimated to be about 104-106), 
termed replication origins, and proceeds bidirectionally (reviewed in (Aladjem, 2007; Arias 
and Walter, 2007; Rampakakis et al., 2009a; Sclafani and Holzen, 2007; Zannis-Hadjopoulos, 
2005)). Clusters of adjacent origins are activated at different times throughout S phase and 
are replicated in a defined spatial and temporal order. Replication origins are marked by the 
presence of a mammalian consensus sequence (Di Paola et al., 2006) throughout the genome 
and the binding of initiator proteins (IPs), which unwind the DNA and recruit additional 
downstream proteins. Origin activation starts with the binding of an IP to specific 
recognition sequences, triggering melting at the origin, leading to the formation of a stable 
pre-replication complex (pre-RC) that contains locally unwound DNA (Bell and Dutta, 2002; 
Dutta and Bell, 1997) and promoting the assembly of the multienzyme complexes required 
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for replication. The timing and frequency of initiation may be regulated by the availability of 
the IP or by topological changes in the DNA that affect the IP’s ability to interact with the 
origin (Kornberg and Baker, 1992), reviewed in (Rampakakis et al., 2010) .  

2.2 Pre-replication complex (Pre-RC)  
The first initiator protein to bind to the origin and the best characterized is the hexameric 
origin recognition complex (Orc1-6; reviewed in (Sasaki and Gilbert, 2007)). All ORC 
subunits, except for ORC6, belong to the superfamily of AAA+ ATPases (ATPases Associated 
with various cellular Activities) with conserved Walker A, B, C and D motifs (Bell and 
Dutta, 2002; Koonin, 1993). ORC acts as landing pad for the binding of additional replication 
proteins during G1-phase, such as Cdc6, another AAA+-ATPase. ATP binding of Cdc6 leads 
to a conformational change that promotes its association with chromatin (Tatsumi et al., 
2000). Binding of Cdc6 to DNA-bound ORC leads to the activation of the ORC1 ATPase 
activity (Bell and Dutta, 2002) as well as to a conformational change, which increases the 
stability and specificity of the ORC-Cdc6-DNA complex [Mizushima, 2000 #5780; Speck, 
2005 #9948; Speck, 2007 #9958]. Origin-bound Cdc6 facilitates the recruitment of Cdt1, 
which physically interacts with components of the putative DNA helicase, the 
minichromosome maintenance protein complex (MCM2-7), participating in their nuclear 
translocation and chromatin loading (Cook et al., 2004; Nishitani et al., 2000; Tanaka and 
Diffley, 2002b; Yanagi et al., 2002) as well as with Cdc6 (Dhar et al., 2001; Nishitani et al., 
2000).  
Following MCM loading onto ORC-Cdc6, Cdc6 and Cdt1 dissociate from the origins and, 
finally, ATP hydrolysis by ORC completes the MCM helicase loading reaction (Randell et 
al., 2006; Speck et al., 2005; Speck and Stillman, 2007). At this stage, origins are primed and 
awaiting the activity of the cyclin-dependent kinases (CDKs) in order to be activated and S-
phase to begin. Activation of the pre-RC to an active initiation complex is regulated by 
CDKs and other signaling proteins, which promote further protein assembly that eventually 
leads to the loading of the polymerases and the activation of the MCM helicase. 
Upon entry into S phase, multiple mechanisms ensure that the replication initiation 
machinery is inactivated so as to avoid re-replication of chromosomal regions and genome 
instability (Blow and Dutta, 2005; Dorn et al., 2009; Hook et al., 2007; Krasinska et al., 2008; 
Rampakakis et al., 2009a) and references therein. 

2.3 The replisome 
Entry into S phase is accompanied by the activation of the replisome, a multiprotein 
complex that unzips the parental helix and duplicates the separated strands. The core 
components of the eukaryotic replisome include the putative replicative helicase MCM2-7 
complex, which encircles the leading DNA strand, the primase/polymerase α complex, the 
single-strand DNA (ssDNA) binding protein RPA, the clamp loader replication factor C 
(RFC; or replication protein C, RPC), the proliferating cell nuclear antigen (PCNA) sliding 
clamp, and the replicative DNA polymerases  and , as well as the more recently identified 
Cdc45 and GINS proteins (Sheu and Stillman, 2006; Yabuuchi et al., 2006) (Figure 1).    
The structure of the eukaryotic putative MCM helicase has been deduced by using as 
models the atomic structure of the N-terminus of the MCM protein from Methanobacterium 
thermoautotrophicum (Mth-MCM) and the SV40 T antigen (Fletcher et al., 2003; Gomez-
Llorente et al., 2005; Li et al., 2003; Pape et al., 2003; Sclafani et al., 2004). Mth-MCM is a true 
homologue of the eukaryotic MCM, while the SV40 T antigen is an analogue, resulting from 
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convergent evolution. Using this reconstructive method the MCM helicase is believed to be 
a planar, double hexamer in head-to-head conformation. The N-terminal domain is believed 
to be responsible for oligomerization and DNA binding, while the C-terminal contains the 
catalytic ATPase and helicase domains. In agreement with this model, using electron 
microscopy (EM), the eukaryotic MCM complex was shown to have a central large opening 
between the two hexamers (34 Å), which is thought to accommodate dsDNA participating 
in its unwinding (Yabuta et al., 2003). 
Purification of in vivo MCM complexes in human cells led to the identification of a 
MCM4/6/7 subcomplex with ATPase, ssDNA-binding, dsDNA-binding and helicase 
activities. This subcomplex is believed to be the catalytic core of the MCM hexamer, while 
MCM2/3/5 represent the regulatory subunits (Ishimi, 1997; Ishimi et al., 1996). This model 
was further confirmed by in vitro reconstitution experiments using recombinant MCM 
subunits from yeast, frog and mouse cells (Schwacha and Bell, 2001; Ying and Gautier, 2005; 
You et al., 2002). However, the helicase activity of the MCM complex was shown to be very 
weak and not as processive as one would expect from the replicative helicase (Patel and 
Picha, 2000). This was later explained by the fact that the MCM helicase activity is greatly 
enhanced by the Cdc45 and GINS co-factors in both X.laevis (Masuda et al., 2003; Pacek and 
Walter, 2004) and D.melanogaster (Moyer et al., 2006). 
Cdc45 binds onto origins after MCM recruitment, but prior to DNA unwinding and 
polymerase recruitment [Walter, 2000 #9377;Mimura, 2000 #10138] as well as travels with 
the replication fork (Aparicio et al., 1999), thus being important for both replication 
initiation and fork progression [Tercero, 2000 #6212;Zou, 2000 #6499]. 
GINS is a recently identified member of the replisome composed of the Sld5, Psf1, Psf2 and 
Psf3 proteins. It has a ring-like structure in the electron microscope and functions 
interdependently with Cdc45 in the loading of the replisome, including the DNA 
polymerases and RPA (Aparicio et al., 1999; Kubota et al., 2003; Takayama et al., 2003) and, 
possibly, the coupling of MCM with other factors at DNA replication forks (Labib and 
Gambus, 2007). 
Upon synthesis of the initial RNA primer by the DNA primase, RFC, an arc-shaped complex 
of five essential AAA+ type ATPases, recognizes the 3′ ends of the template-primer and 
loads the proliferating cell nuclear antigen (PCNA) in an ATP-binding dependent manner. 
PCNA is a homotrimeric ring-shaped complex, which encircles DNA and acts as a sliding 
clamp able to slide freely in both directions. The PCNA ring tethers polymerases  and  
firmly to DNA, increasing their processivity from 10-15bp to thousands of nucleotides 
(Ayyagari et al., 1995), and functions as a moving platform for factors involved in 
replication-linked processes such as DNA repair, chromatin remodelling and epigenetic 
inheritance (Moldovan et al., 2007).   

3. Interplay between DNA replication and repair proteins 
Several proteins that are part of the multi-protein replication complex, but are not a member 
of the pre-RC, have a dual role in DNA replication and repair, such as PCNA (Dimitrova et 
al., 1999; Moldovan et al., 2007), the Replication Protein A (RPA)(Chesnokov, 2007) and the 
multifunctional Ku protein (reviewed in (Rampakakis et al., 2009a).  

3.1 Proliferating cell nuclear antigen (PCNA)  
PCNA, the DNA polymerase processivity factor, associates with replication foci at the onset 
of S-phase, co-localizes with early-replicating chromatin and is present at initiating 
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replication forks (Moldovan et al., 2007; O'Keefe et al., 1992). In addition to tethering 
polymerases  and  to DNA, it acts as a landing pad for a large number of factors related to 
DNA metabolism. Together with its loader RFC (Replication Factor C) they are essential 
players for processive replication and coordinated DNA repair (Bylund et al., 2006). 
Encounter of the replication machinery with DNA lesions can be deleterious as it may result 
in fork stalling and possibly chromosomal rearrangements or even cell death, if it is 
prolonged. In response to this, a PCNA-mediated bypass mechanism is activated, named 
translesion synthesis (TLS). TLS involves the temporary switch from the replicative 
polymerases  and  to error-prone polymerases, such as pol η, with large enough active 
sites which can accommodate DNA lesions, thus allowing their bypass (Moldovan et al., 
2007). Error-free TLS has also been found but its mechanism is still unknown. Hoege et al. 
showed that post-translational modification of PCNA with ubiquitin is an important process 
during TLS (Hoege et al., 2002); in fact, a “switch” mechanism was described according to 
which PCNA mono-ubiquitilation activates the error-prone TLS, whereas PCNA poly-
ubiquitilation triggers the error-free TLS. In agreement, human Polη was found to interact 
specifically with monoubiquitylated PCNA upon UV-induced photodamage (Kannouche et 
al., 2004). 
A role for PCNA in the mismatch repair (MMR) of complementary base mismatches or 
insertion/deletion loops through direct interaction with the MSH3, MSH6 and MLH1 sensor 
proteins and exonuclease I (EXOI) has also been shown. The current MMR model involves 
the recognition of the error-containing newly synthesized DNA strand through the presence 
of a gap, such as the end of the Okazaki fragment, and the directional orientation of PCNA 
followed by the excision of the defective strand in the 5’ to 3’ direction by EXOI (Modrich, 
2006). A different mode of function of the MMR machinery was also proposed by Kadyrov 
et al., who showed that MutLα (MLH1/PMS2) is a latent endonuclease activated by MutSα, 
RFC and PCNA in a mismatch- and ATP-dependent manner. Consequently, a mismatch-
containing DNA segment flanked by two strand breaks is removed by EXOI and replaced 
upon targeting of the DNA synthesis machinery (Kadyrov et al., 2006). 
Finally, PCNA functions as a scaffold for factors functioning in base excision repair (BER). 
More specifically, PCNA has been shown to interact with the UNG2, MPG, and NTH1 DNA 
glycosylases, as well as the APE2 AP endonuclease,  stimulating their ability to generate 
abasic sites and cleave them in order for repair to take place (Ko and Bennett, 2005; Oyama 
et al., 2004; Tsuchimoto et al., 2001; Xia et al., 2005). An interaction between PCNA and the 
structure-specific repair endonuclease xeroderma pigmentosum (XP) G was also found, 
suggesting a function in nucleotide excision repair (NER) (Gary et al., 1997),  but in this case  
PCNA is recruited by XPG upon nucleotide excision by ERCC1, resulting in the gap filling 
by polymerase  (Mocquet et al., 2008).      

3.2 Replication protein A (RPA)  
RPA is the major eukaryotic single-stranded (ss) DNA binding protein and it is required for 
DNA replication, recombination and repair. RPA helps recruit DNA primase/polymerase α 
to the origins, stabilizing ssDNA in the proper extended conformation so that it can be 
copied by DNA primase, and stimulates its polymerase activity and processivity (Maga et 
al., 2001). Furthermore, during replication fork progression, RPA stimulates the replicative 
polymerases  and , possibly through its interaction with PCNA (Dianov et al., 1999; Loor 
et al., 1997).  
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Parallel to its function in DNA replication RPA participates in a variety of nuclear 
metabolism repair processes, involving single-stranded DNA through a complex network of 
protein-protein interactions. RPA has been shown to play a role in nucleotide excision repair 
(NER) through its interaction with the XPF-ERCC1 and XPG endonucleases, positioning 
them at the 5’ and 3’ of the lesions, respectively (Bessho et al., 1997; De Laat et al., 1998; He 
et al., 1995; Stigger et al., 1998). Furthermore, RPA has been shown to stimulate the base 
excision repair (BER) of abasic sites in DNA as well as the excision process during mismatch 
repair (MMR), by binding the human DNA glycosylases UNG2 and hMYH, or the hExoI, 
respectively (Dianov et al., 1999; Genschel and Modrich, 2003; Nagelhus et al., 1997; Parker 
et al., 2001). Finally, a role for RPA has also been suggested in the repair of double-strand 
DNA breaks (DSBs) at stalled replication forks through homologous recombination. More 
specifically, RPA was shown to protect the ssDNA after DNA strand resection and 3’ DNA 
overhang generation at DSBs upon hydroxyurea-induced replication stalling, recruit RAD52 
through direct interaction and act as a nucleation point for the RAD51 and RAD52 proteins 
(Sleeth et al., 2007).         
 

 
Fig. 1. Interplay between the DNA replication and DNA repair machineries. Encounter 
of the replication fork with various types of damaged DNA results in the recruitment of 
DNA repair enzymes and triggers the activation of cell cycle checkpoints, cell cycle arrest or 
apoptosis.  
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metabolism repair processes, involving single-stranded DNA through a complex network of 
protein-protein interactions. RPA has been shown to play a role in nucleotide excision repair 
(NER) through its interaction with the XPF-ERCC1 and XPG endonucleases, positioning 
them at the 5’ and 3’ of the lesions, respectively (Bessho et al., 1997; De Laat et al., 1998; He 
et al., 1995; Stigger et al., 1998). Furthermore, RPA has been shown to stimulate the base 
excision repair (BER) of abasic sites in DNA as well as the excision process during mismatch 
repair (MMR), by binding the human DNA glycosylases UNG2 and hMYH, or the hExoI, 
respectively (Dianov et al., 1999; Genschel and Modrich, 2003; Nagelhus et al., 1997; Parker 
et al., 2001). Finally, a role for RPA has also been suggested in the repair of double-strand 
DNA breaks (DSBs) at stalled replication forks through homologous recombination. More 
specifically, RPA was shown to protect the ssDNA after DNA strand resection and 3’ DNA 
overhang generation at DSBs upon hydroxyurea-induced replication stalling, recruit RAD52 
through direct interaction and act as a nucleation point for the RAD51 and RAD52 proteins 
(Sleeth et al., 2007).         
 

 
Fig. 1. Interplay between the DNA replication and DNA repair machineries. Encounter 
of the replication fork with various types of damaged DNA results in the recruitment of 
DNA repair enzymes and triggers the activation of cell cycle checkpoints, cell cycle arrest or 
apoptosis.  
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3.3 The Ku protein 
The heterodimeric Ku protein (Ku70/Ku80; reviewed in (Tuteja and Tuteja, 2000)) is a 
multifunctional guard of the genome, participating in DNA replication and repair, 
recombination, telomeric maintenance, and the suppression of chromosomal 
rearrangements (Downs and Jackson, 2004; Zannis-Hadjopoulos et al., 2004). Ku is a 
member of the non-homologous end-joining (NHEJ) machinery, participating in the repair 
of double-strand DNA breaks (DSBs) by recruiting and allosterically activating the DNA-
dependent protein kinase (DNA-PK) (Collis et al., 2005), as well as of the DNA replication 
licensing machinery, binding onto mammalian DNA replication origins at the end of G1-
phase (Novac et al., 2001) and recruiting the DNA replication machinery (Rampakakis et al., 
2009a; Rampakakis et al., 2008; Sibani et al., 2005b). 

3.3.1 Ku and mammalian DNA replication 
There has been a lot of accumulated evidence implicating the Ku protein in the initiation of 
mammalian DNA replication. Ku was initially identified as the DNA-dependent ATPase 
purified from HeLa cells (Cao et al., 1994), which co-fractionated with a 21S multiprotein 
complex that is able to support SV40 in vitro DNA replication (Vishwanatha and Baril, 1990). 
It was subsequently shown to co-immunoprecipitate with well characterized DNA 
replication proteins involved in either the initiation or the elongation phase, such as DNA 
polymerases ,  and , PCNA, topoisomerase II, RF-C, RP-A, and ORC-2 (Matheos et al., 
2002). In agreement with and corroborating the previous studies, a proteomic analysis using 
a TAP affinity purification procedure, identified Ku as part of a complex with MCM2-7 
proteins, the putative replicative DNA helicase (Burckstummer et al., 2006). Furthermore, 
Ku was identified as part of a human protein initiation complex, important for the 
replication of Kaposi’s sarcoma associated HSV (KHSV) (Wang et al., 2008). 
Ku is an origin binding protein, binding to several replication origins, among them the 
adenovirus type 2 origin (de Vries et al., 1989), the Herpes Simplex Virus Type 1 (HSV1) 
origin (Murata et al., 2004), the B48 human origin (Toth et al., 1993), the mammalian 
replication origin consensus sequence, A3/4 (Price et al., 2003; Ruiz et al., 1999), the Chinese 
hamster dihydrofolate reductase (DHFR) replication origin, ori, and the monkey 
replication origins ors8 and ors12 (Novac et al., 2001), as well as the human origins lamin B2, 
-globin, c-myc (Sibani et al., 2005a, b) and dnmt1 (DNA-methyltransferase) (Araujo et al., 
1998). Ku was shown to associate in vivo with replication origins in a cell cycle dependent 
manner (Novac et al., 2001; Ruiz et al., 1999; Sibani et al., 2005a) and its differential binding 
to DNA is a determining factor in its involvement in DNA replication, exhibiting distinct 
origin DNA binding properties from its association with DNA ends or other internal DNA 
sequences (Schild-Poulter et al., 2003).  
The role of Ku in DNA replication is believed to be two-fold. First, with regard to the 
initiation of DNA replication, Sibani et al. showed that Ku binds to human replication 
origins prior to the ORC assembly and Ku-deficiency results in decreased origin usage and 
initiation of DNA replication (Sibani et al., 2005a, b). A possible mechanism for this was 
recently proposed, involving the DNA topology machinery. Topoisomerases I and II, the 
major constituents of the DNA topology machinery, were previously found to interact with 
the lamin B2 origin and participate in their activation (Abdurashidova et al., 2007). Recently, 
Rampakakis et al. showed that the binding of Ku and Topo IIto the human replication 
origins lamin B2 and hOrs8 (in a complex also containing DNA-PK and PARP-1) is 
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associated with a transient, site-specific dsDNA break at these origins, which leads to local 
topological changes and recruitment of the replication initiator machinery (Rampakakis et 
al., 2009a). As the DNA topology and NHEJ machineries have reverse enzymatic activities, 
generating and repairing DNA DSBs, respectively, their functional synergy in replication 
origin activation is striking. A possible scenario is that Ku  functions in tethering Topo II 
onto replication origins, thus increasing the sequence specificity of its cleaving enzymatic 
activity (Figure 2), in a manner similar to that shown for RAG recombinases, which have 
similar enzymatic properties to DNA topoisomerases (Sawchuk et al., 2004). Alternatively, 
recruitment of DNA-PK by Ku and repair of the DSBs through NHEJ may function as a 
backup mechanism, ensuring chromosomal stability in cases of Topo II malfunction.  
 

 
Fig. 2. Model for the role of Ku in pre-RC assembly. Targeting of Ku and Topoisomerase II 
onto chromatin during G1 phase leads to topologic changes in the chromosomal regions that 
correspond to replication origins, facilitating the assembly/stability of the ORC hexamer. 

Second, at the replication fork progression level, Park et al. showed that upon IR-induced 
DNA damage, Ku-, but not DNA-PKcs-, deficient cells exhibited significantly slow S phase 
progression due to collapse of PCNA from the replication fork (Park et al., 2004). These 
results led the authors to suggest a role for Ku in maintaining the sliding clamp on 
chromatin at chromosomal breaks, thus facilitating efficient resumption of DNA replication. 
In agreement with a role for Ku in the replication fork progression, Hoek et al. showed that 
Ku directly associates with the chromatin assembly factor 1 (CAF-1) (Hoek et al., 2011), the 
primary DNA replication-coupled histone deposition factor, which is attached to the 
replication fork through PCNA (Shibahara and Stillman, 1999). Although no functional 
evidence was shown, the authors suggested that the significance of this interaction may 
involve the recruitment of CAF-1 to sites of DSBs in order to establish the appropriate local 
chromatin structure, which would allow cell cycle progression. Finally, a DNA-PKcs 
dependent role for Ku was also shown during DNA replication (Shimura et al., 2007). Using 
the DNA replication inhibitor aphidicolin to transiently perturb DNA replication, Shimura 
et al. showed that persistent DNA breaks accumulated in DNA-PKcs deficient cells, 
resulting in the activation of an ATR-mediated S-phase checkpoint and blockage of cell cycle 
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3.3 The Ku protein 
The heterodimeric Ku protein (Ku70/Ku80; reviewed in (Tuteja and Tuteja, 2000)) is a 
multifunctional guard of the genome, participating in DNA replication and repair, 
recombination, telomeric maintenance, and the suppression of chromosomal 
rearrangements (Downs and Jackson, 2004; Zannis-Hadjopoulos et al., 2004). Ku is a 
member of the non-homologous end-joining (NHEJ) machinery, participating in the repair 
of double-strand DNA breaks (DSBs) by recruiting and allosterically activating the DNA-
dependent protein kinase (DNA-PK) (Collis et al., 2005), as well as of the DNA replication 
licensing machinery, binding onto mammalian DNA replication origins at the end of G1-
phase (Novac et al., 2001) and recruiting the DNA replication machinery (Rampakakis et al., 
2009a; Rampakakis et al., 2008; Sibani et al., 2005b). 

3.3.1 Ku and mammalian DNA replication 
There has been a lot of accumulated evidence implicating the Ku protein in the initiation of 
mammalian DNA replication. Ku was initially identified as the DNA-dependent ATPase 
purified from HeLa cells (Cao et al., 1994), which co-fractionated with a 21S multiprotein 
complex that is able to support SV40 in vitro DNA replication (Vishwanatha and Baril, 1990). 
It was subsequently shown to co-immunoprecipitate with well characterized DNA 
replication proteins involved in either the initiation or the elongation phase, such as DNA 
polymerases ,  and , PCNA, topoisomerase II, RF-C, RP-A, and ORC-2 (Matheos et al., 
2002). In agreement with and corroborating the previous studies, a proteomic analysis using 
a TAP affinity purification procedure, identified Ku as part of a complex with MCM2-7 
proteins, the putative replicative DNA helicase (Burckstummer et al., 2006). Furthermore, 
Ku was identified as part of a human protein initiation complex, important for the 
replication of Kaposi’s sarcoma associated HSV (KHSV) (Wang et al., 2008). 
Ku is an origin binding protein, binding to several replication origins, among them the 
adenovirus type 2 origin (de Vries et al., 1989), the Herpes Simplex Virus Type 1 (HSV1) 
origin (Murata et al., 2004), the B48 human origin (Toth et al., 1993), the mammalian 
replication origin consensus sequence, A3/4 (Price et al., 2003; Ruiz et al., 1999), the Chinese 
hamster dihydrofolate reductase (DHFR) replication origin, ori, and the monkey 
replication origins ors8 and ors12 (Novac et al., 2001), as well as the human origins lamin B2, 
-globin, c-myc (Sibani et al., 2005a, b) and dnmt1 (DNA-methyltransferase) (Araujo et al., 
1998). Ku was shown to associate in vivo with replication origins in a cell cycle dependent 
manner (Novac et al., 2001; Ruiz et al., 1999; Sibani et al., 2005a) and its differential binding 
to DNA is a determining factor in its involvement in DNA replication, exhibiting distinct 
origin DNA binding properties from its association with DNA ends or other internal DNA 
sequences (Schild-Poulter et al., 2003).  
The role of Ku in DNA replication is believed to be two-fold. First, with regard to the 
initiation of DNA replication, Sibani et al. showed that Ku binds to human replication 
origins prior to the ORC assembly and Ku-deficiency results in decreased origin usage and 
initiation of DNA replication (Sibani et al., 2005a, b). A possible mechanism for this was 
recently proposed, involving the DNA topology machinery. Topoisomerases I and II, the 
major constituents of the DNA topology machinery, were previously found to interact with 
the lamin B2 origin and participate in their activation (Abdurashidova et al., 2007). Recently, 
Rampakakis et al. showed that the binding of Ku and Topo IIto the human replication 
origins lamin B2 and hOrs8 (in a complex also containing DNA-PK and PARP-1) is 
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associated with a transient, site-specific dsDNA break at these origins, which leads to local 
topological changes and recruitment of the replication initiator machinery (Rampakakis et 
al., 2009a). As the DNA topology and NHEJ machineries have reverse enzymatic activities, 
generating and repairing DNA DSBs, respectively, their functional synergy in replication 
origin activation is striking. A possible scenario is that Ku  functions in tethering Topo II 
onto replication origins, thus increasing the sequence specificity of its cleaving enzymatic 
activity (Figure 2), in a manner similar to that shown for RAG recombinases, which have 
similar enzymatic properties to DNA topoisomerases (Sawchuk et al., 2004). Alternatively, 
recruitment of DNA-PK by Ku and repair of the DSBs through NHEJ may function as a 
backup mechanism, ensuring chromosomal stability in cases of Topo II malfunction.  
 

 
Fig. 2. Model for the role of Ku in pre-RC assembly. Targeting of Ku and Topoisomerase II 
onto chromatin during G1 phase leads to topologic changes in the chromosomal regions that 
correspond to replication origins, facilitating the assembly/stability of the ORC hexamer. 

Second, at the replication fork progression level, Park et al. showed that upon IR-induced 
DNA damage, Ku-, but not DNA-PKcs-, deficient cells exhibited significantly slow S phase 
progression due to collapse of PCNA from the replication fork (Park et al., 2004). These 
results led the authors to suggest a role for Ku in maintaining the sliding clamp on 
chromatin at chromosomal breaks, thus facilitating efficient resumption of DNA replication. 
In agreement with a role for Ku in the replication fork progression, Hoek et al. showed that 
Ku directly associates with the chromatin assembly factor 1 (CAF-1) (Hoek et al., 2011), the 
primary DNA replication-coupled histone deposition factor, which is attached to the 
replication fork through PCNA (Shibahara and Stillman, 1999). Although no functional 
evidence was shown, the authors suggested that the significance of this interaction may 
involve the recruitment of CAF-1 to sites of DSBs in order to establish the appropriate local 
chromatin structure, which would allow cell cycle progression. Finally, a DNA-PKcs 
dependent role for Ku was also shown during DNA replication (Shimura et al., 2007). Using 
the DNA replication inhibitor aphidicolin to transiently perturb DNA replication, Shimura 
et al. showed that persistent DNA breaks accumulated in DNA-PKcs deficient cells, 
resulting in the activation of an ATR-mediated S-phase checkpoint and blockage of cell cycle 
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progression. In contrast, their wild-type cells continued to synthesize DNA and were able to 
promptly repair the DNA breaks, suggesting a role of DNA-PK in immediately repairing 
DNA breaks following deceleration of DNA replication. 
Altogether these results suggest that, in addition to its role in repairing dsDNA breaks that 
occur during replication fork progression (Shimura et al., 2007), Ku is also involved in the 
prevention of DNA breaks caused by replication fork collapse by: i) binding onto DNA 
replication origins at G1 phase (Novac et al., 2001; Ruiz et al., 1999), recruiting the DNA 
replication machinery (Rampakakis et al., 2008; Rampakakis and Zannis-Hadjopoulos, 2009; 
Sibani et al., 2005b) and ensuring genomic duplication and maintenance (Toth et al., 1993) 
(progression into S phase without the appropriate number of activated replication origins 
would lead to an increase of the average replicon size, resulting in stalled replication forks 
and chromosomal instability (Ekholm-Reed et al., 2004; Tanaka and Diffley, 2002a)); and ii) 
maintaining the DNA polymerase processivity factor PCNA on chromatin following 
ionizing radiation (Park et al., 2004).  

3.4 DNA damage checkpoints  
Accurate and precise genome duplication and segregation to the daughter cells is essential, 
as small unreplicated regions will result in breaks and deletions during mitosis, including in 
tumor suppressor genes, while local over-replication would result in gene, and possibly 
oncogene, amplification (Gonzalez et al., 2005). Thus, the cell has evolved surveillance 
mechanisms (cell cycle checkpoints) to monitor the proper succession of events throughout 
the cell cycle. The checkpoint proteins are activated following DNA lesions (Branzei and 
Foiani, 2008; Hakem, 2008) or insufficient replication initiator proteins (Lau and Jiang, 2006; 
Machida and Dutta, 2005) and arrest cells in the cell cycle in order for DNA-repair to take 
place.  

3.4.1 Initiation of DNA replication and checkpoint activation 
Low levels of replication initiator proteins, were shown to induce a blockage of cells to late G1 
phase, due to Cyclin E/Cdk2 inactivation (Machida and Dutta, 2005; Rampakakis et al., 2008), 
or apoptosis (Feng et al., 2003). Blockage of pre-RC assembly by overexpressing a stable form 
of geminin in primary fibroblasts resulted in G1 arrest with reduced Cyclin E levels and 
hypophosphorylated pRB (Shreeram et al., 2002). Altogether, these results suggest the 
existence of a G1/S checkpoint overseeing the efficient pre-RC formation. Although the 
significance of this checkpoint is still obscure, it is thought to protect cells from DNA 
replication crisis and possible aberrant genome duplication, since premature progression into 
S phase without the appropriate number of activated replication origins would lead to an 
increase of the average replicon size, resulting in stalled replication forks and chromosomal 
instability (Ekholm-Reed et al., 2004; Tanaka and Diffley, 2002b). In agreement with this 
scenario, deregulation of Cyclin E was shown to impair pre-RC formation and cause 
chromosome instability in human cancer cells (Ekholm-Reed et al., 2004). 
Origin re-replication due to erroneous pre-RC inactivation upon S-phase entry activates a 
different type of cell cycle checkpoint acting at the G2/M border. Overexpression of Cdt1 or 
Cdc6 induces an ATM/ATR– and p53-dependent checkpoint pathway preventing re-
replication (Vaziri et al., 2003). Similarly, re-replication induced by geminin depletion 
resulted in the activation of a G2/M checkpoint which, however, was p53-independent, but  
Chk1-dependent (Melixetian et al., 2004; Zhu et al., 2004). Blow et al. showed that the 
underlying mechanism behind this checkpoint involves the generation of short re-replicated 
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dsDNA strands due to head-to-tail collision of replication forks (Davidson et al., 2006). As a 
result, cell cycle arrest prevents cells from entry into M phase and mitotic catastrophe.   

3.4.2 Replication fork progression and checkpoint activation 
Replication errors in S-phase trigger changes in the cdk cycle, either blocking the cells in 
specific stages or causing them to succumb to apoptosis, in case of extensive damage. 
Inhibition of fork progression by topoisomerase inhibitors (Clifford et al., 2003; Downes et 
al., 1994; Mikhailov et al., 2004) or by double-strand breaks (Kastan and Bartek, 2004) leads 
to the activation of a G2/M checkpoint before mitotic entry. 
Due to its complexity, DNA replication during S phase is often accompanied by various 
types of DNA damage (Branzei and Foiani, 2008). In most cases this damage is detected by 
cellular surveillance mechanisms, resulting in the activation of cell cycle checkpoints and 
DNA repair mechanisms. Unrepaired dsDNA breaks (DSBs) or DNA lesions during G1 
phase may result in the collapse of replication forks, whereas DNA lesions or gaps may 
induce fork stalling. ATM and DNA-PK are the main effectors of the dsDNA break-induced 
checkpoints, whereas ATR is mainly activated by ssDNA and stalled replication forks. DSB 
resection, also leads to the ATR activation due to the generation of intermediate RPA-
covered ssDNA (Jazayeri et al., 2006). Recruitment of DNA-PK, ATM and ATR at damaged 
DNA sites induces the activation of a complex network of downstream effectors, including 
checkpoint kinases 1 and 2 (Chk1 and Chk2, respectively), and resulting in DNA repair 
(Matsuoka et al., 2007; Shrivastav et al., 2008). 

3.4.3 DNA damage checkpoints and cancer 
A number of studies have shown that the DNA damage and DNA replication checkpoints 
represent a tumorigenesis barrier and that deregulation of their constituents occurs during 
transformation to the malignant phenotype, allowing genomic instability and progression 
towards uncontrolled cellular proliferation (Bartkova et al., 2005; Bartkova et al., 2006; 
Holland and Cleveland, 2009; Lau et al., 2007). DSBs are considered to be among the most 
detrimental forms of DNA damage and can arise both from exogenous stimuli (i.e., DNA 
damaging agents, ionizing radiation) and endogenous processes (i.e., base oxidation due to 
reactive oxygen species, DNA depurination due to hydrolysis, and replication fork collapse 
(Branzei and Foiani, 2008). In such cases, cells elicit a DNA damage response (DDR), which 
consists of a biochemical cascade leading to p53 activation (Halazonetis et al., 2008). The 
nature of the DDR response depends on the extent of damage and can either involve repair 
of the damage, or cell growth arrest in the form of senescence or apoptosis (Bartkova et al., 
2006; Gorgoulis and Halazonetis, 2010; Gorgoulis et al., 2005). The DDR represents an early 
inducible barrier in carcinogenesis that can be activated by compromised DNA replication 
(Halazonetis et al., 2008), which commonly coincides with oncogenic factor overexpression. 
Such factors include a variety of oncogenes, such as traditional ones that promote cellular 
growth as well as replication licensing ones (Bartkova et al., 2006; Liontos et al., 2007). 
Sustained production of DSBs can eventually lead to increased activation of the DDR 
pathway and a selective pressure for p53 inactivation. Eventually, a loss of the anti-tumor 
barriers takes place, leading to the emergence of genomic instability. Normal cells, on the 
other hand, maintain these checkpoints intact, being able to arrest in the cell cycle in 
response to genotoxic stress, and this disparity is an obvious target for therapeutic exploit 
(Lau and Jiang, 2006). Thus: i) DNA repair inhibitors represent a promising therapeutic 
target, either as single agents or in combination with DNA-damaging agents, depending on 
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progression. In contrast, their wild-type cells continued to synthesize DNA and were able to 
promptly repair the DNA breaks, suggesting a role of DNA-PK in immediately repairing 
DNA breaks following deceleration of DNA replication. 
Altogether these results suggest that, in addition to its role in repairing dsDNA breaks that 
occur during replication fork progression (Shimura et al., 2007), Ku is also involved in the 
prevention of DNA breaks caused by replication fork collapse by: i) binding onto DNA 
replication origins at G1 phase (Novac et al., 2001; Ruiz et al., 1999), recruiting the DNA 
replication machinery (Rampakakis et al., 2008; Rampakakis and Zannis-Hadjopoulos, 2009; 
Sibani et al., 2005b) and ensuring genomic duplication and maintenance (Toth et al., 1993) 
(progression into S phase without the appropriate number of activated replication origins 
would lead to an increase of the average replicon size, resulting in stalled replication forks 
and chromosomal instability (Ekholm-Reed et al., 2004; Tanaka and Diffley, 2002a)); and ii) 
maintaining the DNA polymerase processivity factor PCNA on chromatin following 
ionizing radiation (Park et al., 2004).  

3.4 DNA damage checkpoints  
Accurate and precise genome duplication and segregation to the daughter cells is essential, 
as small unreplicated regions will result in breaks and deletions during mitosis, including in 
tumor suppressor genes, while local over-replication would result in gene, and possibly 
oncogene, amplification (Gonzalez et al., 2005). Thus, the cell has evolved surveillance 
mechanisms (cell cycle checkpoints) to monitor the proper succession of events throughout 
the cell cycle. The checkpoint proteins are activated following DNA lesions (Branzei and 
Foiani, 2008; Hakem, 2008) or insufficient replication initiator proteins (Lau and Jiang, 2006; 
Machida and Dutta, 2005) and arrest cells in the cell cycle in order for DNA-repair to take 
place.  

3.4.1 Initiation of DNA replication and checkpoint activation 
Low levels of replication initiator proteins, were shown to induce a blockage of cells to late G1 
phase, due to Cyclin E/Cdk2 inactivation (Machida and Dutta, 2005; Rampakakis et al., 2008), 
or apoptosis (Feng et al., 2003). Blockage of pre-RC assembly by overexpressing a stable form 
of geminin in primary fibroblasts resulted in G1 arrest with reduced Cyclin E levels and 
hypophosphorylated pRB (Shreeram et al., 2002). Altogether, these results suggest the 
existence of a G1/S checkpoint overseeing the efficient pre-RC formation. Although the 
significance of this checkpoint is still obscure, it is thought to protect cells from DNA 
replication crisis and possible aberrant genome duplication, since premature progression into 
S phase without the appropriate number of activated replication origins would lead to an 
increase of the average replicon size, resulting in stalled replication forks and chromosomal 
instability (Ekholm-Reed et al., 2004; Tanaka and Diffley, 2002b). In agreement with this 
scenario, deregulation of Cyclin E was shown to impair pre-RC formation and cause 
chromosome instability in human cancer cells (Ekholm-Reed et al., 2004). 
Origin re-replication due to erroneous pre-RC inactivation upon S-phase entry activates a 
different type of cell cycle checkpoint acting at the G2/M border. Overexpression of Cdt1 or 
Cdc6 induces an ATM/ATR– and p53-dependent checkpoint pathway preventing re-
replication (Vaziri et al., 2003). Similarly, re-replication induced by geminin depletion 
resulted in the activation of a G2/M checkpoint which, however, was p53-independent, but  
Chk1-dependent (Melixetian et al., 2004; Zhu et al., 2004). Blow et al. showed that the 
underlying mechanism behind this checkpoint involves the generation of short re-replicated 
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dsDNA strands due to head-to-tail collision of replication forks (Davidson et al., 2006). As a 
result, cell cycle arrest prevents cells from entry into M phase and mitotic catastrophe.   

3.4.2 Replication fork progression and checkpoint activation 
Replication errors in S-phase trigger changes in the cdk cycle, either blocking the cells in 
specific stages or causing them to succumb to apoptosis, in case of extensive damage. 
Inhibition of fork progression by topoisomerase inhibitors (Clifford et al., 2003; Downes et 
al., 1994; Mikhailov et al., 2004) or by double-strand breaks (Kastan and Bartek, 2004) leads 
to the activation of a G2/M checkpoint before mitotic entry. 
Due to its complexity, DNA replication during S phase is often accompanied by various 
types of DNA damage (Branzei and Foiani, 2008). In most cases this damage is detected by 
cellular surveillance mechanisms, resulting in the activation of cell cycle checkpoints and 
DNA repair mechanisms. Unrepaired dsDNA breaks (DSBs) or DNA lesions during G1 
phase may result in the collapse of replication forks, whereas DNA lesions or gaps may 
induce fork stalling. ATM and DNA-PK are the main effectors of the dsDNA break-induced 
checkpoints, whereas ATR is mainly activated by ssDNA and stalled replication forks. DSB 
resection, also leads to the ATR activation due to the generation of intermediate RPA-
covered ssDNA (Jazayeri et al., 2006). Recruitment of DNA-PK, ATM and ATR at damaged 
DNA sites induces the activation of a complex network of downstream effectors, including 
checkpoint kinases 1 and 2 (Chk1 and Chk2, respectively), and resulting in DNA repair 
(Matsuoka et al., 2007; Shrivastav et al., 2008). 

3.4.3 DNA damage checkpoints and cancer 
A number of studies have shown that the DNA damage and DNA replication checkpoints 
represent a tumorigenesis barrier and that deregulation of their constituents occurs during 
transformation to the malignant phenotype, allowing genomic instability and progression 
towards uncontrolled cellular proliferation (Bartkova et al., 2005; Bartkova et al., 2006; 
Holland and Cleveland, 2009; Lau et al., 2007). DSBs are considered to be among the most 
detrimental forms of DNA damage and can arise both from exogenous stimuli (i.e., DNA 
damaging agents, ionizing radiation) and endogenous processes (i.e., base oxidation due to 
reactive oxygen species, DNA depurination due to hydrolysis, and replication fork collapse 
(Branzei and Foiani, 2008). In such cases, cells elicit a DNA damage response (DDR), which 
consists of a biochemical cascade leading to p53 activation (Halazonetis et al., 2008). The 
nature of the DDR response depends on the extent of damage and can either involve repair 
of the damage, or cell growth arrest in the form of senescence or apoptosis (Bartkova et al., 
2006; Gorgoulis and Halazonetis, 2010; Gorgoulis et al., 2005). The DDR represents an early 
inducible barrier in carcinogenesis that can be activated by compromised DNA replication 
(Halazonetis et al., 2008), which commonly coincides with oncogenic factor overexpression. 
Such factors include a variety of oncogenes, such as traditional ones that promote cellular 
growth as well as replication licensing ones (Bartkova et al., 2006; Liontos et al., 2007). 
Sustained production of DSBs can eventually lead to increased activation of the DDR 
pathway and a selective pressure for p53 inactivation. Eventually, a loss of the anti-tumor 
barriers takes place, leading to the emergence of genomic instability. Normal cells, on the 
other hand, maintain these checkpoints intact, being able to arrest in the cell cycle in 
response to genotoxic stress, and this disparity is an obvious target for therapeutic exploit 
(Lau and Jiang, 2006). Thus: i) DNA repair inhibitors represent a promising therapeutic 
target, either as single agents or in combination with DNA-damaging agents, depending on 
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the tumor genetic background with regard to the DNA repair machinery status (Antoni et 
al., 2007), and ii) the status of the various constituents of the DNA repair machinery could 
be used as a prognostic factor in many cases. 

4. The role of chromatin structure 
The architecture of chromatin is of central importance in cellular processes such as DNA 
replication, DNA repair and gene expression (reviewed in (Winkler and Luger, 2011)). 
Chromatin reconfiguration that occurs during embryonic DNA replication has a direct effect 
on reactivation of gene expression (Forlani et al., 1998), while remodeling of chromatin 
structure is necessary for enabling eukaryotic cell DNA repair (Groth et al., 2007). 
Furthermore, chromatin structure affects the selection, activation and temporal program of 
replication origins (Rampakakis et al., 2009b). Chromatin dynamics are directly influenced 
by histone modifications, affecting the association of various chromatin modifying, DNA 
replication, repair and transcription factors to chromatin. It was also recently shown that 
PCNA affects the epigenetic landscape by influencing the composition of histone 
modifications on chromatin (Miller et al., 2010). PCNA also recruits a large number of 
chromatin-modifying enzymes to DNA replication sites, including the maintenance DNA 
methyltranseferase DNMT1, the chromatin assembly factor CAF-1, histone deacetylases 
(HDACs), and WSTF-SNF2h (reviewed in (Groth et al., 2007)), thus connecting DNA 
replication with epigenetic inheritance (Zhang et al., 2000). Recent studies indicate that the 
ubiquitination and SUMOylation of PCNA regulate the manner by which eukaryotic cells 
respond to different types of DNA damage as well as the selection of the appropriate repair 
pathways (reviewed in (Chen et al., 2011)).  
In view of the fact that the chromatin dynamics during DNA repair are distinct from those 
seen during DNA replication (Groth et al., 2007), it is very likely that high order chromatin 
structure also influences the activity of those proteins with a dual role in DNA replication 
and repair. Thus, the temporal regulation of both the expression and proper targeting of 
chromatin modifiers to specific DNA loci may be responsible for directing these proteins 
toward one or the other of their dual functions (i.e., DNA replication or repair), depending 
on the cellular requirements of the moment.  

5. Conclusion 
Accumulated evidence points to a synergy between the DNA replication and repair 
machineries, as several proteins are involved in both pathways. The functional significance 
of the synergy between DNA replication and repair proteins lies in the fact that several 
proteins are strategically located on the DNA and poised to carry both replication and repair 
functions, depending on the local environment and cellular requirements for normal 
functioning and survival. The existence of proteins with a dual role in DNA replication and 
repair is logical, economical and beneficial for the cell, allowing it to coordinate the two 
important processes of replication and repair, thus optimizing its likelihood of accurate 
genome duplication and survival. 
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ubiquitination and SUMOylation of PCNA regulate the manner by which eukaryotic cells 
respond to different types of DNA damage as well as the selection of the appropriate repair 
pathways (reviewed in (Chen et al., 2011)).  
In view of the fact that the chromatin dynamics during DNA repair are distinct from those 
seen during DNA replication (Groth et al., 2007), it is very likely that high order chromatin 
structure also influences the activity of those proteins with a dual role in DNA replication 
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chromatin modifiers to specific DNA loci may be responsible for directing these proteins 
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on the cellular requirements of the moment.  
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1. Introduction 
1.1 Need for outstanding cell models for studying interwoven DNA repair pathways 
During normal human cell growth, each cell is exposed to numerous DNA-damaging 
events. DNA lesions are mainly inflicted by endogenous insults, such as normal biochemical 
activities, by-product synthesis and the in situ production of reactive oxygen species (ROS). 
DNA is also subject to genotoxic injuries resulting from diverse exogenous sources. It is not 
surprising that living organisms have evolved numerous intricate strategies to counteract 
these environmental pressures and to allow living cells to thrive in aerobic conditions. 
Through evolution various highly sophisticated pathways for protecting the genetic 
information have been retained. The first lines of defense include detoxification metabolisms 
and defense against oxidative stress. When these caretaker processes fail to insure a correct 
protection of biological molecules, such as genomic and mitochondrial DNA, DNA repair 
pathways become the ultimate bulwark against DNA damage. However, when DNA 
damage is not dealt with properly, it can adversely threaten the fidelity of the genetic 
information and ultimately lead to hereditary diseases or neoplastic processes. 
Amongst DNA lesions, DNA double-strand breaks (DSBs) are likely to be the ultimate lethal 
ones because unrepaired they can lead to chromosomal rearrangements, malignant 
transformation or apoptosis (Roos & Kaina, 2006). Endogenous DSBs mainly arise from the 
processing of single-strand breaks (SSBs) when they are converted to DSBs by DNA 
replication and/or transcription mechanisms (Mladenov & Iliakis, 2011). Given the chemical 
variety of DNA lesions encountered, evolution has retained a large diversity of DNA repair 
pathways and a tight interplay between DNA replication and DNA repair. While numerous 
DNA repair mechanisms exist, the major pathways include mismatch, excision and 
recombinational repair (Hoeijmakers, 2001) and some factors can participate in divergent 
processes. This is the case of the structure-specific endonuclease ERCC1 / XPF, which is 
required in two distinct mechanisms: excision (nucleotide excision repair or NER) and 
recombinational (single-strand annealing or SSA) repair pathways. ERCC1 / XPF 
endonuclease plays a critical role in NER by being recruited at the site of damaged DNA in 
order to cleave one strand of the damaged DNA. It is also involved in SSA, which appears to 
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be an alternative pathway to homologous recombination (HR) or nonhomologous end 
joining (NHEJ) (Al-Minawi et al., 2008). Moreover, albeit belonging to the same complex, it 
is hypothesized that ERCC1 and XPF have distinct functions in vivo because their deficiency 
can lead to different phenotypes in humans. For instance, the only patient carrying a 
mutated ERCC1 gene exhibits a cerebro-oculo-facio-skeletal syndrome with severe 
neurological defects but a moderate sensitivity to UV light and mitomycin C, the hallmark 
of XPF patients (Jaspers et al., 2007). Furthermore, there is a large body of evidence that 
raises the notion that the failure of one DNA repair pathway could modify the efficiency 
and/or fidelity of another one. An interesting example is the cross-talk between the 
mismatch repair (MMR) and recombinational pathways. MMR appears to be an essential 
mechanism for guaranteeing the fidelity of DNA replication because misincorporated 
nucleotides have to be excised immediately after DNA synthesis. Inherited defects in the 
MMR trigger a spontaneous mutation rate 50- to 1000-fold higher than that observed in 
MMR proficient cells, with a tremendous increase of spontaneous base substitution and 
frameshift mutations (for review (Iyer et al., 2006)). These mutational events could facilitate 
illegitimate recombination between nearly-homologous sequences, contributing to the onset 
of hereditary nonpolyposis colon cancer (HNPCC) (for review (Iyer et al., 2006)). Human 
MutSα ((Msh2-Msh6 heterodimer), and MutLα (Mlh1-Pms2 heterodimer) participate in the 
delity of genetic recombination and the suppression of gene amplification (Chen et al., 
2001). 
Another recurring theme in the DNA repair of complex genomes, such as the mammalian 
genome, is the existence of proteins with partly overlapping activities. This genetic 
redundancy appears essential for maintaining the stability of a complex genome but this 
represents a major drawback for experimental approaches designed to unravel the specific 
functions of a particular DNA repair protein. A classic example arises from the repair of 
uracil by BER. BER includes a recognition step which is performed by specific uracil-DNA 
glycosylases, following by a synthesis step conducted by the DNA polymerase beta (Pol β). 
Different DNA glycosylases travel down the DNA molecule scanning for potential lesions 
(Sartori et al., 2002), and gene redundancy might make it difficult to generate uracil 
glycosylase–deficient cells because there are several genes in the mammalian genome that 
encode enzymes able to excise uracil from DNA (Pearl, 2000). Another example is the PARP 
family where PARP1 and PARP2 possess partially redundant functions as well as divergent 
activities (Menissier de Murcia et al., 2003, Schreiber et al., 2002). This functional partial 
overlap explains the survival of human cells when either the PARP1 or PARP2 gene is 
silenced (see below); in contrast double PARP1 and PARP2 knockdown leads to cell death 
(unpublished data). Fortunately, the genetic redundancy and the overlap between DNA 
repair pathways support the notion that compensating repair activities can take place over 
time. This is essential to understanding of DNA damage response (DDR)–deficient human 
cells, but also cells handled in vitro, such as knockdown cells. 
An additional point in the complex study of DNA repair factors is that several of them are 
involved in other physiological pathways, even in the absence of DNA damage. This is the 
case for certain of the NER factors and their tight relationship with the transcriptional 
machinery (Le May et al., 2010a, Le May et al., 2010b). This is also observed when different 
DNA repair pathways are key building blocks in the primary and secondary antibody 
diversification processes taking place in B lymphocytes (for review (Durandy, 2009)). 
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Actually, BER, D-NHEJ (classic DNA PKcs-dependent NHEJ), b-NHEJ (backup NHEJ), 
MMR and DNA damage signaling factors actively contribute to immunoglobulin 
diversification.  
These compelling data explain why a mutation of one DNA repair gene could trigger fetal 
or embryonic death or lead to a dramatic hereditary disorder. Human syndromes where one 
DNA repair gene is mutated have been collectively classified as “DDR-defective syndromes”. 
The range of clinical features associated with these disorders attests to the complexity of the 
DDR, its redundancy and its connection with other essential processes. That explains the 
diversity of the phenotypes observed in patients with DNA repair disorders (Table 1). It 
turned out that growing evidence demonstrates that ubiquitylation of key proteins is 
critically involved in the emergence of DDR-defective syndromes as observed for NER 
(DDB2), HR (FancD2) or TLS (PCNA). (for review (Huang & D'Andrea, 2006)). The pivotal 
role of DNA repair pathways during normal human development explains one hallmark of 
numerous DDR-defective syndromes. Actually, the main clinical features observed in 
numerous DDR-defective syndromes are hematopoietic defects (e.g. anemia or 
immunodeciency) and neurological deficits (e.g. microcephaly), in parallel with genomic 
instability and specific DNA damage-induced sensitivities. This highlights crosslinks 
between DNA repair mechanisms and either neuronal development (O'Driscoll & Jeggo, 
2008) or immunoglobulin diversification processes (for review (Durandy, 2009)). Hence, 
numerous DDR-defective disorders exhibit microcephaly, such as LIG4 syndrome (DNA 
ligase IV gene) but also XLF-Cernunnos-SCID (XLF-Cernunnos gene), Seckel syndrome (ATR 
gene), Nijmegen breakage syndrome (NBS1 gene), Fanconi anemia (FancD1/BRCA2 gene), 
Bloom syndrome (BLM gene), Cockayne syndrome (CSA, CSB, XPB, XPD and XPG genes), 
Xeroderma pigmentosum (XPA to XPG genes), and cerebro-oculo-facio-skeletal syndrome 
(ERCC1 gene) ((Jaspers et al., 2007); for review (McKinnon, 2009, O'Driscoll & Jeggo, 2008)). 
LIG4 syndrome and XLF-Cernunnos-SCID also exhibit multiple immune abnormalities 
because both LigIV and XLF/Cernunnos are involved in the V(D)J and NHEJ pathways 
which are required during the primary repertoire of antibodies and the secondary 
diversification processes (Yan et al., 2007).  

1.2 Long term silenced human cells  
A better understanding of these hereditary disorders requires detailed insight into each 
DNA repair pathway that can operate on the damaged genome. Furthermore, the 
importance of the DDR during the multistage process leading to tumorigenesis emphasizes 
the need for outstanding biological tools to study DNA repair genes. Altogether this 
compelling evidence points to the need of outstanding cell models for unraveling the DDR 
jigsaw both for fundamental research and for the development of novel therapeutic 
strategies.  
Over the last seven years we have developed a rational strategy to silence the main DNA 
repair factors so as to unveil their functions. Since the emergence of the RNA interference 
technology, many studies have developed transient or middle-term gene silencing 
experiments targeting DDR genes, but few of them have characterized stable clones. Our 
project is based on the exceptional efficiency of pEBVsiRNA vectors in ensuring stable gene 
silencing. Our approach has been extensively described previously (Biard, 2007, Biard & 
Angulo, 2007). 
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between DNA repair mechanisms and either neuronal development (O'Driscoll & Jeggo, 
2008) or immunoglobulin diversification processes (for review (Durandy, 2009)). Hence, 
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gene), Nijmegen breakage syndrome (NBS1 gene), Fanconi anemia (FancD1/BRCA2 gene), 
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1.2 Long term silenced human cells  
A better understanding of these hereditary disorders requires detailed insight into each 
DNA repair pathway that can operate on the damaged genome. Furthermore, the 
importance of the DDR during the multistage process leading to tumorigenesis emphasizes 
the need for outstanding biological tools to study DNA repair genes. Altogether this 
compelling evidence points to the need of outstanding cell models for unraveling the DDR 
jigsaw both for fundamental research and for the development of novel therapeutic 
strategies.  
Over the last seven years we have developed a rational strategy to silence the main DNA 
repair factors so as to unveil their functions. Since the emergence of the RNA interference 
technology, many studies have developed transient or middle-term gene silencing 
experiments targeting DDR genes, but few of them have characterized stable clones. Our 
project is based on the exceptional efficiency of pEBVsiRNA vectors in ensuring stable gene 
silencing. Our approach has been extensively described previously (Biard, 2007, Biard & 
Angulo, 2007). 
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Pathways Diseases or 
syndromes

Mutated genes
(targeted genes*) Main symptoms and/or remarks 

Cell cycle 
control 

Li-Fraumeni 
syndrome p53 Sarcoma, breast, brain, leukemia 

 familial 
retinoblastoma Rb Retinoblastoma, osteosarcoma 

 familia melanoma p16 Melanoma, pancreas cancers 

 Sporadic cancers Chk1 
Colorectal, stomach, lung, endometrial, 
melanoma, mesothelioma cancers (for 

review (Solyom et al., 2010)) 

 Li-Fraumeni 
syndrome Chk2 Breast, lung, colon, urinary, bladder, testis 

cancers, melanoma 

Signaling 
pathways Ataxia telangiectasia ATM 

Neurodegeneration, sterility, 
telangiectasia, dysarthria, immunological 

defects, sensitivity to IR, lymphomas 

 ATR-Seckel 
syndrome ATR Microcephaly and mental retardation, 

growth defects 

 Ataxia telangiectasia-
like disorder MRE11 

Ataxia, neurodegeneration, dysarthria 
and oculomotor apraxia, mild 

immunological defects, lymphomas 

 Familial breast cancer 
1 & 2 BRCA1, BRCA2 Chromosome instability, sensitivity to 

DNA damage, HR deficiency, cancer 

 Nijmegen breakage 
syndrome NBS1 Microcephaly, immunological defects and 

lymphoid malignacy, lymphomas 

 NBS-like disorder 
(NBSlD) Rad50  

DNA DSB 
repair LIG4 syndrome LIG4 Microcephaly, developmental/growth 

delay, immunodeficiency and lymphomas 

 
Human 

immunodeficiency 
with microcephaly

XLF/Cernunnos Microcephaly, immunodeficiency 

 glioblastoma (M059J 
cells) DNAPKcs (Allalunis-Turner et al., 1993) 

 Fanconi anaemia BCRA2 Microcephaly and medulloblastoma, Bone 
marrow and congenital defects 

DNA SSB 
repair 

Spinocerebellar 
ataxia with axonal 

neuropathy
TDP1 

Ataxia, neurodegeneration, peripheral 
axonal motor, and sensory neuropathy, 

and muscle weakness… 

 Ataxia with 
oculomotor apraxia 1 APTX 

Ataxia, neurodegeneration, oculomotor 
apraxia and peripheral neuropathy, 

hypercholesterolaemia and 
hypoalbuminaemia 

 cerebro-oculo-facio-
skeletal syndrome ERCC1 Microcephaly, moderate sensitivity to UV 

and mitomycin C (Jaspers et al., 2007) 

NER Xeroderma 
pigmentosum (XP) XPA to XPG Neurodegeneration and microcephaly, 

UV sensitivity and skin cancer 

 Cockayne syndrome 
(CS) 

CSA, CSB, XPB, 
XPD, XPG 

Microcephaly and dysmyelination , TCR-
specific disorder. Segmental progeria, no 

increase in cancer incidence 

 Trichothiodystrophy 
(TDD) 

XPD, XPB, TTD-
A 

Neurodevelopmental defects and 
dysmyelination, brittle hair, nails and 

scaly skin. Segmental progeria without an 
increase in cancer incidence (Giglia-Mari 

et al., 2004)
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Pathways Diseases or 
syndromes

Mutated genes
(targeted genes*) Main symptoms and/or remarks 

TLS XP variant (XP-V) XPV (pol iota) UV-induced skin cancer 

DNA cross 
link repair 

& 
Ubiquitin 

ligase 

Fanconi anaemia 
FancA, B, C, D1 
(BRCA2), D2, E, 
F, G, I, J, L, M, N

Microcephaly and medulloblastoma, 
cervical cancer, brain tumours i(FANCD2 

and FANCN), anaemia, developmental 
defects, ovarian carcinomas, head and 
neck squamous cell carcinomas, bone 

marrow failure, and myeloid leukemias. 

BER 
Multiple colorectal 

adenoma and 
carcinoma

MutYH DNA glycosylase involved in the repair of 
oxidative damage (Al-Tassan et al., 2002) 

 Ligase I Ligase I 
Iimmunodeficiencies and cellular 

hypersensitivity to DNA-damaging 
agents (Barnes et al., 1992) 

MMR HNPCC 
MLH1, MLH3, 
MSH2, MSH6, 

PMS2 

Hereditary nonpolyposis colon cancer, 
rectum, gastric, endometrium, ovarian, 
urinary organ cancers (Peltomaki, 2003) 

Helicase Werner syndrome WRN Severe progeria, various cancers 

 Rothmund Thomson 
syndrome RTS Osteosarcomas 

 Bloom syndrome BLM Proportional dwarfism, leukemias, 
lymphomas and others cancer 

 Ataxia with 
oculomotor apraxia 2 SETX Ataxia, neurodegeneration and 

oculomotor apraxia 

(*: genes targeted with pEBVsiRNA plasmids) 

Table 1. Main DDR defective Syndromes. (Adaptated from (Hoeijmakers, 2001) and 
(McKinnon, 2009)). 

Briefly, for each gene, three pEBVsiRNA vectors are constructed and validated through both 
short-term (several days) and long-term (several weeks) experiments. Afterwards, we used 
only one “validated” vector to establish stable clones (Fig. 1). Four years ago we adopted the 
DSIR program developed by Vandenbrouck and collaborators (Vert et al., 2006) to design 
shRNA sequences. This program includes an exact similarity search algorithm for potential 
off-target detection. In a recent comparison of methods for a rational siRNA design, DSIR is 
among the three best predictive programs (Matveeva et al., 2007). Our siRNA sequences 
mainly target the open reading frame of the targeted genes, but when necessary we also use 
siRNA sequences stretching to the 3’-UTR (e.g. for rescue experiments). Among the targeted 
genes and in using our approach we have always obtained at least one vector able to impose 
long-term shut down greater than 80% as compared with control cells (as evidenced by real-
time RT-PCR).  
Using this technology, more than 160 human genes in different human cell models such as 
HeLa (Ame et al., 2009, Amine et al., 2009, Aressy et al., 2008, Betous et al., 2009, Biard, 2007, 
Biard et al., 2005, Biard & Angulo, 2007, Boehler et al., 2011, Bouley et al., 2010, Britton et al., 
2009a, Despras et al., 2007, Godon et al., 2008, Le May et al., 2010b, Ousset et al., 2010, 
Pennarun et al., 2008, Pennarun et al., 2010, Wu et al., 2007), U2OS (Betous et al., 2009, Rey et 
al., 2009) and MRC5-V1 (Bouquet et al., 2011, Britton et al., 2009b, Schmutz et al., 2010) cells 
have been silenced. Our approach has also been successfully tested in other human tumor-
derived cell lines, such as RKO (Biard & Angulo, 2007), HCT-116 (Aressy et al., 2008), Caco2 
(Coant et al., 2010), SH-SY5Y cells (Schulte et al., 2008), MCF7, MDA-MB 231, K562, UT7 
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Pathways Diseases or 
syndromes

Mutated genes
(targeted genes*) Main symptoms and/or remarks 

Cell cycle 
control 
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retinoblastoma Rb Retinoblastoma, osteosarcoma 

 familia melanoma p16 Melanoma, pancreas cancers 

 Sporadic cancers Chk1 
Colorectal, stomach, lung, endometrial, 
melanoma, mesothelioma cancers (for 

review (Solyom et al., 2010)) 

 Li-Fraumeni 
syndrome Chk2 Breast, lung, colon, urinary, bladder, testis 

cancers, melanoma 

Signaling 
pathways Ataxia telangiectasia ATM 

Neurodegeneration, sterility, 
telangiectasia, dysarthria, immunological 

defects, sensitivity to IR, lymphomas 

 ATR-Seckel 
syndrome ATR Microcephaly and mental retardation, 

growth defects 

 Ataxia telangiectasia-
like disorder MRE11 

Ataxia, neurodegeneration, dysarthria 
and oculomotor apraxia, mild 

immunological defects, lymphomas 

 Familial breast cancer 
1 & 2 BRCA1, BRCA2 Chromosome instability, sensitivity to 

DNA damage, HR deficiency, cancer 

 Nijmegen breakage 
syndrome NBS1 Microcephaly, immunological defects and 

lymphoid malignacy, lymphomas 

 NBS-like disorder 
(NBSlD) Rad50  

DNA DSB 
repair LIG4 syndrome LIG4 Microcephaly, developmental/growth 

delay, immunodeficiency and lymphomas 

 
Human 

immunodeficiency 
with microcephaly

XLF/Cernunnos Microcephaly, immunodeficiency 

 glioblastoma (M059J 
cells) DNAPKcs (Allalunis-Turner et al., 1993) 

 Fanconi anaemia BCRA2 Microcephaly and medulloblastoma, Bone 
marrow and congenital defects 

DNA SSB 
repair 

Spinocerebellar 
ataxia with axonal 

neuropathy
TDP1 

Ataxia, neurodegeneration, peripheral 
axonal motor, and sensory neuropathy, 

and muscle weakness… 

 Ataxia with 
oculomotor apraxia 1 APTX 

Ataxia, neurodegeneration, oculomotor 
apraxia and peripheral neuropathy, 

hypercholesterolaemia and 
hypoalbuminaemia 

 cerebro-oculo-facio-
skeletal syndrome ERCC1 Microcephaly, moderate sensitivity to UV 

and mitomycin C (Jaspers et al., 2007) 

NER Xeroderma 
pigmentosum (XP) XPA to XPG Neurodegeneration and microcephaly, 

UV sensitivity and skin cancer 

 Cockayne syndrome 
(CS) 

CSA, CSB, XPB, 
XPD, XPG 

Microcephaly and dysmyelination , TCR-
specific disorder. Segmental progeria, no 

increase in cancer incidence 

 Trichothiodystrophy 
(TDD) 

XPD, XPB, TTD-
A 

Neurodevelopmental defects and 
dysmyelination, brittle hair, nails and 

scaly skin. Segmental progeria without an 
increase in cancer incidence (Giglia-Mari 

et al., 2004)
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Pathways Diseases or 
syndromes

Mutated genes
(targeted genes*) Main symptoms and/or remarks 

TLS XP variant (XP-V) XPV (pol iota) UV-induced skin cancer 

DNA cross 
link repair 

& 
Ubiquitin 

ligase 

Fanconi anaemia 
FancA, B, C, D1 
(BRCA2), D2, E, 
F, G, I, J, L, M, N

Microcephaly and medulloblastoma, 
cervical cancer, brain tumours i(FANCD2 

and FANCN), anaemia, developmental 
defects, ovarian carcinomas, head and 
neck squamous cell carcinomas, bone 

marrow failure, and myeloid leukemias. 

BER 
Multiple colorectal 

adenoma and 
carcinoma

MutYH DNA glycosylase involved in the repair of 
oxidative damage (Al-Tassan et al., 2002) 

 Ligase I Ligase I 
Iimmunodeficiencies and cellular 

hypersensitivity to DNA-damaging 
agents (Barnes et al., 1992) 

MMR HNPCC 
MLH1, MLH3, 
MSH2, MSH6, 

PMS2 

Hereditary nonpolyposis colon cancer, 
rectum, gastric, endometrium, ovarian, 
urinary organ cancers (Peltomaki, 2003) 

Helicase Werner syndrome WRN Severe progeria, various cancers 

 Rothmund Thomson 
syndrome RTS Osteosarcomas 

 Bloom syndrome BLM Proportional dwarfism, leukemias, 
lymphomas and others cancer 

 Ataxia with 
oculomotor apraxia 2 SETX Ataxia, neurodegeneration and 

oculomotor apraxia 

(*: genes targeted with pEBVsiRNA plasmids) 

Table 1. Main DDR defective Syndromes. (Adaptated from (Hoeijmakers, 2001) and 
(McKinnon, 2009)). 

Briefly, for each gene, three pEBVsiRNA vectors are constructed and validated through both 
short-term (several days) and long-term (several weeks) experiments. Afterwards, we used 
only one “validated” vector to establish stable clones (Fig. 1). Four years ago we adopted the 
DSIR program developed by Vandenbrouck and collaborators (Vert et al., 2006) to design 
shRNA sequences. This program includes an exact similarity search algorithm for potential 
off-target detection. In a recent comparison of methods for a rational siRNA design, DSIR is 
among the three best predictive programs (Matveeva et al., 2007). Our siRNA sequences 
mainly target the open reading frame of the targeted genes, but when necessary we also use 
siRNA sequences stretching to the 3’-UTR (e.g. for rescue experiments). Among the targeted 
genes and in using our approach we have always obtained at least one vector able to impose 
long-term shut down greater than 80% as compared with control cells (as evidenced by real-
time RT-PCR).  
Using this technology, more than 160 human genes in different human cell models such as 
HeLa (Ame et al., 2009, Amine et al., 2009, Aressy et al., 2008, Betous et al., 2009, Biard, 2007, 
Biard et al., 2005, Biard & Angulo, 2007, Boehler et al., 2011, Bouley et al., 2010, Britton et al., 
2009a, Despras et al., 2007, Godon et al., 2008, Le May et al., 2010b, Ousset et al., 2010, 
Pennarun et al., 2008, Pennarun et al., 2010, Wu et al., 2007), U2OS (Betous et al., 2009, Rey et 
al., 2009) and MRC5-V1 (Bouquet et al., 2011, Britton et al., 2009b, Schmutz et al., 2010) cells 
have been silenced. Our approach has also been successfully tested in other human tumor-
derived cell lines, such as RKO (Biard & Angulo, 2007), HCT-116 (Aressy et al., 2008), Caco2 
(Coant et al., 2010), SH-SY5Y cells (Schulte et al., 2008), MCF7, MDA-MB 231, K562, UT7 
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Fig. 1. Establishment of stable clones. 

(papers in preparation), and even in mouse NIH-3T3 cells (Meulle et al., 2008). Some authors 
have previously suggested the importance of “position-specific” criteria for efficient gene 
silencing. With the benefit of hindsight, we have never observed such a positioning effect in 
either short-term (few days) or long term (several months) experiments. In Figure 2 we show 
the position of different siRNA sequences able to impose a very efficient long-term gene 
silencing along a representative mRNA and we demonstrate no positioning effect. 
 

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mRNA

5’ 3’

 
Fig. 2. Position of validated siRNA sequences along a representative mRNA. 
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The maintenance of stable gene silencing for several months affords the opportunity to 
validate different siRNA sequences for an unfailing and specific gene silencing. Importantly, 
transient assays may mask the real effects of gene silencing, due to the saturation of the 
RNAi (and miRNA) machinery and by side-effects resulting from the high siRNA 
concentrations currently used. In the long-term experiments, we do not exclude the 
possibility of skews, and the suppression of gene expression over a long period may 
provoke compensatory cellular responses during an “adaptive period”. During this period, 
cellular metabolism may compensate for the decrease in protein concentration, particularly 
if the protein plays an important role in the cell. These compensating activities are also 
observed during the multistage process leading to tumorigenesis, where a normal cell 
undergoes serial genetic changes, including initiation, clonal expansion, pre-malignant 
lesions, and malignant progression, before acquiring a tumor phenotype. These properties 
acquired by cells to escape DDR defects are essential to our understanding of tumor cell 
behavior following chemo- or radiotherapy. We can now assess the usability of the 
numerous stable clones affecting all branches of the DDR that have been created. This 
unique cell model appears relevant for studying DNA repair, DNA replication, DNA 
recombination and cross-talk between them. 
To date, we have established numerous clones, creating a library of stable isogenic cells 
which no longer express a specific DNA repair gene. This approach has helped us to 
untangle the interwoven DNA repair pathways and represents a powerful tool for research, 
drug screening and for preclinical testing of new therapies. This review will concentrate on 
two fields of research investigated using these knockdown clones. 

2. Example of stable DNA repair gene silencing studies 
2.1 Dual roles of some NER factors 
NER is one of the more versatile DNA repair processes and removes diverse bulky lesions 
located on one DNA strand, including UV-induced photoproducts. In mammals, more than 
30 proteins are required for this process, which comprises first a DNA damage recognition 
and structure distortion step involving XPC-hHR23B-centrin 2 and XPE in the global 
genome (GG)-NER or RNA polymerase II in the transcription-coupled (TC)-NER. NER also 
includes the verification of lesions (XPA-RPA), strand-separating helicases (TFIIH 
containing XPB and XPD DNA helicases), structure-specific endonucleases (ERCC1-XPF and 
XPG), and the enzymes needed for gap filling (DNA polymerase δ/ε, PCNA, RFC, and 
RPA). For example, ERCC1KD and XPFKD cells exhibited a tremendous and stable decrease of 
both targeted mRNA and protein, as evidenced by real time PCR and immunofluorescence 
staining (fig. 3). Beside, as documented in the literature, the loss of one of these proteins 
induces the disappearance of the other partner. 
In GG-NER, the XPC-hHR23B-centrin 2 complex is responsible for the detection of 
damaged DNA. In TC-NER the displacement of stalled RNA polymerase complexes with 
the CSA and CSB proteins allows coordination of transcription and DNA repair. In order 
to unravel new roles for some of these gene products in this wide DNA repair network, 
we have established stable XPAKD, XPCKD, hHR23AKD, hHR23BKD, ERCC1KD and XPF KD 
HeLa cells. In the figure 4 established clones are represented for the NER and SSBR 
pathways. 
Several clones displaying undetectable protein levels of XPA or XPC were established and 
grown for more than 300 days in culture with a tremendous stability of the gene-silenced 
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Fig. 1. Establishment of stable clones. 
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have previously suggested the importance of “position-specific” criteria for efficient gene 
silencing. With the benefit of hindsight, we have never observed such a positioning effect in 
either short-term (few days) or long term (several months) experiments. In Figure 2 we show 
the position of different siRNA sequences able to impose a very efficient long-term gene 
silencing along a representative mRNA and we demonstrate no positioning effect. 
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Fig. 2. Position of validated siRNA sequences along a representative mRNA. 
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validate different siRNA sequences for an unfailing and specific gene silencing. Importantly, 
transient assays may mask the real effects of gene silencing, due to the saturation of the 
RNAi (and miRNA) machinery and by side-effects resulting from the high siRNA 
concentrations currently used. In the long-term experiments, we do not exclude the 
possibility of skews, and the suppression of gene expression over a long period may 
provoke compensatory cellular responses during an “adaptive period”. During this period, 
cellular metabolism may compensate for the decrease in protein concentration, particularly 
if the protein plays an important role in the cell. These compensating activities are also 
observed during the multistage process leading to tumorigenesis, where a normal cell 
undergoes serial genetic changes, including initiation, clonal expansion, pre-malignant 
lesions, and malignant progression, before acquiring a tumor phenotype. These properties 
acquired by cells to escape DDR defects are essential to our understanding of tumor cell 
behavior following chemo- or radiotherapy. We can now assess the usability of the 
numerous stable clones affecting all branches of the DDR that have been created. This 
unique cell model appears relevant for studying DNA repair, DNA replication, DNA 
recombination and cross-talk between them. 
To date, we have established numerous clones, creating a library of stable isogenic cells 
which no longer express a specific DNA repair gene. This approach has helped us to 
untangle the interwoven DNA repair pathways and represents a powerful tool for research, 
drug screening and for preclinical testing of new therapies. This review will concentrate on 
two fields of research investigated using these knockdown clones. 

2. Example of stable DNA repair gene silencing studies 
2.1 Dual roles of some NER factors 
NER is one of the more versatile DNA repair processes and removes diverse bulky lesions 
located on one DNA strand, including UV-induced photoproducts. In mammals, more than 
30 proteins are required for this process, which comprises first a DNA damage recognition 
and structure distortion step involving XPC-hHR23B-centrin 2 and XPE in the global 
genome (GG)-NER or RNA polymerase II in the transcription-coupled (TC)-NER. NER also 
includes the verification of lesions (XPA-RPA), strand-separating helicases (TFIIH 
containing XPB and XPD DNA helicases), structure-specific endonucleases (ERCC1-XPF and 
XPG), and the enzymes needed for gap filling (DNA polymerase δ/ε, PCNA, RFC, and 
RPA). For example, ERCC1KD and XPFKD cells exhibited a tremendous and stable decrease of 
both targeted mRNA and protein, as evidenced by real time PCR and immunofluorescence 
staining (fig. 3). Beside, as documented in the literature, the loss of one of these proteins 
induces the disappearance of the other partner. 
In GG-NER, the XPC-hHR23B-centrin 2 complex is responsible for the detection of 
damaged DNA. In TC-NER the displacement of stalled RNA polymerase complexes with 
the CSA and CSB proteins allows coordination of transcription and DNA repair. In order 
to unravel new roles for some of these gene products in this wide DNA repair network, 
we have established stable XPAKD, XPCKD, hHR23AKD, hHR23BKD, ERCC1KD and XPF KD 
HeLa cells. In the figure 4 established clones are represented for the NER and SSBR 
pathways. 
Several clones displaying undetectable protein levels of XPA or XPC were established and 
grown for more than 300 days in culture with a tremendous stability of the gene-silenced 
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Fig. 3. Analysis of ERCC1KD and XPFKD cells by immunofluorescence. 

and expected phenotypes (Biard et al., 2005). As expected, XPAKD and XPCKD HeLa cells 
were highly UVC sensitive and exhibited cell cycle arrest in early and middle S phase after 
UVC irradiation, showing that the persistence of UVC lesions blocks DNA replication. Both 
clones also show an impaired unscheduled DNA synthesis (UDS) after UVC irradiation. 
However, unlike XPA, the silencing of the XPC gene dramatically impeded HeLa cell 
growth. Furthermore, XPCKD HeLa clones were more sensitive to UVC than their XPAKD 
counterparts. In parallel we have analyzed the behavior of our hHR23BKD and hHR23AKD 
cells. hHR23BKD cells displayed a significant sensitivity to UVC, in contrast to their 
hHR23AKD counterparts which strongly tolerated UVC irradiation (Biard, 2007). While 
hHR23AKD cells were not blocked in S phase after UVC irradiation, the exit from the S-phase 
of hHR23BKD cells was hindered, suggesting the presence of unrepaired (or unrepairable) 
UVC-induced DNA damage. These data clearly demonstrate that hHR23A and hHR23B 
have diverse biological functions in human cells and that hHR23BKD cells have a phenotype 
closely resembling that of XPCKD cells. To understand why the silencing of the XPC gene can 
trigger major changes in cell behavior, we have performed hygromycin B withdrawal 
experiments.  
After about 200 days of culture, hygromycin B was removed from the culture medium in 
order to reverse the gene-silencing phenotype by the slow and progressive disappearance of 
pEBV episomes. Under these experimental conditions, XPA or XPC protein levels returned 
to “control” levels after 15 to 20 days in culture. Unexpectedly, reverted XPCKD cells (XPC 
re-expressing cells) did not recover a normal resistance to UVC, unlike XPAKD cells. This 
striking result suggests that irreversible genetic changes have been fixed in the genome 
during the long-term XPC gene silencing and that, beside their canonical roles, some NER 
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factors such as XPC function in other essential pathways. Whilst this can be considered to be 
a limitation of this experimental system, it allows the possibility of determining what “back-
up” systems or adaptive pathways are activated in the absence of key repair proteins.  
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suggest that beside its canonical function in the early steps of the NER, the XPC protein 
could be essential in the coordination of other recovery pathways, such as those involved in 
the repair of IR- and etoposide-induced DNA damage.  
In mock treated cells, the persistence of XPC on chromatin structures was shown by 
experiments in which the XPC protein remained tightly anchored to detergent-insoluble 
nuclear structures (Despras et al., 2007). Interestingly, XPC was released from these 
structures after induction of DSBs by calicheamicin or neocarzinostatin, two potent specific 
DSB inducers. The reduction of chromatin-fixed XPC correlated with the increase of H2AX 
phosphorylation and presumably with the recruitment of DNA repair factors at sites of 
damaged DNA. This sequence of events was partly confirmed by the subsequent 
recruitment of phosphorylated-XRCC4 and LigIV into the less extractable nuclear fraction 
after DSB induction, as previously described (Drouet et al., 2005). Therefore, XPC should be 
considered as a genome caretaker protein, which is (i) recruited for initiating the GG-NER in 
the presence of bulky DNA damage, but which (ii) also displays other functions in the 
presence of DSBs. 
Using the HeLa isogenic KD model we have also focused our attention on the efficiency of 
NER-deficient cells in performing NHEJ, using an in vitro assay making use of DNA PKcsKD 
and XRCC4KD cells. The DNA PKcsKD cells used displayed an undetectable protein level and 
a nearly total loss of the endogenous kinase activity (Despras et al., 2007), and the isolated 
XRCC4KD clones all displayed a residual XRCC4 protein level corresponding to about 15% 
of the control (CTL); this residual level might reflect the essential role played by XRCC4 in 
cell survival. These XRCC4KD cells are particularly interesting experimentally too as there 
are no human cell lines lacking the XRCC4 protein. In ligase IVKD, DNA PKcsKD and 
XRCC4KD cells, NHEJ efficiencies dropped to 50, 30 and 20%, respectively, as compared with 
control (personal data and (Despras et al., 2007)). This also correlated with a markedly 
increased sensitivity towards IR. Our results also argue for XRCC4 being a limiting factor in 
the NHEJ process, at least in vitro. Strikingly, while the expression of NHEJ factors was not 
altered in XPCKD cells, XPC deficiency led to a decrease of in vitro NHEJ efficiency. In both 
XPCKD and DNA PKcsKD cells, XRCC4 and ligase IV proteins were mobilized to damaged 
nuclear structures at lower doses of chemical DSB inducer in comparison with proficient 
cells. In contrast, XPA gene silencing did not modify HeLa cell response to DSBs. Our 
results reinforce the notion that XPCKD cells display an unexpected behavior towards DSBs, 
presumably due to an intrinsic characteristic of XPC, rather than being a consequence of 
NHEJ deficiency. We can also rule out a direct role of XPC in the NHEJ process per se. 
Presumably XPC deficiency could locally change the chromatin structure and interfere with 
other pathways. 
It is notable that in our experiments we have always observed that XPA gene silencing could 
lead to an enhanced cell growth several weeks after transfection of HeLa cells and in the 
absence of genotoxic injuries. In contrast, knocking down of XPC triggered major growth 
defects and tremendous cellular stress as well as elevated sensitivity to genotoxic agents. 
Presumably XPA and XPC can participate in major pathways required for normal growth, 
but with opposite effects. Because relationships between some NER factors and 
transcription have been extensively related in the literature (for review (Le May et al., 
2010a)), we have questioned whether XPA and XPC factors could be involved in the 
regulation of transcription in the absence of exogenous DNA damage. The transcription / 
repair factor TFIIH is organized into a core complex (XPB, XPD, p62, p52, p44, p34, and 
p8/TTDA) that associates with the Cdk-activating kinase (CAK) complex (Cdk7, cyclin H, 
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and MAT1). In response to DNA damage, XPA catalyzes the detachment of the CAK from 
the core TFIIH, changing this transcription factor into a repair factor (Coin et al., 2008). 
Thereafter, new NER proteins are recruited around the TFIIH factor such as XPC / hHR23B. 
After repair, resumption of CAK activity is required for continuation of transcription. 
By using our XPAKD, XPCKD and ERCC1KD clones, we have determined the role of these 
NER proteins during the transcriptional regulation of active promoters. Interestingly, we 
observed that the recruitment of NER factors at promoters of inducible nuclear receptor 
genes (including the retinoic acid receptors α and γ) occurred in a sequential order and 
required XPC, CSB, XPA / RPA, the two endonucleases, XPG and ERCC1 / XPF and XPE 
with the RNA pol II machinery (Le May et al., 2010b). This transcriptional complex 
containing NER factors is formed in the absence of any genotoxic injury, at the site of the 
promoter. Contrary to the coordinated recruitment observed in control cells, none of the 
NER factors were recruited to the promoter in XPCKD HeLa cells. XPC association is thus a 
pre-requisite step and abnormal XPC protein levels could affect normal transcription. This 
XPC-dependent transcriptional complex is distinct from a repair complex. In contrast, in 
XPAKD cells, only XPC and CSB were detected at the promoter, and in ERCC1KD cells we 
detected XPC, XPA, and XPG together with RAR, RXR, RNA pol II, and TFIIH. 
Furthermore, during the transcriptional initiation step, XPC is required to achieve optimal 
DNA demethylation and histone posttranscriptional modifications. In control cells, 
transcription initiation and recruitment of NER factors are accompanied by a global DNA 
demethylation. A local DNA demethylation at sites of 5’-CpG-3’ islands was also detected 
around the proximal RARβ2 promoter region. In contrast, in XPCKD, XPAKD, and ERCC1KD 
HeLa cells the global methylation levels were lowered as compared with control cells. More 
importantly, XPCKD and XPAKD cells, but not ERCC1KD cells, failed to demethylate the 
RARβ2 promoter. Afterwards, during the transcription elongation in distal regions of the 
gene, NER factors escort the RNA-Pol and form a complex which now excludes XPC but 
needs CSB. This latter complex could appear as a pre-TC-NER complex. In all of these 
studies, the phenotype of the knockdown HeLa cells was compared with that of deficient XP 
and CS fibroblasts from patients.  
Altogether these data demonstrate that NER factors could actively contribute to 
transcription of particular promoters in the absence of DNA damage and then interfere with 
cellular homeostasis. These results help us to explain the striking phenotype observed in our 
XPCKD and hHR23BKD cells in comparison with control cells or their XPAKD counterparts. 
Recently, in an effort to silence other genes belonging to the NER, we have observed that 
DDB1 gene silencing strongly disrupts HeLa cell growth a few weeks after transfection 
(unpublished data). This raises the question whether XPE (DDB2-DDB1 heterodimer) also 
participates in transcription regulation in the absence of exogenous DNA damage, as has 
been seen for XPC. 

2.2 Parp1, between inhibition and gene silencing 
We have also employed our cell model to shed light on the poly(ADP-ribose) polymerase 
(PARP) family. New developments of mono- and combined therapeutic approaches based 
on PARP inhibitors reinforce the crucial role played by these proteins in the DDR. The 
PARP family contains 17 members and its founding member, PARP1, carries out the 
majority of poly(ADP-ribose) (PAR) synthesis in mammalian cells (Ame et al., 2004, 
D'Amours et al., 2001). Poly(ADP-ribosyl)ation is an immediate DNA damage–dependent 
posttranslational modification of numerous nuclear proteins indispensable for an accurate 
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DDR. In contrast to what is frequently stated in the literature, PARP1 is not a DNA repair 
protein in stricto sensu but rather a signaling and scaffold protein which binds to DNA nicks 
and breaks in order to facilitate DNA repair by attracting other factors to damaged sites (e.g. 
XRCC1). Hence, PARP1 participates in numerous DNA repair pathways. It is a key building 
block in the SSBR, more precisely in the SPR (short patch repair) pathway, but probably in 
the first steps of the LPR (long patch repair) pathway, but not after SSB generating agents 
(see below; fig. 4). In addition, PARP1 is also involved in NER, b-NHEJ (fig. 5), 
transcription, cellular bioenergetics, telomere cohesion and mitotic segregation, centromere 
and/or kinetochore function and energy metabolism (Schreiber et al., 2006). A recent study 
shows that loss of PARP1 leads to spontaneous hyper-recombinogenic phenotype in mice, 
suggesting a balance between SSBR and HR (Claybon et al., 2010). Moreover, Patel et al. 
have observed that transient chemical inhibition of PARP1 and gene silencing interfered 
with NHEJ activities, emphasizing an interplay between the error-prone NHEJ and the 
error-free HR (Patel et al., 2011). 
We have addressed this issue by creating PARP1KD, PARP2KD, PARP3KD and PARGKD 
silenced cells (fig. 6). Our aim was to analyze spontaneous and genotoxic-induced genetic 
instability (Ame et al., 2009, Boehler et al., 2011, Godon et al., 2008). In a preliminary 
approach, we focused our attention on the requirement of PARP1 in the two SSBR pathways 
(SPR versus LPR). This approach requires the establishment of additional clones such as 
XRCC1KD, ligase IIIKD and ligase IKD cells, together with other knockdown cells which are 
presently under evaluation (Fen1KD; PNKKD, APTXKD, polβKD).  
 
 

 
 

Fig. 5. b-NHEJ and D-NHEJ pathways. Stable knock down clones are identified as indicated 
in the legend of fig. 2. 
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Fig. 6. Characterization of PARP1KD and PARP2KD stable clones. 

This work has also been carried out to point pitfalls arising from conflicting data obtained 
after gene silencing versus chemical inhibition. Interestingly, PARP1 inhibition and gene 
silencing triggered different outcomes in terms of SSBR and radiosensitivity. Our PARP1KD 
HeLa cells display a substantial reduction in both protein and mRNA levels, with 
undetectable poly(ADP-ribose) (PAR) synthesis following exposure to H2O2 (1 mM, 10 min) 
or even after exposure to 50 Gy γ rays (Godon et al., 2008). PARP1KD cells are 2.5-fold more 
radiosensitive than both controls and XRCC1KD cells, and XRCC1KD cells are 5-fold more 
sensitive to methyl methane sulfonate than their PARP1KD counterparts. PARP1 gene 
silencing prevents XRCC1-YFP recruitment at sites of local laser irradiation (405 nm), but 
does not affect the lifetime of PCNA-GFP foci, suggesting that impaired SPR (PARP1- and 
XRCC1-dependent) could be efficiently replaced by LPR (PCNA- and ligase I–dependent). 
However, we can not rule out the partial resolution of SSB by way of HR, as suggested 
elsewhere (Claybon et al., 2010). S phase–irradiated PARP1KD (and XRCC1KD) cells complete 
SSBR as rapidly as controls, while SSBR is slower in G1 cells but reaches completion. In 
contrast, PARP1 inhibition with 4-amino-1,8-naphthalimide (ANI) enhances radiosensitivity 
in highly proliferating cells (e.g. tumor cells), presumably due to the collision of unrepaired 
DNA lesions with replication forks (Noel et al., 2006). This also prevents XRCC1-YFP 
recruitment at sites of damaged DNA (laser micro-irradiation) and cells displayed a 10-fold 
slower SSBR. We also observe accumulation of huge PARP1-GFP and PCNA-GFP foci. 
These results suggest that the chemically inhibited PARP1 protein remains tethered to 
nuclear structures and that this steric hindrance impedes the recruitment of further DNA 
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repair proteins. These data emphasize that the need for careful interpretation of results from 
the use of chemical inhibitors which could be riddled with pitfalls. Moreover, it is 
noteworthy that PARP inhibitors not only inhibit PARP1, but also PARP2 and PARP3 
(Loseva et al., 2010). 
After a genotoxic injury, PARP1 activation leads to a tremendous but transient synthesis of 
PAR, in order to label DNA-damaged sites, open the chromatin structure and recruit repair 
factors, such as the scaffold protein XRCC1 (Dantzer et al., 2006). Because this reaction is 
transient, PAR polymers have to be rapidly degraded by PARG. PARP1 and PARG display 
opposite enzymatic activities which govern the balance between life and death after DNA 
injuries. Our knockdown clones clearly demonstrate that PARP1, PARP2, PARP3 and PARG 
activities contribute to this homeostasis, even in the absence of exogenous genotoxic attack 
(Ame et al., 2009, Boehler et al., 2011). PARGKD HeLa cells exhibit a stable loss of the three 
PARG isoforms (nuclear, cytoplasmic and mitochondrial) and a spectacular loss of function. 
Surprisingly, constitutive PARG depletion and subsequent PAR accumulation are rather 
beneficial in that they protect cells from spontaneous SSBs and telomeric abnormalities. In 
contrast, irradiation of PARGKD cells triggers PAR accumulation, delayed SSB and DSB 
repair, centrosome amplification and mitotic defects, all of which contribute to cell death by 
mitotic catastrophe (Ame et al., 2009). 
The complexity and the redundancy of the PARP family members toward the DDR are 
reinforced by our recent data demonstrating that PARP3 is a newcomer in the cellular 
response to DNA damage and mitotic progression (Boehler et al., 2011). PARP3 is closely 
related to PARP1 and PARP2, but unlike these two counterparts PARP3 is a mono(ADP-
ribose) polymerase. It has been proposed that PARP3 could be involved in transcriptional 
silencing in association with Polycomb group proteins. Moreover, PARP3 could also be a 
component of the DDR because it is found in complexes mainly containing Ku70 and Ku80, 
but also PARP1, DNA ligase III, DNA PKcs and DNA ligase IV (Rouleau et al., 2007). This 
raises the question whether PARP3 participates in SSBR (when PARP1 is deficient?), D-
NHEJ (with DNA PKcs, DNA ligase IV, Ku70, and Ku80), b-NHEJ (with DNA ligase III) and 
telomere maintenance (with Ku70 and Ku80). This was partly confirmed by a recent study 
which shows that PARP3 might be a novel DSB sensor which functions in the same pathway 
as APLF (aprataxin- and PNK-like factor) in order to accelerate chromosomal DSB repair 
(Rulten et al., 2011). APLF is a poly(ADP-ribose)-binding protein which interacts directly 
with Ku80 and XRCC4 at sites of DSBs (Macrae et al., 2008). To gain further insight into 
PARP3 function in the DDR we have validated pEBVsiPARP3 plasmids targeting the two 
known PARP3 isoforms. Stable clones exhibiting an almost complete depletion of PARP3 
were carefully characterized (Boehler et al., 2011). PARP3KD cells displayed spontaneous 
DSBs and genome instability, delayed repair after irradiation, but no significant 
radiosensitivity as compared with control cells. Our results reinforce recent data showing 
that PARP3-deficient cells were as sensitive to a topoisomerase I poison (camptothecin) as 
control cells (Loseva et al., 2010). These unexpected results could be explained by partly 
compensating activities between PARP3 and PARP1. These data strongly suggest a 
functional synergistic cross-talk between PARP1 and PARP3. Interestingly, PARP3 interacts 
directly and strongly with PARP1 and PARP3 is able to activate PARP1 in the absence of 
DNA (Loseva et al., 2010). Another significant event observed in PARP3KD cells is an 
elevated frequency of sister telomere fusions and sister telomere loss. This is explained by 
the functional association between PARP3, tankyrase I and NuMa (microtubule-associated 
protein involved in spindle dynamics). Altogether, these three proteins appear to be key 
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regulators of mitotic progression. This study will now continue by establishing new cell 
lines silenced for other members of the PARP family such as PARP9, PARP14, tankyrase 1 
(PARP5a) and tankyrase 2 (PARP5b). 

3. Conclusions 
In the field of cancer research, numerous questions remain unanswered, such as how do 
different pathways cooperate to repair DNA damage in tumor cells? How can we explain 
the chemo- and radioresistance of tumor cells? Can we target DDR to enhance 
chemotherapy? How do genetic compensation events take place? How can we detect the 
combinations of genes leading to synthetic lethality? Are DNA repair factors involved in 
other processes? All of these questions have to be carefully analyzed in order to design 
specific and less toxic therapies for cancer. Currently, chemotherapeutic approaches are 
based on the fact that highly proliferating (tumor and unfortunately hair, bone marrow and 
colon) cells are more sensitive to DNA damage than their slowly proliferating (normal) 
counterparts. Alterations in DNA repair pathways in tumor cells can make some cancer cells 
dependent on a reduced set of DNA repair pathways for their survival. These adaptive but 
potentially error-prone bypasses could render DNA damage–based cancer therapies less 
efficient and allow tumor cells to escape specific treatments. Recently substantial progress 
has been made through studies of genes involved in the DDR in order to circumvent rescue 
pathways. A breakthrough has emerged with the concept of synthetic lethality, which is 
defined as a genetic interaction where the minimal combination of two nonlethal mutations 
leads to cell death. Because naturally occurring synthetic lethal mutants are unviable we 
have to develop outstanding cell models in order to unravel the DDR and subsequently to 
detect these combinations that give rise to synthetic lethality. In light of these concerns, an 
emerging strategy has been to use PARP inhibitors (e.g. iniparib, olaparib or veliparib) 
combined or not with DNA-damaging chemotherapeutic agents in the treatment of breast 
and ovarian cancers exhibiting germ-line mutations in BRCA genes (Bryant et al., 2005, 
Farmer et al., 2005, Mullan et al., 2006). Because of the partial redundancy between BRCA 
functions, PARP inhibitors have to be administered to patients displaying loss of copies of 
both the BRCA1 and BRCA2 (FancD1) genes. This approach is based on compelling evidence 
demonstrating why BRCA1 and 2 act as molecular determinants in the response to 
chemotherapeutic agents (Quinn et al., 2003). Amongst prominent defects observed in 
BRCA1/2-deficient tumor cells, aberrant G2/M checkpoint control and impaired DNA 
repair (HR) modulate sensitivity to genotoxic agents (Hartman & Ford, 2002, Moynahan et 
al., 1999). Interestingly, BRCA1 also participates in GG-NER (but not TC-NER) in a p53-
independent manner by inducing the expression of XPC, DDB2 (XPE), and GADD45 
(Hartman & Ford, 2003). In tumor cells, compensating repair activities taking place during 
clonal expansion could compensate HR (and GG-NER) deficiencies with other DNA repair 
pathways, such as those dependent on PARP1 (SSBR or b-NHEJ). In these conditions, PARP 
inhibition might lead to the persistence of DNA lesions normally repaired by HR and trigger 
tumor cell death without affecting normal cells (Farmer et al., 2005). Other genetic defects 
could lead to synthetic lethality associated with PARP inhibition, such as impaired PTEN 
(phosphatase and tensin homolog) (Mendes-Pereira et al., 2009), Fanconi anemia genes 
(D'Andrea, 2010) or ATM (Williamson et al., 2010) genes. Now, this approach has been 
enlarged to metastatic triple-negative breast cancers having inherent defects in DNA repair 
(O'Shaughnessy et al., 2011). Interestingly, a recent paper shows that PARP inhibition could 
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repair proteins. These data emphasize that the need for careful interpretation of results from 
the use of chemical inhibitors which could be riddled with pitfalls. Moreover, it is 
noteworthy that PARP inhibitors not only inhibit PARP1, but also PARP2 and PARP3 
(Loseva et al., 2010). 
After a genotoxic injury, PARP1 activation leads to a tremendous but transient synthesis of 
PAR, in order to label DNA-damaged sites, open the chromatin structure and recruit repair 
factors, such as the scaffold protein XRCC1 (Dantzer et al., 2006). Because this reaction is 
transient, PAR polymers have to be rapidly degraded by PARG. PARP1 and PARG display 
opposite enzymatic activities which govern the balance between life and death after DNA 
injuries. Our knockdown clones clearly demonstrate that PARP1, PARP2, PARP3 and PARG 
activities contribute to this homeostasis, even in the absence of exogenous genotoxic attack 
(Ame et al., 2009, Boehler et al., 2011). PARGKD HeLa cells exhibit a stable loss of the three 
PARG isoforms (nuclear, cytoplasmic and mitochondrial) and a spectacular loss of function. 
Surprisingly, constitutive PARG depletion and subsequent PAR accumulation are rather 
beneficial in that they protect cells from spontaneous SSBs and telomeric abnormalities. In 
contrast, irradiation of PARGKD cells triggers PAR accumulation, delayed SSB and DSB 
repair, centrosome amplification and mitotic defects, all of which contribute to cell death by 
mitotic catastrophe (Ame et al., 2009). 
The complexity and the redundancy of the PARP family members toward the DDR are 
reinforced by our recent data demonstrating that PARP3 is a newcomer in the cellular 
response to DNA damage and mitotic progression (Boehler et al., 2011). PARP3 is closely 
related to PARP1 and PARP2, but unlike these two counterparts PARP3 is a mono(ADP-
ribose) polymerase. It has been proposed that PARP3 could be involved in transcriptional 
silencing in association with Polycomb group proteins. Moreover, PARP3 could also be a 
component of the DDR because it is found in complexes mainly containing Ku70 and Ku80, 
but also PARP1, DNA ligase III, DNA PKcs and DNA ligase IV (Rouleau et al., 2007). This 
raises the question whether PARP3 participates in SSBR (when PARP1 is deficient?), D-
NHEJ (with DNA PKcs, DNA ligase IV, Ku70, and Ku80), b-NHEJ (with DNA ligase III) and 
telomere maintenance (with Ku70 and Ku80). This was partly confirmed by a recent study 
which shows that PARP3 might be a novel DSB sensor which functions in the same pathway 
as APLF (aprataxin- and PNK-like factor) in order to accelerate chromosomal DSB repair 
(Rulten et al., 2011). APLF is a poly(ADP-ribose)-binding protein which interacts directly 
with Ku80 and XRCC4 at sites of DSBs (Macrae et al., 2008). To gain further insight into 
PARP3 function in the DDR we have validated pEBVsiPARP3 plasmids targeting the two 
known PARP3 isoforms. Stable clones exhibiting an almost complete depletion of PARP3 
were carefully characterized (Boehler et al., 2011). PARP3KD cells displayed spontaneous 
DSBs and genome instability, delayed repair after irradiation, but no significant 
radiosensitivity as compared with control cells. Our results reinforce recent data showing 
that PARP3-deficient cells were as sensitive to a topoisomerase I poison (camptothecin) as 
control cells (Loseva et al., 2010). These unexpected results could be explained by partly 
compensating activities between PARP3 and PARP1. These data strongly suggest a 
functional synergistic cross-talk between PARP1 and PARP3. Interestingly, PARP3 interacts 
directly and strongly with PARP1 and PARP3 is able to activate PARP1 in the absence of 
DNA (Loseva et al., 2010). Another significant event observed in PARP3KD cells is an 
elevated frequency of sister telomere fusions and sister telomere loss. This is explained by 
the functional association between PARP3, tankyrase I and NuMa (microtubule-associated 
protein involved in spindle dynamics). Altogether, these three proteins appear to be key 
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regulators of mitotic progression. This study will now continue by establishing new cell 
lines silenced for other members of the PARP family such as PARP9, PARP14, tankyrase 1 
(PARP5a) and tankyrase 2 (PARP5b). 

3. Conclusions 
In the field of cancer research, numerous questions remain unanswered, such as how do 
different pathways cooperate to repair DNA damage in tumor cells? How can we explain 
the chemo- and radioresistance of tumor cells? Can we target DDR to enhance 
chemotherapy? How do genetic compensation events take place? How can we detect the 
combinations of genes leading to synthetic lethality? Are DNA repair factors involved in 
other processes? All of these questions have to be carefully analyzed in order to design 
specific and less toxic therapies for cancer. Currently, chemotherapeutic approaches are 
based on the fact that highly proliferating (tumor and unfortunately hair, bone marrow and 
colon) cells are more sensitive to DNA damage than their slowly proliferating (normal) 
counterparts. Alterations in DNA repair pathways in tumor cells can make some cancer cells 
dependent on a reduced set of DNA repair pathways for their survival. These adaptive but 
potentially error-prone bypasses could render DNA damage–based cancer therapies less 
efficient and allow tumor cells to escape specific treatments. Recently substantial progress 
has been made through studies of genes involved in the DDR in order to circumvent rescue 
pathways. A breakthrough has emerged with the concept of synthetic lethality, which is 
defined as a genetic interaction where the minimal combination of two nonlethal mutations 
leads to cell death. Because naturally occurring synthetic lethal mutants are unviable we 
have to develop outstanding cell models in order to unravel the DDR and subsequently to 
detect these combinations that give rise to synthetic lethality. In light of these concerns, an 
emerging strategy has been to use PARP inhibitors (e.g. iniparib, olaparib or veliparib) 
combined or not with DNA-damaging chemotherapeutic agents in the treatment of breast 
and ovarian cancers exhibiting germ-line mutations in BRCA genes (Bryant et al., 2005, 
Farmer et al., 2005, Mullan et al., 2006). Because of the partial redundancy between BRCA 
functions, PARP inhibitors have to be administered to patients displaying loss of copies of 
both the BRCA1 and BRCA2 (FancD1) genes. This approach is based on compelling evidence 
demonstrating why BRCA1 and 2 act as molecular determinants in the response to 
chemotherapeutic agents (Quinn et al., 2003). Amongst prominent defects observed in 
BRCA1/2-deficient tumor cells, aberrant G2/M checkpoint control and impaired DNA 
repair (HR) modulate sensitivity to genotoxic agents (Hartman & Ford, 2002, Moynahan et 
al., 1999). Interestingly, BRCA1 also participates in GG-NER (but not TC-NER) in a p53-
independent manner by inducing the expression of XPC, DDB2 (XPE), and GADD45 
(Hartman & Ford, 2003). In tumor cells, compensating repair activities taking place during 
clonal expansion could compensate HR (and GG-NER) deficiencies with other DNA repair 
pathways, such as those dependent on PARP1 (SSBR or b-NHEJ). In these conditions, PARP 
inhibition might lead to the persistence of DNA lesions normally repaired by HR and trigger 
tumor cell death without affecting normal cells (Farmer et al., 2005). Other genetic defects 
could lead to synthetic lethality associated with PARP inhibition, such as impaired PTEN 
(phosphatase and tensin homolog) (Mendes-Pereira et al., 2009), Fanconi anemia genes 
(D'Andrea, 2010) or ATM (Williamson et al., 2010) genes. Now, this approach has been 
enlarged to metastatic triple-negative breast cancers having inherent defects in DNA repair 
(O'Shaughnessy et al., 2011). Interestingly, a recent paper shows that PARP inhibition could 
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also interfere with the NHEJ pathways in that PARP inactivation in HR-deficient cells 
enhances NHEJ activities (Patel et al., 2011). We have to keep in mind that, in mammalian 
cells, the high-speed 'classic' DNA-PKcs–dependent NHEJ (D-NHEJ) pathway repairs 
general DSBs. While some DNA ends may be rapidly joined through the D-NHEJ, other 
breaks are processed for homology searches. These ends may be substrates for the 
alternative low-speed backup NHEJ (b-NHEJ, also termed microhomology-based end-joining 
pathway) involving ligase III, XRCC1 and PARP1 (Audebert et al., 2006, Iliakis et al., 2004, 
Verkaik et al., 2002, Wang et al., 2006). Hence, this raises the question whether PARP1 
inactivation induces NHEJ compensation due to impaired HR function or b-NHEJ function 
or both. To strengthen this notion we have observed that NHEJ activities were enhanced in 
ligase IIIKD HeLa cells when the b-NHEJ was expected to be hampered (as well as BER) 
(unpublished data). Altogether this striking example clearly highlights the requirement to 
study the interwoven DNA repair pathways in tumor cells using a relevant cell model. Now 
we are seeking to evaluate the compensating activities between different pathways, such as 
D-NHEJ versus b-NHEJ or HR versus D-NHEJ. We have also established TLS-deficient clones 
in order to determine the role of specialized (TLS) DNA polymerases in the absence of DNA 
injuries (fig. 7). Our published results show that these polymerases facilitate the progression 
of the replication fork through external replication barriers (e.g. bulky adducts) and also 
through naturally occurring DNA structures (G4 structures, H-DNA or Z-DNA). More 
precisely, Pol η and Pol κ help to prevent genomic instability occurring at such natural DNA 
sequences (Betous et al., 2009). Pol η also maintains chromosomal stability and prevents 
common fragile site breakage during unperturbed S phase (Rey et al., 2009). 
 

 
Fig. 7. TLS and MMR pathways. Stable knock down clones are identified as indicated in the 
legend of fig. 3. 
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To conclude, the major advantage of this strategy is the rapid establishment of new stable 
knockdown clones in various tumor-derived cells, which display stable gene silencing. A 
recent development has been to create dual pEBVsiRNA plasmids allowing efficient 
knockdown of two or more genes. For instance, double knockdown cells have been created 
where both DNA PKcs and ligase III were efficiently silenced with a single pEBVsiRNA 
vector. These cells, which grow normally, are expected to be deficient for both D-NHEJ and 
b-NHEJ. We have also developed plasmids targeting an endogenous gene and re-expressing 
an exogenous transcript carrying functional mutations. The latter approach allows mutant 
cells to be generated when the loss of the targeted gene is lethal. Hence, because we can 
easily and efficiently create DDR-deficient cells where one or more genes are silenced, we 
are now able to unravel the spectacular network of DNA repair pathways. 
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also interfere with the NHEJ pathways in that PARP inactivation in HR-deficient cells 
enhances NHEJ activities (Patel et al., 2011). We have to keep in mind that, in mammalian 
cells, the high-speed 'classic' DNA-PKcs–dependent NHEJ (D-NHEJ) pathway repairs 
general DSBs. While some DNA ends may be rapidly joined through the D-NHEJ, other 
breaks are processed for homology searches. These ends may be substrates for the 
alternative low-speed backup NHEJ (b-NHEJ, also termed microhomology-based end-joining 
pathway) involving ligase III, XRCC1 and PARP1 (Audebert et al., 2006, Iliakis et al., 2004, 
Verkaik et al., 2002, Wang et al., 2006). Hence, this raises the question whether PARP1 
inactivation induces NHEJ compensation due to impaired HR function or b-NHEJ function 
or both. To strengthen this notion we have observed that NHEJ activities were enhanced in 
ligase IIIKD HeLa cells when the b-NHEJ was expected to be hampered (as well as BER) 
(unpublished data). Altogether this striking example clearly highlights the requirement to 
study the interwoven DNA repair pathways in tumor cells using a relevant cell model. Now 
we are seeking to evaluate the compensating activities between different pathways, such as 
D-NHEJ versus b-NHEJ or HR versus D-NHEJ. We have also established TLS-deficient clones 
in order to determine the role of specialized (TLS) DNA polymerases in the absence of DNA 
injuries (fig. 7). Our published results show that these polymerases facilitate the progression 
of the replication fork through external replication barriers (e.g. bulky adducts) and also 
through naturally occurring DNA structures (G4 structures, H-DNA or Z-DNA). More 
precisely, Pol η and Pol κ help to prevent genomic instability occurring at such natural DNA 
sequences (Betous et al., 2009). Pol η also maintains chromosomal stability and prevents 
common fragile site breakage during unperturbed S phase (Rey et al., 2009). 
 

 
Fig. 7. TLS and MMR pathways. Stable knock down clones are identified as indicated in the 
legend of fig. 3. 
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To conclude, the major advantage of this strategy is the rapid establishment of new stable 
knockdown clones in various tumor-derived cells, which display stable gene silencing. A 
recent development has been to create dual pEBVsiRNA plasmids allowing efficient 
knockdown of two or more genes. For instance, double knockdown cells have been created 
where both DNA PKcs and ligase III were efficiently silenced with a single pEBVsiRNA 
vector. These cells, which grow normally, are expected to be deficient for both D-NHEJ and 
b-NHEJ. We have also developed plasmids targeting an endogenous gene and re-expressing 
an exogenous transcript carrying functional mutations. The latter approach allows mutant 
cells to be generated when the loss of the targeted gene is lethal. Hence, because we can 
easily and efficiently create DDR-deficient cells where one or more genes are silenced, we 
are now able to unravel the spectacular network of DNA repair pathways. 
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1. Introduction 
DNA repair is a process vital to the cell since the genetic material is the target of a multitude 
of daily attacks. Cells have evolved into possessing distinct but simultaneously intercalating 
ways of dealing with repair of DNA lesions. These repair pathways may include practices 
dealing with single strand damage (Base Excision Repair, Nucleotide Excision Repair, 
Mismatch Repair) or with double strand damage (Non-homologous End Joining and 
Homologous Recombination) as well as Direct Reversal Repair and Translesion Synthesis. 
The present chapter deals with one of these pathways (Base Excision Repair), which rectifies 
damage at the point of the single nucleotide. 

2. Overview of base excision repair 
Small non-helix distorting DNA alterations are very common in living organisms and they 
are due both to exogenous and endogenous sources. Endogenous damage can be 
summarised into the following categories: a) misincorporation of uracil in the genome or 
spontaneous deamination of cytosine (Sung and Demple, 2006) b) hydrolysis of all four 
bases or oxidation by reactive oxygen species (ROS), hormones, reactive nitrogen species, 
heme precursors and amino acids (Nilsen and Krokan, 2001; Wood et al., 2001) c) alkylation 
of purines and pyrimidines by lipid end-products (Sung and Demple, 2000) or other 
parameters (e.g. S-adenyl-methionine). Spontaneous abasic sites are also common lesions 
and 10000 purines are detached from DNA per human genome per day (Wilson and 
Kunkel, 2000; Nilsen and Krokan, 2001). Besides all these endogenous reactions, exogenous 
agents as xenobiotics and radiation are also able to cause similar damage. All these small, 
point lesions are rectified by Base Excision Repair (BER) (Krokan et al., 2000; Cabelof et al., 
2002). BER was discovered by Tomas Lindahl in 1974 (Krokan et al., 2000), it is a tightly 
conserved pathway from bacteria to mammals (Izumi et al., 2003; Didzaroglu, 2005) and it 
must be preserved in a highly coordinated way to be effective (Moustacchi, 2000; Allinson et 
al., 2004). 
BER is initiated by the cleaving of the damaged base by a specialized enzyme: a DNA N-
glycosylase. The glycosylases implicated in BER fall into two main groups regarding their 
mechanisms of action: monofunctional and bifunctional glycosylases (Fortini et al., 1999; 
Krokan et al., 2000; Cabelof et al., 2002). In the case of the monofunctional glycosylases, an 
aspartic acid (Asp) residue activates a water molecule, which in its turn performs a 
nucleophilic attack on the N-glycosidic bond. In bifunctional glycosylases, the Asp residue 
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activates an amino group of a lysine (Lys) residue. The amino group forms a Schiff base 
( N

R2

R1

R3) with C1΄ followed by β-elimination at the 3΄ side of the deoxyribose (Bailly et al., 
1989; Nilsen and Krokan, 2001). In the case of a monofunctional glycosylase, the net result is 
an apurinic or apyrimidinic site (AP site) and in the case of a bifunctional glycosylase the net 
result are two single strand breaks: one strand with a 3΄-α,β unsaturated aldehyde end 
(3΄PUA) and another strand with a 5΄-phosphate end. However, some of the bifunctional 
glycosylases (namely the bacterial Fpg and Nei and the mammalian NEIL1) are able to 
further process 3΄PUA via δ-elimination bearing a 3΄phosphate end (Nilsen and Krokan, 
2001; Gros et al., 2002; Wiederhold et al., 2004). 
The AP site created (as well as the SSB) must be quickly processed further since they are 
highly cytotoxic (Allinson et al., 2004) and mutagenic (Nilsen and Krokan, 2001). This is 
done by an AP endonuclease (APE1 for mammalian organisms) resulting in the formation of 
a 3΄-hydroxyl end (3΄OH) and a 5΄ abasic sugar phosphate end (5΄dRP) (Memisoglu and 
Samson, 2000). AP endonuclease APE1 is also involved in the “trimming” of the blocked 3΄ 
end created by bifunctional glycosylases (Mitra et al., 2001; Cabelof et al., 2002; Izumi et al., 
2003). However some researchers argue that the phosphatase activity of APE1 is low and 
that polynucleotide kinase (PNK) is the only enzyme that cleaves successfully the products 
of βδ-elimination (Mitra et al., 2002; Wiederhold et al., 2004). 
The formation of SSB by APE1 is a critical point in the BER process since two sub-pathways 
may follow: the short-patch or the long-patch pathway (Christmann et al., 2003; Sung and 
Demple, 2006). The short patch may be initiated by N-glycosylases whereas the long-patch 
may be the pathway of choice for spontaneous hydrolysis of bases (Didzaroglu, 2005). Cell 
cycle stage may also affect the choice of sub-pathway (Krokan et al., 2000): bifunctional 
glycosylases point to a short-patch mode of action whereas damage rectified by 
monofunctional glycosylases may follow either pathway (Fortini et al., 1999). The long-
patch process may have evolved as a more efficient or as a redundant mechanism for abasic 
moieties (Wilson and Thompson, 1997). In some cases these moieties are refractory to 
5΄phosphodiesterase activity. Indeed oxidized abasic sites do not give rise to deoxyribose 
phosphate (dRP) under physiological conditions. In this case the cleaving of the sugar-
phosphate backbone must be done downstream towards the 3΄end (Sung and Demple, 2006) 
and the same happens with reduced abasic sites (Zhang and Dianov, 2005).  
No matter what the underlying reason for differentiation is, the two sub-pathways are 
substantially different. In the short-patch polymerase β attaches a single nucleotide to the 
trimmed 3΄OH end, displacing the dRP at the 5΄end (Wilson and Thompson, 1997; Schärer 
and Jiricny, 2001) and it also cleaves 5΄dRP by its intrinsic lyase activity through a 
covalent Schiff intermediate (Sung and Demple, 2006). Ligase III/XRCC1 seals the gap 
and DNA integrity is restored (Wilson and Thompson, 1997; Cabelof et al., 2002). 
Polymerase β does not have proofreading abilities and sometimes it incorporates an 
incorrect nucleotide which is subsequently re-excised by APE1 (Noble, 2002). In the long-
patch, polymerase β or polymerase δ/ε with the proliferating cell nuclear antigen 
(PCNA), add a few more nucleotides at the 3΄OH end (Christmann et al., 2003). The 
number of extra nucleotides is according to researchers up to six (Schärer and Jiricny, 
2001), up to ten (Christmann et al., 2003) or up to thirteen (Suttler et al., 2003). This action 
creates a flap at the 5΄dRP end. This flap is then excised by flap endonuclease (FEN1) and 
afterwards PCNA/ligase I seals the gap (Christmann et al., 2003). A representation of BER 
pathways is depicted in Figure 1. 
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3. Common polymorphisms in BER and cancer risk 
Given the crucial role of BER in DNA repair, it is expected that polymorphisms which alter 
enzyme activity may be linked with increased cancer risk. In vitro modified (increased or 
decreased) activity of mutated alleles is not always corroborated by similar in vivo activity 
and human studies are sometimes few and/or inconclusive. In other cases, however, a 
strong link between mutation and development or propagation of cancer has been verified.  
The substitution of serine by cysteine in codon 326 (Ser326Cys) in OGG1 N-glycosylase (see 
subchapter 4) is one of the cases of questionable involvement in cancer;  the imperative need 
for comprehensive human studies regarding this polymorphism which has been shown to be 
less efficient in oxidative lesion removal in vitro (Ishida et al., 1999; Yamane et al., 2004; Hill 
and Evans, 2006) has already been highlighted (Loft and Moller, 2006). Epidemiological 
studies of this polymorphism in relation to lung cancer have yielded mixed results showing a 
weak association between homozygous Ser326Cys and cancer development (Hatt et al., 2008). 
Two recent meta-analyses (statistical re-evaluations of separate but related studies) of 1925 and 
3253 lung cancer patients showed indeed an increased risk in homozygous populations 
(Kohno et al., 2006; Hung et al., 2005 respectively). Furthermore, a meta-analysis of 6375 cases 
showed implications of Ser326Cys homozygous genotype in cancer development in non-
smokers only (Li et al., 2008). Incrimination of this OGG1 polymorphism in lung cancer 
development is thus possible. Colorectal cancer is less strongly associated with this 
polymorphism; the Ser326Cys homozygous populations were at increased risk for colorectal 
cancer in certain studies (Moreno et al., 2006). The Ser326Cys homozygous populations were at 
increased risk for colorectal cancer, only when other incriminating factors (increased meat 
intake, cigarette smoking) were co-present (Kim et al., 2003). Other studies however have not 
found a correlation between this polymorphism and colorectal adenomas or carcinomas 
(Hansen et al., 2005).  
On the contrary, mutations in the MYH gene (see also subchapter 4) have been proven 
without doubt to be able to cause an autosomal recessive form of familial adenomatous 
polyposis (Lindor, 2009). Individuals with biallelic inherited mutations of the MYH gene 
run a high risk of colorectal cancer that approaches 100% (Dolwani et al., 2007). 
Transversion mutations in MYH disrupt the normal base excision repair of adenines 
misincorporated opposite 7,8-dihydro-8-oxoguanine, a prevalent and stable product of 
oxidative damage to DNA, leading to hereditary colorectal neoplasms (Sampson et al, 2005). 
Patients with MYH-associated polyposis (MAP) present with clinical features similar to 
classic FAP (familial adenomatous polyposis). Patients typically present between the ages of 
40–60 years with a variable number of colorectal adenomatous polyps, however, MYH 
mutation carriers do not usually present with multiple polyps before the age of 30 years 
(Kastrinos and Syngal, 2007).  
Given the critical role of APE1 in BER a total of 18 polymorphisms in APE1 gene have been 
reported. The most extensively studied is the Asp148Glu; A meta-analysis of 12432 cases 
showed an increased risk of cancers, especially of colorectal cancer for this allele. Functional 
studies have shown that this variant may have altered endonuclease and DNA-binding 
activity and reduced ability to interact with other BER proteins (Gu et al., 2009) in order to 
form critical complexes for nucleotide excision/incorporation during the rectifying process. 
Besides its endonuclease activity, APE1 has been shown to stimulate the DNA binding 
activity of numerous transcription factors that are involved in cancer promotion and 
progression such as Fos, Jun, nuclear factor-κB and p53, thus is actively involved in redox 
regulation of oncoproteins (Kelley et al., 2010). 
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and human studies are sometimes few and/or inconclusive. In other cases, however, a 
strong link between mutation and development or propagation of cancer has been verified.  
The substitution of serine by cysteine in codon 326 (Ser326Cys) in OGG1 N-glycosylase (see 
subchapter 4) is one of the cases of questionable involvement in cancer;  the imperative need 
for comprehensive human studies regarding this polymorphism which has been shown to be 
less efficient in oxidative lesion removal in vitro (Ishida et al., 1999; Yamane et al., 2004; Hill 
and Evans, 2006) has already been highlighted (Loft and Moller, 2006). Epidemiological 
studies of this polymorphism in relation to lung cancer have yielded mixed results showing a 
weak association between homozygous Ser326Cys and cancer development (Hatt et al., 2008). 
Two recent meta-analyses (statistical re-evaluations of separate but related studies) of 1925 and 
3253 lung cancer patients showed indeed an increased risk in homozygous populations 
(Kohno et al., 2006; Hung et al., 2005 respectively). Furthermore, a meta-analysis of 6375 cases 
showed implications of Ser326Cys homozygous genotype in cancer development in non-
smokers only (Li et al., 2008). Incrimination of this OGG1 polymorphism in lung cancer 
development is thus possible. Colorectal cancer is less strongly associated with this 
polymorphism; the Ser326Cys homozygous populations were at increased risk for colorectal 
cancer in certain studies (Moreno et al., 2006). The Ser326Cys homozygous populations were at 
increased risk for colorectal cancer, only when other incriminating factors (increased meat 
intake, cigarette smoking) were co-present (Kim et al., 2003). Other studies however have not 
found a correlation between this polymorphism and colorectal adenomas or carcinomas 
(Hansen et al., 2005).  
On the contrary, mutations in the MYH gene (see also subchapter 4) have been proven 
without doubt to be able to cause an autosomal recessive form of familial adenomatous 
polyposis (Lindor, 2009). Individuals with biallelic inherited mutations of the MYH gene 
run a high risk of colorectal cancer that approaches 100% (Dolwani et al., 2007). 
Transversion mutations in MYH disrupt the normal base excision repair of adenines 
misincorporated opposite 7,8-dihydro-8-oxoguanine, a prevalent and stable product of 
oxidative damage to DNA, leading to hereditary colorectal neoplasms (Sampson et al, 2005). 
Patients with MYH-associated polyposis (MAP) present with clinical features similar to 
classic FAP (familial adenomatous polyposis). Patients typically present between the ages of 
40–60 years with a variable number of colorectal adenomatous polyps, however, MYH 
mutation carriers do not usually present with multiple polyps before the age of 30 years 
(Kastrinos and Syngal, 2007).  
Given the critical role of APE1 in BER a total of 18 polymorphisms in APE1 gene have been 
reported. The most extensively studied is the Asp148Glu; A meta-analysis of 12432 cases 
showed an increased risk of cancers, especially of colorectal cancer for this allele. Functional 
studies have shown that this variant may have altered endonuclease and DNA-binding 
activity and reduced ability to interact with other BER proteins (Gu et al., 2009) in order to 
form critical complexes for nucleotide excision/incorporation during the rectifying process. 
Besides its endonuclease activity, APE1 has been shown to stimulate the DNA binding 
activity of numerous transcription factors that are involved in cancer promotion and 
progression such as Fos, Jun, nuclear factor-κB and p53, thus is actively involved in redox 
regulation of oncoproteins (Kelley et al., 2010). 
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Fig. 1. Schematic representation of mammalian Base Excision Repair pathway (adapted from 
Wiederhold et al., 2004). 

 
Base Excision Repair Pathways 

 

69 

The XRCC1 protein plays a major role in facilitating the repair of single-strand breaks in 
mammalian cells, via an ability to interact with multiple enzymatic components of repair 
reactions (Caldecott, 2003).  In BER, XRCC1 acts as a scaffold for DNA ligase III, 
polymerases and PAPR. Some of the most common XRCC1 polymorphisms are Arg194Trp, 
Arg280His and Arg399Gln (Xue et al., 2011). A meta-analysis of 40 studies regarding these 
three polymorphisms and breast cancer showed  a recessive effect of Arg280His and 
Arg399Gln variants in Asians only (Li et al., 2009). However, no increase in gastric cancer 
risk for Arg194Trp, Arg280His and Arg399Gln has been noted (Geng et al., 2008; Xue et al., 
2011). According to other studies, the Arg194Trp variant contributes to a reduced risk of 
various types of cancer (Goode et al., 2002; Hu et al., 2005). Indeed, the XRCC1 Arg194Trp 
and Arg280His variants were each associated with a reduced risk of lung cancer compared 
with common allele homozygotes (Hung et al., 2005). These last results are somewhat 
surprising since a common perception is that a change in amino-acid structure would be 
deleterious to function and would result in an increased risk of cancer. In the specific case of 
XRCC1, it is possible that a change to tryptophan would cause a transition from the 
positively charged arginine of the wild type to a hydrophobic tryptophan, which could 
positively affect binding to DNA and increase efficiency (Ladiges, 2006). 
PCNA, another important component for BER polymerases scaffolding is also characterised 
as “the ringmaster of the genome”. It interacts with p53-controlled proteins Gadd45, 
MyD118, CR6 and p21, in the process of deciding cell fate: proliferation, repair or apoptosis 
(Paunesku et al., 2001). A novel form of PCNA has been described in malignant breast cells. 
This unique form is not the result of a genetic alteration, as demonstrated by DNA sequence 
analysis but it is the product of post-translational modification. This example shows the 
diverse and multifaceted ways that BER enzyme variations may affect cancer frequency 
(Bechtel et al., 1988). 

4. Specific BER N-glycosylases implicated in oxidised base removal 
4.1 Prokaryotic organisms (E.coli) 
i) Fpg (MutM): Formamidopyrimidine glycosylase (Fpg) is a glycosylase which excises 8-
oxo-deoxyguanosine (8-oxo-dG) from 8-oxo-dG: C pairs (Beckman and Ames, 1997; Gros et 
al., 2002; Russo et al., 2006), but not from  8-oxo-dG: A mispairs because that would lead to a 
stable G-T transition (Wang et al., 1998). One of the most extensively studied glycosylases, 
Fpg has been also found in Deinococcus radiodurans (Gros et al., 2002), in yeast Candida 
albicans (Wallace, 2002) and in the plant Arabidopsis thaliana (Rosenquist et al., 2003). It is a 
globular monomer of 269 aminoacids and 30.2 kDa, which cleaves 8-oxo-dG, its opened ring 
form 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy) and a variety of pyrimidines 
(5-hydroxycytosine, 5-hydroxyuracil and thymine glycol) (Gros et al., 2002). Fpg possesses a 
C-terminal Zn finger motif, which stabilises the bound DNA and contributes to substrate 
interaction (Rosenquist et al., 2003). Fpg has an AP lyase activity performing βδ elimination 
of the abasic site (Gros et al., 2002; Russo et al., 2006). 
ii) Nei (endo VII): Nei exhibits an overlapping substrate-specificity with Fpg. It comprises 
263 amino acids and a C-terminal Zn finger motif (Gros et al., 2002; Rosenquist et al., 2003). 
iii) MutT: MutT is a GTPase which sanitises nucleotide pools from 8-oxo-GTP by 
hydrolysing it to monophosphate, thus preventing its misincorporation in DNA (Beckman 
and Ames, 1997; Fortini et al., 2003). MutT deficient strains exhibit a strong mutator 
phenotype (Fortini et al., 2003). 
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Fig. 1. Schematic representation of mammalian Base Excision Repair pathway (adapted from 
Wiederhold et al., 2004). 
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The XRCC1 protein plays a major role in facilitating the repair of single-strand breaks in 
mammalian cells, via an ability to interact with multiple enzymatic components of repair 
reactions (Caldecott, 2003).  In BER, XRCC1 acts as a scaffold for DNA ligase III, 
polymerases and PAPR. Some of the most common XRCC1 polymorphisms are Arg194Trp, 
Arg280His and Arg399Gln (Xue et al., 2011). A meta-analysis of 40 studies regarding these 
three polymorphisms and breast cancer showed  a recessive effect of Arg280His and 
Arg399Gln variants in Asians only (Li et al., 2009). However, no increase in gastric cancer 
risk for Arg194Trp, Arg280His and Arg399Gln has been noted (Geng et al., 2008; Xue et al., 
2011). According to other studies, the Arg194Trp variant contributes to a reduced risk of 
various types of cancer (Goode et al., 2002; Hu et al., 2005). Indeed, the XRCC1 Arg194Trp 
and Arg280His variants were each associated with a reduced risk of lung cancer compared 
with common allele homozygotes (Hung et al., 2005). These last results are somewhat 
surprising since a common perception is that a change in amino-acid structure would be 
deleterious to function and would result in an increased risk of cancer. In the specific case of 
XRCC1, it is possible that a change to tryptophan would cause a transition from the 
positively charged arginine of the wild type to a hydrophobic tryptophan, which could 
positively affect binding to DNA and increase efficiency (Ladiges, 2006). 
PCNA, another important component for BER polymerases scaffolding is also characterised 
as “the ringmaster of the genome”. It interacts with p53-controlled proteins Gadd45, 
MyD118, CR6 and p21, in the process of deciding cell fate: proliferation, repair or apoptosis 
(Paunesku et al., 2001). A novel form of PCNA has been described in malignant breast cells. 
This unique form is not the result of a genetic alteration, as demonstrated by DNA sequence 
analysis but it is the product of post-translational modification. This example shows the 
diverse and multifaceted ways that BER enzyme variations may affect cancer frequency 
(Bechtel et al., 1988). 

4. Specific BER N-glycosylases implicated in oxidised base removal 
4.1 Prokaryotic organisms (E.coli) 
i) Fpg (MutM): Formamidopyrimidine glycosylase (Fpg) is a glycosylase which excises 8-
oxo-deoxyguanosine (8-oxo-dG) from 8-oxo-dG: C pairs (Beckman and Ames, 1997; Gros et 
al., 2002; Russo et al., 2006), but not from  8-oxo-dG: A mispairs because that would lead to a 
stable G-T transition (Wang et al., 1998). One of the most extensively studied glycosylases, 
Fpg has been also found in Deinococcus radiodurans (Gros et al., 2002), in yeast Candida 
albicans (Wallace, 2002) and in the plant Arabidopsis thaliana (Rosenquist et al., 2003). It is a 
globular monomer of 269 aminoacids and 30.2 kDa, which cleaves 8-oxo-dG, its opened ring 
form 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy) and a variety of pyrimidines 
(5-hydroxycytosine, 5-hydroxyuracil and thymine glycol) (Gros et al., 2002). Fpg possesses a 
C-terminal Zn finger motif, which stabilises the bound DNA and contributes to substrate 
interaction (Rosenquist et al., 2003). Fpg has an AP lyase activity performing βδ elimination 
of the abasic site (Gros et al., 2002; Russo et al., 2006). 
ii) Nei (endo VII): Nei exhibits an overlapping substrate-specificity with Fpg. It comprises 
263 amino acids and a C-terminal Zn finger motif (Gros et al., 2002; Rosenquist et al., 2003). 
iii) MutT: MutT is a GTPase which sanitises nucleotide pools from 8-oxo-GTP by 
hydrolysing it to monophosphate, thus preventing its misincorporation in DNA (Beckman 
and Ames, 1997; Fortini et al., 2003). MutT deficient strains exhibit a strong mutator 
phenotype (Fortini et al., 2003). 
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iv) MutY: MutY excises A which is wrongly incorporated opposite 8-oxo-dG (Beckman and 
Ames, 1997; Vidal et al., 2001).  MutY is a 39 kDa protein which can also excise A opposite to 
G, C and 8-oxo-dA (Le Page et al., 1999; Gros et al., 2002). Fpg/MutY double null strains 
exhibit a strong mutator phenotype (Wang et al., 1998; Russo et al., 2006). 
v) Nth: Nth also excises Fpg substrates and it has a strong activity against thymine glycol 
and other oxidised pyrimidines (Gros et al., 2002; Izumi et al., 2003; Rosenquist et al., 2003). 
Nth possesses a β-lyase activity besides its N-glycosylase activity (bifunctional glycosylase) 
(Izumi et al., 2003). Nth mutants are not sensitive towards oxidative insult, however the 
double mutants nth/nei exhibit a mutator phenotype after exposure to ionising radiation or 
H2O2 (Gros et al., 2002). 
The triad MutT, MutY and MutM (Fpg) comprise the so called GO system which suppresses 
effectively Guanine Oxidation via the concerted actions of sanitising of the nucleotide pool, 
excising misincorporated A and excising 8-oxo-dG from duplex DNA respectively 
(Beckman and Ames, 1997). 

4.2 Eykaryotic organisms (mammals) 
i) OGG1: hOGG1 is the functional analogue of Fpg in humans. Besides 8-oxo-dG, OGG1 has 
activity against Fapy (Nohmi et al., 2005) and very weak activity against 4,6-diamino-5-
formamidopyrimidine (FapyA) (Wallace, 2002). The mammalian OGG1 contains a helix-
hairpin-helix motif (HhH) with an Asp-activated Lys residue as an active site. The residue 
forms a Schiff base with the substrate and subsequently creates an AP site (Izumi et al., 
2003). OGG1 is a bifunctional glycosylase, however it acts as a monofunctional in vivo since 
APE1 precludes the lyase activity of OGG1 (Vidal et al., 2001; Fortini et al., 2003). Given the 
crucial role of OGG1 in 8-oxo-dG control, it is rather surprising that ogg1-/- mice are viable 
and do not show malignant phenotype (Klungland et al., 1999; Gros et al., 2002). 
Implications of other glycosylases or even other pathways are probably some of the reasons 
for this incident (Izumi et al., 2003). However it has been shown in the same mice that the 
incidents of spontaneous lung carcinoma/adenoma and UV-induced skin tumours are 
elevated 1.5 years after birth (Sakumi et al., 2003). In humans OGG1 polymorphisms have 
been incriminated for certain cancer types, especially the mutation Ser326Cys as discussed 
earlier in this chapter. It is postulated that Cys mutants have lower 8-oxo-dG excision 
capacity than wild type cells (Nohmi et al., 2005). 
ii) NEIL: 3 human and 3 mouse homologues of the bacterial Nei have been cloned, namely 
NEIL1, NEIL2 and NEIL3. They contain a helix-two turn-helix motif and NEIL 2 and 3 may 
also contain Zn finger motifs (Rosenquist et al., 2003). NEIL1 and NEIL2 perform a βδ 
elimination on their substrate with a 3΄ and a 5΄ phosphate strand as end products (Izumi et 
al., 2003). NEIL excises thymine glycol (TG), FapyG and FapyA but shows only nominal 
activity against 8-oxo-dG (Rosenquist et al., 2003). According to other researchers NEIL 
activity against 8-oxo-dG is significant and the tissue-specific high expression of NEIL3 may 
be a back up mechanism for removal of oxidised guanine (Slupphaug et al., 2003). 
iii) MTH1: the mammalian homologue of MutT is MTH1. MTH1 sanitises the nucleotide 
pool from 8-oxo-GTP and it also degrades 2OH-dATP and 2OH-ATP (Slupphaug et al., 
2003; Nohmi et al., 2005). Mth-/- mice showed an increased rate of point mutations 
(Nakabeppu et al., 2006). Some polymorphisms of MTH1 have been found in cancer patients 
but a correlation between cancer and MTH1 variations has not been established (Nohmi et 
al., 2005). However the polymorphism Val83Met was dominant in female Japanese patients 
with Type I diabetes mellitus (Miyako et al., 2004). 
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iv) MYH: the mammalian homologue of MutY is MYH. MYH removes A from 8-oxo-dG:A 
mispairs (Nagashima et al., 1997; Fortini et al., 2003). It also recognises A:G and A:C 
mispairs (Fortini et al., 2003; Izumi et al., 2003). It is mainly a monofunctional glycosylase 
with a weak AP lyase activity (Russo et al., 2006). Important variants of MYH were found in 
siblings afflicted by multiple colon adenoma and carcinoma and further studies proved its 
role in colorectal adenoma and carcinoma predisposition (Gros et al., 2002; Nohmi et al., 
2005). Double mutants mice for MYH and OGG1 had increased tumours in lung, small 
intestine and ovaries (Russo et al., 2006). The unique action of MYH does not seem to have 
any back up from other glycosylases, which explain the importance of its mutations (Izumi 
et al., 2003). 
v) NTH1: The mammalian homologue of nth is NTH1. NTH1 has similar substrate 
specificity with nth (Gros et al., 2002). It possesses both an N-glycosylase and an 
endonuclease activity but a product inhibition dissociates the two activities (Izumi et al., 
2003; Marenstein et al., 2003). Double mutant embryonic cells still showed TG repair because 
of the accessory enzymes TGG1 and TGG2 (Gros et al., 2002). Furthermore, nth1-/- mice 
stayed healthy but exhibited a slower excision activity for NTH1 substrates (Izumi et al., 
2003).  
vi) OGG2: the novel glycosylase OGG2 has been found in human (Wang et al., 1998; Bohr 
and Dianov, 1999) and yeast (Nash et al., 1996) cells. OGG2 probably excises wrongly 
incorporated 8-oxo-dG opposite A, in a nascent strand (Izumi et al., 2003).   
 The triad MTH1, MYH and OGG1 together with other accessory proteins like OGG2 and 
NEIL comprise the mammalian GO system which suppresses effectively Guanine 
Oxidation. A representation of the GO system is given in Figure 2.  

5. Specific BER N-glycosylases implicated in alkylated base removal 
It has been estimated that 20,000 DNA lesions are produced per cell per day but the 
contribution of alkylation damage is not well established (Drabløs et al., 2004). However 
alkylation damage occurs frequently as part of the normal metabolism of the cell. It has been 
shown that the methyl donor S-adenyl-methionine can methylate spontaneously DNA to 3-
methyl-adenine (3meA) (Seeberg et al., 1995).  Also alkylation occurs as a consequence of 
lipid peroxidation and of nitrosocompounds in the gastrointestinal tract. Furthermore, there 
are naturally occurring 7-methylguanine (7meG) residues in the genome (Xiao and Samson, 
1993). Exogenous sources of alkylation include chloromethane gas by plants, fungi and 
industrial uses, N-nitrosocompounds in tobacco smoke and alkylating anticancer drugs like 
temozolomide, carmustin and lomustine (Drabløs et al., 2004). Almost all the main 
mechanisms of DNA repair (direct damage reversal, BER, NER and recombination repair) 
are implicated in alkylation damage repair and almost all alkylating agents can form O and 
N-adducts in all bases and O-adducts in phosphodiesters (Drabløs et al., 2004). Regarding 
BER, a series of N-glycosylases have evolved especially for excision of alkylated bases. 

5.1 Prokaryotic organisms (E.coli) 
i) Tag: The bacterial Tag excises 3meA and 3meG from dsDNA only (Bjeeland and Seeberg, 
1996) and it is not inducible (Seeberg et al., 1995). E.coli strains, which had enhanced 3meA 
glycosylase activity however, were more susceptible to mutations if they were simultaneously 
deficient in AP endonuclease activity (Taverna and Sedwick, 1996). The same happened with 
the functional homologue of S. cerevisiae when it was overexpressed in AP endonuclease 
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iv) MutY: MutY excises A which is wrongly incorporated opposite 8-oxo-dG (Beckman and 
Ames, 1997; Vidal et al., 2001).  MutY is a 39 kDa protein which can also excise A opposite to 
G, C and 8-oxo-dA (Le Page et al., 1999; Gros et al., 2002). Fpg/MutY double null strains 
exhibit a strong mutator phenotype (Wang et al., 1998; Russo et al., 2006). 
v) Nth: Nth also excises Fpg substrates and it has a strong activity against thymine glycol 
and other oxidised pyrimidines (Gros et al., 2002; Izumi et al., 2003; Rosenquist et al., 2003). 
Nth possesses a β-lyase activity besides its N-glycosylase activity (bifunctional glycosylase) 
(Izumi et al., 2003). Nth mutants are not sensitive towards oxidative insult, however the 
double mutants nth/nei exhibit a mutator phenotype after exposure to ionising radiation or 
H2O2 (Gros et al., 2002). 
The triad MutT, MutY and MutM (Fpg) comprise the so called GO system which suppresses 
effectively Guanine Oxidation via the concerted actions of sanitising of the nucleotide pool, 
excising misincorporated A and excising 8-oxo-dG from duplex DNA respectively 
(Beckman and Ames, 1997). 

4.2 Eykaryotic organisms (mammals) 
i) OGG1: hOGG1 is the functional analogue of Fpg in humans. Besides 8-oxo-dG, OGG1 has 
activity against Fapy (Nohmi et al., 2005) and very weak activity against 4,6-diamino-5-
formamidopyrimidine (FapyA) (Wallace, 2002). The mammalian OGG1 contains a helix-
hairpin-helix motif (HhH) with an Asp-activated Lys residue as an active site. The residue 
forms a Schiff base with the substrate and subsequently creates an AP site (Izumi et al., 
2003). OGG1 is a bifunctional glycosylase, however it acts as a monofunctional in vivo since 
APE1 precludes the lyase activity of OGG1 (Vidal et al., 2001; Fortini et al., 2003). Given the 
crucial role of OGG1 in 8-oxo-dG control, it is rather surprising that ogg1-/- mice are viable 
and do not show malignant phenotype (Klungland et al., 1999; Gros et al., 2002). 
Implications of other glycosylases or even other pathways are probably some of the reasons 
for this incident (Izumi et al., 2003). However it has been shown in the same mice that the 
incidents of spontaneous lung carcinoma/adenoma and UV-induced skin tumours are 
elevated 1.5 years after birth (Sakumi et al., 2003). In humans OGG1 polymorphisms have 
been incriminated for certain cancer types, especially the mutation Ser326Cys as discussed 
earlier in this chapter. It is postulated that Cys mutants have lower 8-oxo-dG excision 
capacity than wild type cells (Nohmi et al., 2005). 
ii) NEIL: 3 human and 3 mouse homologues of the bacterial Nei have been cloned, namely 
NEIL1, NEIL2 and NEIL3. They contain a helix-two turn-helix motif and NEIL 2 and 3 may 
also contain Zn finger motifs (Rosenquist et al., 2003). NEIL1 and NEIL2 perform a βδ 
elimination on their substrate with a 3΄ and a 5΄ phosphate strand as end products (Izumi et 
al., 2003). NEIL excises thymine glycol (TG), FapyG and FapyA but shows only nominal 
activity against 8-oxo-dG (Rosenquist et al., 2003). According to other researchers NEIL 
activity against 8-oxo-dG is significant and the tissue-specific high expression of NEIL3 may 
be a back up mechanism for removal of oxidised guanine (Slupphaug et al., 2003). 
iii) MTH1: the mammalian homologue of MutT is MTH1. MTH1 sanitises the nucleotide 
pool from 8-oxo-GTP and it also degrades 2OH-dATP and 2OH-ATP (Slupphaug et al., 
2003; Nohmi et al., 2005). Mth-/- mice showed an increased rate of point mutations 
(Nakabeppu et al., 2006). Some polymorphisms of MTH1 have been found in cancer patients 
but a correlation between cancer and MTH1 variations has not been established (Nohmi et 
al., 2005). However the polymorphism Val83Met was dominant in female Japanese patients 
with Type I diabetes mellitus (Miyako et al., 2004). 

 
Base Excision Repair Pathways 

 

71 
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siblings afflicted by multiple colon adenoma and carcinoma and further studies proved its 
role in colorectal adenoma and carcinoma predisposition (Gros et al., 2002; Nohmi et al., 
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intestine and ovaries (Russo et al., 2006). The unique action of MYH does not seem to have 
any back up from other glycosylases, which explain the importance of its mutations (Izumi 
et al., 2003). 
v) NTH1: The mammalian homologue of nth is NTH1. NTH1 has similar substrate 
specificity with nth (Gros et al., 2002). It possesses both an N-glycosylase and an 
endonuclease activity but a product inhibition dissociates the two activities (Izumi et al., 
2003; Marenstein et al., 2003). Double mutant embryonic cells still showed TG repair because 
of the accessory enzymes TGG1 and TGG2 (Gros et al., 2002). Furthermore, nth1-/- mice 
stayed healthy but exhibited a slower excision activity for NTH1 substrates (Izumi et al., 
2003).  
vi) OGG2: the novel glycosylase OGG2 has been found in human (Wang et al., 1998; Bohr 
and Dianov, 1999) and yeast (Nash et al., 1996) cells. OGG2 probably excises wrongly 
incorporated 8-oxo-dG opposite A, in a nascent strand (Izumi et al., 2003).   
 The triad MTH1, MYH and OGG1 together with other accessory proteins like OGG2 and 
NEIL comprise the mammalian GO system which suppresses effectively Guanine 
Oxidation. A representation of the GO system is given in Figure 2.  
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contribution of alkylation damage is not well established (Drabløs et al., 2004). However 
alkylation damage occurs frequently as part of the normal metabolism of the cell. It has been 
shown that the methyl donor S-adenyl-methionine can methylate spontaneously DNA to 3-
methyl-adenine (3meA) (Seeberg et al., 1995).  Also alkylation occurs as a consequence of 
lipid peroxidation and of nitrosocompounds in the gastrointestinal tract. Furthermore, there 
are naturally occurring 7-methylguanine (7meG) residues in the genome (Xiao and Samson, 
1993). Exogenous sources of alkylation include chloromethane gas by plants, fungi and 
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mechanisms of DNA repair (direct damage reversal, BER, NER and recombination repair) 
are implicated in alkylation damage repair and almost all alkylating agents can form O and 
N-adducts in all bases and O-adducts in phosphodiesters (Drabløs et al., 2004). Regarding 
BER, a series of N-glycosylases have evolved especially for excision of alkylated bases. 

5.1 Prokaryotic organisms (E.coli) 
i) Tag: The bacterial Tag excises 3meA and 3meG from dsDNA only (Bjeeland and Seeberg, 
1996) and it is not inducible (Seeberg et al., 1995). E.coli strains, which had enhanced 3meA 
glycosylase activity however, were more susceptible to mutations if they were simultaneously 
deficient in AP endonuclease activity (Taverna and Sedwick, 1996). The same happened with 
the functional homologue of S. cerevisiae when it was overexpressed in AP endonuclease 
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Fig. 2. Schematic representation of the “GO-system” in mammalian cells (adapted from 
Slupphaug et al., 2003). 

deficient organisms (Xiao and Samson, 1993). These data suggest that the expression of Tag 
should be carefully controlled for achievement of optimal activity.  
ii) AlkA: The bacterial AlkA excises 3meA, 7meA, 7meG, O2 methylcytosine, O2 
methylthymine and hypoxanthine (Seeberg et al., 1995; Hollis et al., 2000; Drabløs et al., 
2004). It is a monofunctional glycosylase (Labahn et al., 1996) with a HhH motif and an 
Asp328 as an active site. Also the active pocket of AlkA is rich in aromatic residues, which 
interact with the alkylated bases (Cunningham et al., 1997; Lau et al., 1998). AlkA is using a 
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base-flipping mechanism which projects the modified base into the active pocket of the 
enzyme. The charged, deficient bases may stack more tightly against the aromatic residues 
of AlkA than the uncharged bases (Hollis et al., 2000). Double mutant strains of E. coli for 
Tag and AlkA are extremely sensitive to alkylating DNA damage (Seeberg et al., 1995).  

5.2 Eukaryotic organisms (mammals) 
i) AAG (MPG, ANPG): The mammalian AAG shares the same broad specificity with the 
bacterial AlkA. It also removes intact guanines at very low frequencies but it cannot remove 
O2-alkylated pyrimidines (Drabløs et al., 2004). However, AlkA and AAG bear little or no 
sequence similarity between them: the yeast MAG and AlkA possess some common 
sequence characteristics but there is no sequence analogy between AlkA and the plant or 
mammalian AAG (Labahn et al., 1996). The broad specificity of AAG is an interesting 
phenomenon. It is probable that AAG outstacks completely or partially nucleotides and 
scans along DNA searching for alkylation damage (Lau et al., 1998). Base flipping of the 
modified base is accompanied by its intercalation with Tyr162, its stabilisation and a 
nucleophilic attack by a water molecule deprotonated by Glu125 (Lau et al., 1998; Hollis et 
al., 2000).  
As already mentioned. AAG is able to rectify exocyclic etheno adducts like εdA, 3,N4-
ethenodeoxycytidine (εdC), 1,N2-ethenodeoxyguanosine (1,N2εdG) and N2, 3-
ethenodeoxyguanosine (N2-3εdG) which are formed during lipid peroxidation or by vinyl 
chloride, vinyl fluoride, vinyl carbamate, urethanes and other carcinogens (Ham et al., 2004). 
In vitro AAG was the only enzyme able to repair these kinds of adducts, however 
experiments with Aag -/- mice showed that there is still a weak activity against etheno-
adducts via other unknown enzymes or via other pathways (Ham et al., 2004). 
Overexpression of AAG may enhance the cytotoxicity of alkylating agents thus, protection 
from AAG or sensitization by AAG may be tissue-specific and its levels should be carefully 
controlled in order to achieve optimal activity (Drabløs et al., 2004). It is probable that 
enhancement of its glycosylase activity creates a surplus of abasic sites which are not 
properly processed by endonuclases leading to a repair imbalance.  

6. Conclusion 
Base Excision Repair pathway is a tightly conserved pathway, from prokaryotic organism to 
higher mammals. At the same time it is an adapting and flexible mechanism, which covers 
repair of a variety of small DNA lesions as evidenced by its diverse N-glycosylases. BER 
works both under normal conditions and during stressful incidents. The importance of BER 
in cell survival is highlighted by the fact that the most common genetic damages due to 
oxidative stress are rectified mainly through this pathway. Furthermore, polymorphisms of 
BER enzymes which compromise their activity may lead or contribute to neoplasias to a 
certain extent.  
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1. Introduction 
African swine fever virus (ASFV) is an enveloped deoxyvirus that infects suids and causes a 
fatal disease in domestic pigs. ASFV also propagates in ticks of the genus Ornithodoros, being 
the only known DNA arbovirus. Because of its unique features, ASFV is the sole member of 
the Asfaviridae family (Salas 1999; Dixon and Chapman 2008), although comparative genome 
analyses suggest that ASFV shares a common origin with the members of the proposed 
nucleocytoplasmic large DNA viruses (NCLDVs), along with poxviruses, iridoviruses and 
mimivirus, among others (Iyer et al. 2001; Iyer et al. 2006). 
The disease, African swine fever (ASF), was reported for the first time in Kenya in the 1920s, 
as an acute hemorrhagic syndrome of domestic pigs (Montgomery 1921). The infection 
spread outside Africa to the Iberian Peninsula, initially to Portugal in 1957 and 1960, and 
subsequently to Spain and several other countries in Europe and Latin America. The virus 
has been eradicated from all of these regions, apart from sub-Saharan Africa countries and 
the Mediterranean island Sardinia, where the disease remains enzootic (Gómez-Tejedor 
Ortíz 1993). In 2007, a new transcontinental spread of ASF occurred with the introduction of 
ASF to Georgia in the Caucasus region (Beltrán-Alcrudo et al. 2008; Chapman et al. 2008; 
Rowlands et al. 2008), followed by widespread distribution to neighboring countries, 
including Armenia, Azerbaijan and several territories in Russia. Currently there is no 
vaccine available for ASF and the disease is controlled only by animal quarantine and 
slaughter. Therefore, ASF has potentially devastating effects on the commercial and 
subsistence pig production sectors, particularly in developing countries (Costard et al. 2009). 
The virus particle has an overall icosahedral shape and an average diameter of 200 nm. The 
ASFV genome is a double-stranded DNA molecule of 170 to 190 kbp, structured in a central 
constant region of about 125 kbp and two variable regions at the ends (Blasco et al. 1989). 
The two strands are covalently closed, at both ends, by a 37 nucleotide-long hairpin loops, 
followed by a perfect terminal inverted repeat (TIR). A comparison of restriction maps of 
different ASFV isolates has shown that the two variable regions show deletion or additions 
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up to 8.6 kbp and contain five multigene families that comprise different number of 
members in different isolates (Blasco et al. 1989). Several complete sequences of the ASFV 
genome have been published, showing that it encodes more than 150 polypeptides, 
including a variety of enzymes involved in gene transcription and DNA replication and also 
in DNA repair (Yáñez et al. 1995; Chapman et al. 2008; de Villiers et al. 2010) (Table 1). The 
replication cycle occurs mainly in the cytoplasm of the infected cell, but an initial phase of 
viral DNA replication in the nucleus has been described (García-Beato et al. 1992). Analysis 
of ASFV replicating DNA molecules has shown the synthesis of DNA fragments of small 
size in the nucleus and the existence of head-to-head linked molecules that may be 
replicative intermediates and full length genome molecules in the cytoplasm (Rojo et al. 
1999), confined to a specific area termed as viral factory. These factories contain also high 
amounts of viral structural proteins and ER-derived membranous material needed for 
particle assembly (Rouiller et al. 1998). A reducing environment in the virus factory is 
critical for the particle assembly (Cobbold et al. 2007). However, the virus codes for a 
sulfhydryl oxidase, which might be involved in the formation of the disulfide bonds found 
in viral proteins (Rodríguez et al. 2006).  
The maintenance of genomic integrity is essential not only for the survival of cellular 
organisms but also viruses. Endogenous aerobic metabolism and a variety of exogenous 
factors generate reactive oxygen species (ROS), which can damage macromolecules 
including lipids, proteins and nucleic acids. Macrophages and other immune cells, including 
monocytes and neutrophils, where ASFV replication mainly occurs (Fernández et al. 1992), 
have been reported to produce ROS in response to viral infection (Klebanoff and Coombs 
1992; Suzuki et al. 1997). Therefore, viral genomes may undergo a highly oxidative stress 
during its replication, which could generate lesions such as oxidized bases and single-strand 
breaks bearing 3’-blocking termini in the viral DNA. 
Base Excision Repair systems (BER, see Figure 2) are the main pathways that surgically 
locate and remove damaged bases from DNA and are ubiquitous in Archaea, Bacteria and 
Eukarya. In the classical BER pathway, a DNA glycosylase recognizes and excises the 
damaged base. A uracil DNA glycosylase (UNG) or other monofunctional DNA glycosylase 
liberate the damaged base (typically uracil) and leaves an apurinic/apyrimidinic (AP) site in 
the DNA. Subsequently, AP endonuclease cleaves the sugar-phosphate backbone at the 5’-
side of the AP site resulting in 3’-OH and 5’- deoxyribose phosphate (dRP) groups at the 
margins of a single nucleotide gap in DNA (Hegde et al. 2008). DNA polymerase  (pol ) 
inserts a nucleotide into the gap and removes the 5’-dRP group through its associated lyase 
activity, resulting in nicked DNA that will be sealed by a DNA ligase (Robertson et al. 2009). 
This sub-pathway is designated as short-patch or single-nucleotide base excision repair (SN-
BER). However, if the 5’-sugar group is oxidized or reduced it is not recognized by the pol  
dRP lyase and the DNA ligase cannot seal the nick. In this case, the repair occurs through an 
alternate long patch base excision repair (LP-BER) sub-pathway, involving removal of 
several nucleotides by a 5’3’ exonuclease or a flap endonuclease activity prior to their 
replacement by a DNA polymerase (Sung and Demple 2006; Robertson et al. 2009). 
A second group of DNA glycosylases, the bifunctional glycosylases also incise the AP site 
after the base removal, generating a single-stranded DNA break with 3’-sugar phosphate 
groups that must be removed prior to the gap-filling synthesis step. This cleansing step can 
be performed either by an AP endonuclease (for 3’-phosphate or 3’-phosphoaldehyde 
moieties) or by a polynucleotide kinase (only for 3’-phosphate group) (Hegde et al. 2008). 
The majority of oxidized DNA bases are removed in the BER pathway initiated by 
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redundant bifunctional DNA glycosylases (Fromme et al. 2004; Zharkov 2008). However, 
certain types of oxidative DNA damage such as the alpha-anomeric 2’-deoxynucleosides 
(dA, dT and αdC) cannot be repaired by DNA glycosylases but rather by the AP 
endonucleases in the alternative nucleotide incision repair (NIR) pathway (Ischenko and 
Saparbaev 2002; Ishchenko et al. 2006). NIR is a DNA glycosylase-independent conserved 
BER mechanism that is initiated by an AP endonuclease that makes an incision 5’ next to a 
damaged base, providing a proper 3’-OH group for DNA polymerization and a 5’-dangling 
damaged nucleotide. Oxidatively damaged pyrimidines including 5,6-dihydrothymine 
(DHT), 5,6-dihydrouracil (DHU), 5-hydroxyuracil (5OHU) and 5-hydroxycytosine (5OHC) 
are substrates for both BER and NIR pathways suggesting that the latter pathway can serve 
as a back-up system to counteract oxidative stress (Couvé-Privat et al. 2007). 
 

Protein function ORF(s) name(s) Ref. 
DNA polymerase  G1207R (Rodríguez et al. 1993) 
Thymidine kinase K196R (Blasco et al. 1990) 
Thymidylate kinase  A240L (Yáñez et al. 1993) 
Ribonucleotide reductase F778R and F334L (Boursnell et al. 1991) 
DNA primase C962R (Yáñez et al. 1995) 

DNA helicase D1133L, Q706L, A859L, 
B962L, F1055L, QP509L 

(Yáñez et al. 1993; Yáñez et 
al. 1995) 

DNA ligase NP419L (Yáñez and Viñuela 1993; 
Lamarche et al. 2005) 

dUTPase E165L (Oliveros et al. 1999) 

DNA polymerase X O174L (Yáñez et al. 1995; Oliveros et 
al. 1997) 

AP endonuclease E296R 
(Lamarche and Tsai 2006; 
Redrejo-Rodríguez et al. 
2006) 

5’3’ exonuclease D345L (Iyer et al. 2001; de Villiers et 
al. 2010) 

ERCC4-type endonuclease EP364R (Yáñez et al. 1995) 
PCNA-like E301R (Yáñez et al. 1995) 

Table 1. ASFV genes involved in DNA replication and repair. 

Many DNA viruses, like herpesvirus, poxvirus or mimivirus encode one or more DNA 
glycosylases that may initiate a putative viral BER pathway (Caradonna et al. 1987; Upton et 
al. 1993; Raoult et al. 2004). However, only mimivirus, entomopoxvirus (the poxvirus 
subgroup that infects insects) and the recently described Cafeteria roenbergensis virus (CroV), 
contain ORFs that may code for reparative pol -like DNA polymerase or AP endonuclease 
proteins (Afonso et al. 1999; Raoult et al. 2004; Fischer et al. 2010). On the contrary, the ASFV 
BER system includes a pol X family DNA polymerase, a class II AP endonuclease, a DNA 
ligase and other factors (Table 1), but lacks a DNA glycosylase homolog. This chapter aims 
to review the properties of ASFV BER pathway elements, and to provide new data to further 
characterize the viral BER mechanism(s). The major host cell preference of ASFV for 
macrophages and other immune cells constitute an important hallmark in ASFV replication 
cycle environment and might result in a specific variety of oxidative DNA damage, which 
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organisms but also viruses. Endogenous aerobic metabolism and a variety of exogenous 
factors generate reactive oxygen species (ROS), which can damage macromolecules 
including lipids, proteins and nucleic acids. Macrophages and other immune cells, including 
monocytes and neutrophils, where ASFV replication mainly occurs (Fernández et al. 1992), 
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redundant bifunctional DNA glycosylases (Fromme et al. 2004; Zharkov 2008). However, 
certain types of oxidative DNA damage such as the alpha-anomeric 2’-deoxynucleosides 
(dA, dT and αdC) cannot be repaired by DNA glycosylases but rather by the AP 
endonucleases in the alternative nucleotide incision repair (NIR) pathway (Ischenko and 
Saparbaev 2002; Ishchenko et al. 2006). NIR is a DNA glycosylase-independent conserved 
BER mechanism that is initiated by an AP endonuclease that makes an incision 5’ next to a 
damaged base, providing a proper 3’-OH group for DNA polymerization and a 5’-dangling 
damaged nucleotide. Oxidatively damaged pyrimidines including 5,6-dihydrothymine 
(DHT), 5,6-dihydrouracil (DHU), 5-hydroxyuracil (5OHU) and 5-hydroxycytosine (5OHC) 
are substrates for both BER and NIR pathways suggesting that the latter pathway can serve 
as a back-up system to counteract oxidative stress (Couvé-Privat et al. 2007). 
 

Protein function ORF(s) name(s) Ref. 
DNA polymerase  G1207R (Rodríguez et al. 1993) 
Thymidine kinase K196R (Blasco et al. 1990) 
Thymidylate kinase  A240L (Yáñez et al. 1993) 
Ribonucleotide reductase F778R and F334L (Boursnell et al. 1991) 
DNA primase C962R (Yáñez et al. 1995) 

DNA helicase D1133L, Q706L, A859L, 
B962L, F1055L, QP509L 

(Yáñez et al. 1993; Yáñez et 
al. 1995) 

DNA ligase NP419L (Yáñez and Viñuela 1993; 
Lamarche et al. 2005) 

dUTPase E165L (Oliveros et al. 1999) 

DNA polymerase X O174L (Yáñez et al. 1995; Oliveros et 
al. 1997) 

AP endonuclease E296R 
(Lamarche and Tsai 2006; 
Redrejo-Rodríguez et al. 
2006) 

5’3’ exonuclease D345L (Iyer et al. 2001; de Villiers et 
al. 2010) 

ERCC4-type endonuclease EP364R (Yáñez et al. 1995) 
PCNA-like E301R (Yáñez et al. 1995) 

Table 1. ASFV genes involved in DNA replication and repair. 

Many DNA viruses, like herpesvirus, poxvirus or mimivirus encode one or more DNA 
glycosylases that may initiate a putative viral BER pathway (Caradonna et al. 1987; Upton et 
al. 1993; Raoult et al. 2004). However, only mimivirus, entomopoxvirus (the poxvirus 
subgroup that infects insects) and the recently described Cafeteria roenbergensis virus (CroV), 
contain ORFs that may code for reparative pol -like DNA polymerase or AP endonuclease 
proteins (Afonso et al. 1999; Raoult et al. 2004; Fischer et al. 2010). On the contrary, the ASFV 
BER system includes a pol X family DNA polymerase, a class II AP endonuclease, a DNA 
ligase and other factors (Table 1), but lacks a DNA glycosylase homolog. This chapter aims 
to review the properties of ASFV BER pathway elements, and to provide new data to further 
characterize the viral BER mechanism(s). The major host cell preference of ASFV for 
macrophages and other immune cells constitute an important hallmark in ASFV replication 
cycle environment and might result in a specific variety of oxidative DNA damage, which 
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may explain the differences with other viruses. The role of DNA repair mechanisms in the 
viral replication, pathogenesis and evolution of ASFV and other viruses is also discussed. 

2. African swine fever virus DNA repair 
2.1 DNA damage prevention: dUTPase avoids uridine misincorporation into the viral 
DNA 
dUTPases are enzymes that catalyze the conversion of dUTP to dUMP and PPi. This activity 
is critical to cell survival because excess dUTP is incorporated into DNA, leading to futile 
excision repair cycles, DNA breakage, and death. Therefore, dUTPases function is not a 
DNA repair mechanism itself, but a prophylactic strategy. It is highly conserved in 
biological kingdoms and has been shown to be essential for DNA replication and 
consequently for survival (revised in McClure 2001).  
Recombinant purified ASFV dUTPase (pE165L, Table 1) is a trimeric enzyme, highly specific 
for dUTP and with an elevated affinity for its substrate (Km= 1 M). The protein is expressed 
at early and late times of infection and is localized in the cytoplasm of the infected cells, 
which is consistent with a role in maintaining a high dTTP/dUTP ratio to minimize the 
introduction of uracil into the viral DNA during the whole replication process (Oliveros et 
al. 1999). A recombinant virus with a deletion of the dUTPase gene was generated in the 
Vero cell adapted BA71V ASFV strain (vE165R). This mutant virus was successfully 
purified from cultured Vero cells and further analysis demonstrated that it replicates with 
the same kinetics and to the same extent than the parental virus. However, the growth of 
vE165R virus was strongly impaired in cultured porcine macrophages, the main target in 
natural ASFV infections (Oliveros et al. 1999). The differences in virus replication observed 
between these two cell types could be due to the levels of cellular dUTPase. The 
differentiated macrophages are quiescent cells, thus they may have very low levels of host 
cell dUTPase activity, revealing the required biological role of the viral protein, as found for 
other viruses (Baldo and McClure 1999). Moreover, as already mentioned, sequence 
analyses have not identified any protein with clear similarity to UNG that might repair 
incorporated or cytosine deamination-generated uracil bases. Therefore, a proficient 
dUTPase activity might be especially important to prevent the introduction of deoxyuridine 
during the replication of the large ASFV genome. 

2.2 An early step in base excision repair catalyzed by AP Endonuclease 
As previously indicated, the enzymatic activity that cleaves the sugar-phosphate bond in the 
BER pathways is named AP endonuclease and it generates 3’-OH and 5’-dRP ends. In 
human cells, AP sites are processed by APE1, whereas in yeast the primary AP 
endonuclease is termed APN1. These enzymes are the major constitutively expressed AP 
endonucleases in these organisms and are homologous to the Escherichia coli enzymes 
Exonuclease III (Xth) and Endonuclease IV (Nfo) respectively, which represent the two 
conserved archetypes of AP endonuclease enzymes. 
ASFV protein pE296R is an Nfo-like AP endonuclease, named after the viral gene E296R. It 
is expressed since early times during the infection and progressively accumulates at later 
times. The early enzyme is localized in the nucleus and the cytoplasm, while the late protein 
is detected only in the cytoplasm, supporting a role in BER of viral genomes. The blockage 
of viral DNA replication results in the accumulation of pE296R in the cell nucleus, 
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suggesting a function during the nuclear stage of DNA replication, more likely in DNA 
repair (Redrejo-Rodríguez et al. 2006).  
Purified recombinant pE296R protein contains AP endonuclease and 3’5’ exonuclease 
activities (Lamarche and Tsai 2006; Redrejo-Rodríguez et al. 2006), as well as 3’-
phosphodiesterase, 3’-phosphatase and weak NIR activities against 5ohC and 
dihydropyrimidines (Lamarche and Tsai 2006; Redrejo-Rodríguez et al. 2009). The 3’5’ 
exonuclease activity of pE296R is more efficient against 3’-mismatched substrates (Redrejo-
Rodríguez et al. 2006), 3’-damaged nucleotides and pyrimidines over purines (Redrejo-
Rodríguez et al. 2009). Strikingly, all DNA repair functions of pE296R protein (AP 
endonucleolytic, 3’5’ exonuclease, 3’-diesterase and nucleotide incision repair (NIR) 
activities) as well as its DNA binding capacity are reversibly inhibited by reducing agents. 
Furthermore, cysteine residues alkylation experiments showed the presence of bound 
cysteines in the recombinant protein (Redrejo-Rodríguez et al. 2009). The results suggest that 
the native protein has one disulfide bond and that the break-up of this cysteine-cysteine 
bridge by reducing agents may lead to the loss of DNA binding and enzymatic activities of 
pE296R. Although the in vivo significance of these observations is not well known at 
present, we propose that the presence of a disulfide bond in the viral AP endonuclease may 
provide a mechanism for regulation of the enzyme activity in the infected cells by inducing 
or breaking this bond. In relation to this possibility, it is interesting to mention again that 
ASFV codes for a sulfhydryl oxidase (Rodríguez et al. 2006), which may be involved in the 
formation of the disulfide bond. 
The biological role of protein pE296R has been studied using two different strategies. A first 
approach was based in complementation assays of an AP endonuclease deficient E. coli xth 
nfo strain exposed to various genotoxic agents by the expression of the pE296R protein. This 
is a well-characterized model for the study of the genetic requirements to counteract specific 
DNA damages that can be repaired by BER mechanisms (Cunningham et al. 1986; 
Ishchenko et al. 2006). Methylmethanesulfonate (MMS) is an agent that induces alkylation of 
DNA bases, which can be removed by means of BER, requiring an AP endonuclease activity 
(Weinberger and Sperling 1986). Among the oxidizing agents, H2O2 is produced by the host 
immune cells infected with certain viruses and therefore might generate oxidative lesions in 
the ASFV DNA (Israel and Gougerot-Pocidalo 1997; Suzuki et al. 1997). Expression of 
pE296R protein in the mutant bacteria strain conferred resistance against MMS and H2O2 
(Lamarche and Tsai 2006; Redrejo-Rodríguez et al. 2009), which strongly suggests that the 
viral AP endonuclease can repair 3’-blocking groups, 3’-oxidized bases and AP sites in vivo. 
Importantly, the protection against H2O2 and MMS provided by both pE296R and Nfo 
endonucleases is very similar (Redrejo-Rodríguez et al. 2009), suggesting highly efficient 
properties of the viral AP endonuclease to neutralize DNA damage. Nfo protein NIR 
activity has been shown to be involved in the repair of oxidizing damage that is produced in 
the presence of tert-butylhydroperoxyde (t-BuO2H) (Ishchenko et al. 2006). Expression of 
pE296R is also able to complement AP endonucleases in E. coli against t-BuO2H-induced 
DNA damage (Redrejo-Rodríguez et al. 2009). Thereby, although in vitro the ASFV AP 
endonuclease-catalyzed NIR activity is much weaker compared to other DNA repair 
functions, a role of pE296R in the repair of oxidative DNA base lesions via the DNA 
glycosylase-independent NIR pathway in vivo can be suggested.  
A virus mutant lacking the E296R gene allowed additional characterization of the biological 
role of protein pE296R in the context of the infected macrophage. The viral endonuclease is 
required for virus growth in swine cultured macrophages but not in Vero cells, supporting 
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may explain the differences with other viruses. The role of DNA repair mechanisms in the 
viral replication, pathogenesis and evolution of ASFV and other viruses is also discussed. 
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excision repair cycles, DNA breakage, and death. Therefore, dUTPases function is not a 
DNA repair mechanism itself, but a prophylactic strategy. It is highly conserved in 
biological kingdoms and has been shown to be essential for DNA replication and 
consequently for survival (revised in McClure 2001).  
Recombinant purified ASFV dUTPase (pE165L, Table 1) is a trimeric enzyme, highly specific 
for dUTP and with an elevated affinity for its substrate (Km= 1 M). The protein is expressed 
at early and late times of infection and is localized in the cytoplasm of the infected cells, 
which is consistent with a role in maintaining a high dTTP/dUTP ratio to minimize the 
introduction of uracil into the viral DNA during the whole replication process (Oliveros et 
al. 1999). A recombinant virus with a deletion of the dUTPase gene was generated in the 
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purified from cultured Vero cells and further analysis demonstrated that it replicates with 
the same kinetics and to the same extent than the parental virus. However, the growth of 
vE165R virus was strongly impaired in cultured porcine macrophages, the main target in 
natural ASFV infections (Oliveros et al. 1999). The differences in virus replication observed 
between these two cell types could be due to the levels of cellular dUTPase. The 
differentiated macrophages are quiescent cells, thus they may have very low levels of host 
cell dUTPase activity, revealing the required biological role of the viral protein, as found for 
other viruses (Baldo and McClure 1999). Moreover, as already mentioned, sequence 
analyses have not identified any protein with clear similarity to UNG that might repair 
incorporated or cytosine deamination-generated uracil bases. Therefore, a proficient 
dUTPase activity might be especially important to prevent the introduction of deoxyuridine 
during the replication of the large ASFV genome. 

2.2 An early step in base excision repair catalyzed by AP Endonuclease 
As previously indicated, the enzymatic activity that cleaves the sugar-phosphate bond in the 
BER pathways is named AP endonuclease and it generates 3’-OH and 5’-dRP ends. In 
human cells, AP sites are processed by APE1, whereas in yeast the primary AP 
endonuclease is termed APN1. These enzymes are the major constitutively expressed AP 
endonucleases in these organisms and are homologous to the Escherichia coli enzymes 
Exonuclease III (Xth) and Endonuclease IV (Nfo) respectively, which represent the two 
conserved archetypes of AP endonuclease enzymes. 
ASFV protein pE296R is an Nfo-like AP endonuclease, named after the viral gene E296R. It 
is expressed since early times during the infection and progressively accumulates at later 
times. The early enzyme is localized in the nucleus and the cytoplasm, while the late protein 
is detected only in the cytoplasm, supporting a role in BER of viral genomes. The blockage 
of viral DNA replication results in the accumulation of pE296R in the cell nucleus, 
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suggesting a function during the nuclear stage of DNA replication, more likely in DNA 
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activities) as well as its DNA binding capacity are reversibly inhibited by reducing agents. 
Furthermore, cysteine residues alkylation experiments showed the presence of bound 
cysteines in the recombinant protein (Redrejo-Rodríguez et al. 2009). The results suggest that 
the native protein has one disulfide bond and that the break-up of this cysteine-cysteine 
bridge by reducing agents may lead to the loss of DNA binding and enzymatic activities of 
pE296R. Although the in vivo significance of these observations is not well known at 
present, we propose that the presence of a disulfide bond in the viral AP endonuclease may 
provide a mechanism for regulation of the enzyme activity in the infected cells by inducing 
or breaking this bond. In relation to this possibility, it is interesting to mention again that 
ASFV codes for a sulfhydryl oxidase (Rodríguez et al. 2006), which may be involved in the 
formation of the disulfide bond. 
The biological role of protein pE296R has been studied using two different strategies. A first 
approach was based in complementation assays of an AP endonuclease deficient E. coli xth 
nfo strain exposed to various genotoxic agents by the expression of the pE296R protein. This 
is a well-characterized model for the study of the genetic requirements to counteract specific 
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DNA bases, which can be removed by means of BER, requiring an AP endonuclease activity 
(Weinberger and Sperling 1986). Among the oxidizing agents, H2O2 is produced by the host 
immune cells infected with certain viruses and therefore might generate oxidative lesions in 
the ASFV DNA (Israel and Gougerot-Pocidalo 1997; Suzuki et al. 1997). Expression of 
pE296R protein in the mutant bacteria strain conferred resistance against MMS and H2O2 
(Lamarche and Tsai 2006; Redrejo-Rodríguez et al. 2009), which strongly suggests that the 
viral AP endonuclease can repair 3’-blocking groups, 3’-oxidized bases and AP sites in vivo. 
Importantly, the protection against H2O2 and MMS provided by both pE296R and Nfo 
endonucleases is very similar (Redrejo-Rodríguez et al. 2009), suggesting highly efficient 
properties of the viral AP endonuclease to neutralize DNA damage. Nfo protein NIR 
activity has been shown to be involved in the repair of oxidizing damage that is produced in 
the presence of tert-butylhydroperoxyde (t-BuO2H) (Ishchenko et al. 2006). Expression of 
pE296R is also able to complement AP endonucleases in E. coli against t-BuO2H-induced 
DNA damage (Redrejo-Rodríguez et al. 2009). Thereby, although in vitro the ASFV AP 
endonuclease-catalyzed NIR activity is much weaker compared to other DNA repair 
functions, a role of pE296R in the repair of oxidative DNA base lesions via the DNA 
glycosylase-independent NIR pathway in vivo can be suggested.  
A virus mutant lacking the E296R gene allowed additional characterization of the biological 
role of protein pE296R in the context of the infected macrophage. The viral endonuclease is 
required for virus growth in swine cultured macrophages but not in Vero cells, supporting 
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the existence of a viral reparative system to maintain virus viability in macrophages, the 
ASFV major host cell. Furthermore, the presence of H2O2, t-BuO2H and MMS during the 
infection in Vero cells decreased viral production in a dose-dependent manner (Redrejo-
Rodríguez et al. 2009). This corroborates the role of ASFV AP endonuclease in the repair of 
AP sites and DNA strand breaks in the viral genome, and suggests the involvement of a 
viral NIR pathway in the maintenance of genome integrity in vivo. 

2.3 A minimalist but proficient DNA polymerase X 
ASFV gene O174L codes for a highly distributive X-family DNA polymerase, named pol X, 
that is the smallest naturally occurring DNA-dependent DNA polymerase. Sequence 
alignment shows that this small protein (20 kDa) contains most of the conserved critical 
residues involved in DNA binding, nucleotide binding, and catalysis of the polymerization 
reaction, but lacks the N-terminal 8-kDa domain of pol  that contains the dRP lyase active 
site. Therefore, ASFV pol X most likely represents the minimal functional version of an 
evolutionarily conserved pol -type DNA polymerase core, constituted by only the “palm” 
and “thumb” subdomains (Oliveros et al. 1997; Showalter et al. 2001). 
Pol X is able to efficiently repair single-nucleotide gapped DNA substrates, which is 
consistent with its participation in a BER process during ASFV infection (Oliveros et al. 
1997; Showalter and Tsai 2001; García-Escudero et al. 2003). In agreement with sequence 
analysis predictions, the recombinant purified enzyme lacks the 5’-deoxyribose phosphate 
(dRP) lyase activity characteristic of cellular pol  that eliminates the 5’-dRP blocking group 
generated during the BER process by the action of the AP endonuclease on the abasic site in 
the DNA. However, pol X, as well as pol , exhibits lyase activity on unincised AP sites. 
Taking this into account, the existence of an alternative viral short patch BER pathway has 
been proposed (García-Escudero et al. 2003) in which the AP lyase activity of pol X would 
act on AP sites in the viral DNA. Following this, the 3’-phosphodiesterase and 3’-
phosphatase activities of the pE296R (Lamarche and Tsai 2006; Redrejo-Rodríguez et al. 
2009) protein would excise the 3’-terminal unsaturated aldehyde, allowing the pol X to fill 
the gap. Nevertheless, a long patch pathway or the existence of a dRP lyase activity in 
another viral protein that would excise the dRP moiety should be considered. 
Pol X binds to single and double stranded DNA (ssDNA and dsDNA). The total site-size of 
the pol X-ssDNA complex is 16  2 nucleotides, surprisingly large for such a small protein 
(Jezewska et al. 2007). Regarding BER intermediates, the enzyme forms two different 
complexes with gapped DNAs, with dramatically different affinities. The high affinity 
complex is formed preferably with 1-2 nucleotide gaps and engages the total DNA binding 
site, while in the low affinity complex the enzyme binds to the dsDNA parts of the gapped 
DNA, using only one of the DNA-binding subdomains (Jezewska et al. 2007). Pol X binds 
gapped DNAs with cooperative interactions, which increase with the decreasing gap size. 
Surprisingly, the specific structure necessary to recognize the short gaps is induced by the 
binding of magnesium to the protein.  
The three-dimensional structure of ASFV pol X determined by multidimensional NMR 
spectroscopy (Maciejewski et al. 2001; Showalter et al. 2001) has confirmed that pol X is 
formed by only a palm domain (105 amino acids) with the catalytic site and a C-terminal 
subdomain (69 residues) involved in dNTP selection. The two independently determined 
pol X structures differ in the presence of a disulfide bond between Cys-81 and Cys-86, the 
only cysteines present in the protein, located in the catalytic subdomain of the structure 
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obtained by Showalter et al. (Showalter et al. 2001) and its absence in that described by 
Maciejewski et al. (Maciejewski et al. 2001). 
Controversial results have been obtained regarding the fidelity of ASFV pol X. Table 2 
summarizes the fidelity parameters of pol X in a single nucleotide gap BER intermediate 
with the 5’ end phosphorylated, found by different authors in different experimental 
conditions. The misinsertion frequency found by Tsai and coworkers (Showalter and Tsai 
2001; Lamarche et al. 2006) was much higher than the values reported in our laboratory 
(García-Escudero et al. 2003). We found values that resemble those described for pol  
(Chagovetz et al. 1997; García-Escudero et al. 2003), except for the G:G misinsertion that was 
higher (7.1 x 10-4 in pol X vs. 2 x 10-6 for pol ), but much less frequent than the reported by 
Tsai’s laboratory (Table 2). Differences in experimental conditions between those reports 
might somewhat account for the contradictory results. The variances include different salt 
and pH conditions, and, more importantly, different kinetic analysis and a great difference 
in enzyme concentration for incorrect nucleotide insertion assays (steady-state and 2 M pol 
X in García-Escudero et al. (2003) vs. presteady-state and 50 or 450 nM pol X in Showalter et 
al. (2001) and Lamarche et al. (2006)). This latter difference may also modify the dNTP 
insertion fidelity, since, as mentioned above, protein concentration is critical for pol X 
binding to the gapped DNA substrate (Jezewska et al. 2007). The extremely low fidelity rates 
reported by Tsai and coworkers prompted these authors to propose a mutagenic role of the 
pol X, suggesting that an error prone BER system may increase the variability in viral 
genomes. Furthermore, they speculate that a higher genomic divergence would raise the 
adaptability of the viral populations. However, genomic variability in ASFV isolates is 
concentrated in the terminal variable end regions, whereas most of the ORFs in the central 
segment of the genome are highly conserved (Yáñez et al. 1995; Chapman et al. 2008). 
Besides, the alterations found in the multigenic families of the variable regions are deletions, 
duplications and translocations of large fragments of DNA that can be more likely explained 
by recombination mechanisms rather than due to a mutagenic BER pathway (Blasco et al. 
1989; Agüero et al. 1990). 
A recent study on the relevance of the disulfide bridge for the modulation of the catalytic 
activity and fidelity of ASFV pol X provides further explanations to the discrepancies 
reported (Voehler et al. 2009). These authors showed that the oxidized form of pol X 
containing a disulfide bond between Cys-81 and Cys-86 has about 10-fold lower fidelity 
than the reduced pol X, when assayed with gapped DNA substrates during dNTP insertion 
opposite a template G (Table 2). The disulfide linkage is located between two -strands in 
the palm domain, nearby the dNTP binding site. Furthermore, even the presence of a 
reducing agent will not prevent oxidation over time, which may be the reason why 
Showalter et al. (Showalter et al. 2001) found the disulfide bond in the presence of 1 mM 
DTT and Maciejewski et al. (Maciejewski et al. 2001) found the reducing form in the 
presence of 10 mM DTT. 
Structural alignment of pol X with a pol  ternary structure suggests that the disulfide bond 
formation and breakage might modulate fidelity by altering the ability of the palm domain 
to properly place and stabilize the primer terminus and catalytic metal ion for phosphoryl 
transfer. Therefore, the structural changes that occur in the palm domain provide molecular 
basis for the distinct fidelities observed with the oxidized and reduced forms of pol X. 
Hence, the DNA polymerase fidelity can be modulated by the redox state of the enzyme and 
its associated conformational changes (Voehler et al. 2009).  
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spectroscopy (Maciejewski et al. 2001; Showalter et al. 2001) has confirmed that pol X is 
formed by only a palm domain (105 amino acids) with the catalytic site and a C-terminal 
subdomain (69 residues) involved in dNTP selection. The two independently determined 
pol X structures differ in the presence of a disulfide bond between Cys-81 and Cys-86, the 
only cysteines present in the protein, located in the catalytic subdomain of the structure 
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obtained by Showalter et al. (Showalter et al. 2001) and its absence in that described by 
Maciejewski et al. (Maciejewski et al. 2001). 
Controversial results have been obtained regarding the fidelity of ASFV pol X. Table 2 
summarizes the fidelity parameters of pol X in a single nucleotide gap BER intermediate 
with the 5’ end phosphorylated, found by different authors in different experimental 
conditions. The misinsertion frequency found by Tsai and coworkers (Showalter and Tsai 
2001; Lamarche et al. 2006) was much higher than the values reported in our laboratory 
(García-Escudero et al. 2003). We found values that resemble those described for pol  
(Chagovetz et al. 1997; García-Escudero et al. 2003), except for the G:G misinsertion that was 
higher (7.1 x 10-4 in pol X vs. 2 x 10-6 for pol ), but much less frequent than the reported by 
Tsai’s laboratory (Table 2). Differences in experimental conditions between those reports 
might somewhat account for the contradictory results. The variances include different salt 
and pH conditions, and, more importantly, different kinetic analysis and a great difference 
in enzyme concentration for incorrect nucleotide insertion assays (steady-state and 2 M pol 
X in García-Escudero et al. (2003) vs. presteady-state and 50 or 450 nM pol X in Showalter et 
al. (2001) and Lamarche et al. (2006)). This latter difference may also modify the dNTP 
insertion fidelity, since, as mentioned above, protein concentration is critical for pol X 
binding to the gapped DNA substrate (Jezewska et al. 2007). The extremely low fidelity rates 
reported by Tsai and coworkers prompted these authors to propose a mutagenic role of the 
pol X, suggesting that an error prone BER system may increase the variability in viral 
genomes. Furthermore, they speculate that a higher genomic divergence would raise the 
adaptability of the viral populations. However, genomic variability in ASFV isolates is 
concentrated in the terminal variable end regions, whereas most of the ORFs in the central 
segment of the genome are highly conserved (Yáñez et al. 1995; Chapman et al. 2008). 
Besides, the alterations found in the multigenic families of the variable regions are deletions, 
duplications and translocations of large fragments of DNA that can be more likely explained 
by recombination mechanisms rather than due to a mutagenic BER pathway (Blasco et al. 
1989; Agüero et al. 1990). 
A recent study on the relevance of the disulfide bridge for the modulation of the catalytic 
activity and fidelity of ASFV pol X provides further explanations to the discrepancies 
reported (Voehler et al. 2009). These authors showed that the oxidized form of pol X 
containing a disulfide bond between Cys-81 and Cys-86 has about 10-fold lower fidelity 
than the reduced pol X, when assayed with gapped DNA substrates during dNTP insertion 
opposite a template G (Table 2). The disulfide linkage is located between two -strands in 
the palm domain, nearby the dNTP binding site. Furthermore, even the presence of a 
reducing agent will not prevent oxidation over time, which may be the reason why 
Showalter et al. (Showalter et al. 2001) found the disulfide bond in the presence of 1 mM 
DTT and Maciejewski et al. (Maciejewski et al. 2001) found the reducing form in the 
presence of 10 mM DTT. 
Structural alignment of pol X with a pol  ternary structure suggests that the disulfide bond 
formation and breakage might modulate fidelity by altering the ability of the palm domain 
to properly place and stabilize the primer terminus and catalytic metal ion for phosphoryl 
transfer. Therefore, the structural changes that occur in the palm domain provide molecular 
basis for the distinct fidelities observed with the oxidized and reduced forms of pol X. 
Hence, the DNA polymerase fidelity can be modulated by the redox state of the enzyme and 
its associated conformational changes (Voehler et al. 2009).  
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Base 
Pair 

Redox conditions 
(stored protein) 

Redox conditions 
(reaction) 

Misinsertion 
frequency Reference 

G:G 7 mM -ME 1 mM DTT 7.1 x 10-4 (García-Escudero et al. 
2003) 

G:A 7 mM -ME 1 mM DTT 6.1 x 10-5 (García-Escudero et al. 
2003) 

G:T 7 mM -ME 1 mM DTT 2.4 x 10-4 (García-Escudero et al. 
2003) 

G:A 0.5 mM DTT 1 mM DTT 7.1 x 10-3 (Showalter and Tsai 
2001) 

G:T 0.5 mM DTT 1 mM DTT 6.2 x 10-2 (Showalter and Tsai 
2001) 

G:G 0.5 mM DTT 1 mM DTT 0.52 (Showalter and Tsai 
2001) 

G:G 0.5 mM DTT 1 mM DTT 5.3 x 10-2 (Lamarche et al.  
2006) 

G:G 100 mM DTT 10 mM DTT 9.3 x 10-3 (Voehler et al. 2009) 
G:A 100 mM DTT 10 mM DTT 4.5 x 10-4 (Voehler et al. 2009) 
G:T 100 mM DTT 10 mM DTT 1 x 10-4 (Voehler et al. 2009) 
G:G   7.6 x 10-2 (Voehler et al. 2009) 
G:A   7.6 x 10-2 (Voehler et al. 2009) 
G:T   6.8 x 10-4 (Voehler et al. 2009) 

Table 2. Comparison of pol X fidelity rates reported in a BER intermediate single nucleotide 
gap. Data from references (García-Escudero et al. 2003; Lamarche et al. 2006; Voehler et al. 
2009) were determined by steady state experiments and in ref. (Showalter and Tsai 2001) 
kinetic parameters were analyzed under pre-steady state conditions. Frequency of 
misincorporation is calculated as [kcat(incorrect)/Km(incorrect)]/[kcat(correct)/Km(correct)].  

The redox states of the ASFV AP endonuclease and pol X proteins during viral infection are 
not known and the biological significance of these findings are currently under investigation 
in our laboratory. The fact that AP endonuclease is inhibited under reducing agents may 
provide a fine-tune regulation system in which variations of reducing conditions may 
increase or reduce nuclease activities and modulate pol X fidelity. It is also tempting to 
consider a scenario in which low rate but accurate DNA repair activity works in a reducing 
environment but removal of damaged nucleotide and DNA integrity restoration prevail 
under oxidized conditions, with lower DNA sequence fidelity.  

2.4 DNA ligase and other factors that may play multiple functions in DNA replication, 
recombination and repair 
DNA ligases are found in all free-living organisms and are essential for the maintenance of 
cellular genome integrity. They are responsible for joining Okazaki fragments on the DNA 
replication fork and restoring the continuity of the DNA backbone subsequent to nucleotide 
excision and base excision repair (Timson et al. 2000). DNA viruses, as extrachromosomal 
replicons, also rely on ligases to accomplish DNA replication and to guard their genomes 
against breaks introduced during recombination or DNA damage. 

Repair of Viral Genomes by  
Base Excision Pathways: African Swine Fever Virus as a Paradigm 

 

87 

ASFV protein pNP419L is an ATP-dependent DNA ligase (Hammond et al. 1992; Yáñez and 
Viñuela 1993). ATP-dependent ligases are common within NCLDV, they are present in the 
genomes of many chordopoxviruses and phycodnaviruses, whereas NAD-dependent 
ligases appear to be more scattered, and are found only in entomopoxvirus and mimivirus 
genomes. Interestingly, many viruses belonging to NCLDVs lack any ligase gene (Yutin and 
Koonin 2009). It is likely that ligase loss is counteracted by the host protein, as has been 
demonstrated for vaccinia virus and cellular DNA ligase I (Paran et al. 2009).  
Recombinant purified protein pNP419L has been shown to be a proficient ligase for DNA 
nicks (Lamarche et al. 2005). It can be detected at early and late times post infection (Yáñez 
and Viñuela 1993) and seems to be essential for viral replication, since no deletion mutant 
can be constructed (García-Escudero, R., Salas ML. and Salas J., unpublished results). 
Altogether, the available data strongly suggest that ASFV ligase function in Okazaki 
fragment sealing is essential for viral DNA replication process. Under the experimental 
conditions of Lamarche et al. (2005), the purified protein was found to ligate efficiently 3’ 
mismatched substrates, which was proposed to be a viral strategy where genome integrity 
prevails over the sequence fidelity in DNA repair mechanisms (Showalter and Tsai 2001; 
Lamarche et al. 2006).  
Consistent with their large genome size and relative replication autonomy, most NCLDVs 
possess also multiple recombination enzymes. RuvC-like Holliday junction resolvases (HJR) 
encoded by poxviruses, iridoviruses, phycodnaviruses and the mimivirus could participate 
in resolution of concatemer replication intermediates and recombination. However, in 
ASFV, this resolvase is replaced by a ERCC4/Mus81-like nuclease (EP364R, Table 1), which 
is related to the principal Holliday junction resolvase of the eukaryotes, Mus81 (Iyer et al. 
2006). A predicted Fen-1/FLAP-like endonuclease has been reported in poxviruses (G5R), 
iridoviruses and the mimivirus, and might participate in  DNA replication and repair (Da 
Silva et al. 2006; Iyer et al. 2006). A lambda-like exonuclease, which might be involved in 
processing DNA ends for strand exchange or single-strand annealing during recombination, 
has been predicted in ASFV (pD345L, Table 1), phycodnaviruses, CroV and other viruses 
(Iyer et al. 2006; Fischer et al. 2010; Moreau et al. 2010; Weynberg et al. 2011). Unfortunately, 
none of those annotated protein sequences have been characterized functionally or 
biochemically. 
Lambda-like viral recombinase paradigm is SPP1 Chu exonuclease (Vellani and Myers 
2003). Chu protein, as well as lambda exonuclease, forms an oligomer and functions as a 
highly processive alkaline exonuclease that digests linear double-stranded DNA in a Mg2+-
dependent reaction, showing a preference for 5'-phosphorylated DNA ends. In SPP1 and 
other phages it forms part of the synaptase/exonuclease two-component viral recombinase 
functional unit. The other component is a single strand binding protein, named synaptase, 
that protects the single stranded DNA and favors the strand invasion required for the 
recombination process. However, this element has not been identified in any ASFV genome. 
A structural model of ASFV pD345L protein, based upon the lambda exonuclease protein 
(Kovall and Matthews 1997) is shown in Figure 1. The model corresponds to two thirds of 
the N-terminus of the pD345L protein sequence and displays a strong correlation in the 
position of the catalytic center residues Asp119, Lys131 and Glu129  (Kovall and Matthews 
1997), supporting the existence of common features and roles in DNA recombination and 
repair processes.  
Failed attempts to purify a virus deletion mutant by plaque isolation, led us to conclude that 
ASFV mutants lacking the D345L gene cannot be isolated, even though the protein should 
be present for the first recombination process. This indicates that the virus mutants are not 
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(reaction) 
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increase or reduce nuclease activities and modulate pol X fidelity. It is also tempting to 
consider a scenario in which low rate but accurate DNA repair activity works in a reducing 
environment but removal of damaged nucleotide and DNA integrity restoration prevail 
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2.4 DNA ligase and other factors that may play multiple functions in DNA replication, 
recombination and repair 
DNA ligases are found in all free-living organisms and are essential for the maintenance of 
cellular genome integrity. They are responsible for joining Okazaki fragments on the DNA 
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is related to the principal Holliday junction resolvase of the eukaryotes, Mus81 (Iyer et al. 
2006). A predicted Fen-1/FLAP-like endonuclease has been reported in poxviruses (G5R), 
iridoviruses and the mimivirus, and might participate in  DNA replication and repair (Da 
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processing DNA ends for strand exchange or single-strand annealing during recombination, 
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viable or enough competitive when compared with the parental virus, suggesting that the 
protein may be essential for successful viral genome replication.  
A biochemical characterization of protein pD345L using a recombinant purified histidine-
tagged protein shows that it has a 5’3’ exonuclease activity on a single stranded substrate 
and a much weaker activity on double stranded or BER intermediate with a flap structure. 
The exonucleolytic activity is strongly stimulated by 5’-phosphate ends. Moreover, 
mismatched nick and gaps are also substrates for protein pD345L-catalyzed 5’3’ 
exonuclease activity (Redrejo-Rodríguez, M., Rodríguez J.M., Salas, J. and Salas M.L., 
unpublished results). The preference for single stranded substrates suggests also a possible 
function in the degradation of the flap structure in LP-BER and NIR, that may be removed 
by a FEN specific endonucleolytic activity or by sequential 5’3’ exonuclease steps.  
 

 
Fig. 1. Three-dimensional structure prediction for ASFV pD345L protein (Schwede et al. 
2003). ASFV pD345L structure model (B) was inferred from the structure of lambda phage 
exonuclease (A, accession no. 1AVQ in the RCSB Protein Data Bank). The model was 
obtained with the SwissModel server (Schwede et al. 2003) and rendered with Swiss-PDB 
Viewer sotfware. Catalytic center residue disposition in the 1AVQ template (A) and the 
model obtained for the ASFV pD345L protein is also represented (B). 

The ASFV genome also contains a gene, named E301R (Table 1), that has sequence similarity 
to the proliferating cell nuclear antigen (PCNA) and thus could be a processivity factor of 
the viral replicative DNA polymerase holoenzyme (Yáñez et al. 1995). Although most of 
DNA polymerases holoenzymes of NCLDVs contain a processivity factor, they are very 
divergent, which may be related with the additional functions performed by some of those 
proteins, like the role of poxvirus G8R in transcription (Iyer et al. 2001; Da Silva and Upton 
2009).  
Protein pE301R is a non-structural late protein (Redrejo-Rodríguez 2009); therefore it cannot 
be involved in the early nuclear DNA replication stage. It should be noted that at early times 
post infection only small DNA fragments are detected, whereas genome size DNA 
fragments are synthesized during the cytoplasmatic late DNA replication stage, thus DNA 
polymerase processivity may be more important in the late stage. E301R gene deletion-
mutants are reluctant to purification (García-Escudero, R., Salas ML. and Salas J., 
unpublished results), suggesting an essential requirement for successful genome replication. 
At late times post-infection pE301R protein signal is detected in the cytoplasm and 
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accumulates in the viral factories, in agreement with a role in the stimulation of the 
replicative DNA polymerase processivity. Besides, it may also act as coordination factor for 
polymerase switching at repair processes. 

3. Conclusion and perspectives 
BER pathways in mammalian cells and the ASFV-encoded proteins that can be responsible 
of each step in a viral pathway(s) are summarized in Figure 2. Early steps of a viral BER 
mechanism might require the pE296R protein to remove AP sites and a number of 
oxidatively modified bases, through BER and NIR pathways. To date, the required 5′-dRP 
lyase or hydrolase activity necessary for SN-BER has not been identified in ASFV. Though 
the 5′- dRP group can be lost spontaneously via -elimination, the half-life of this reaction 
under physiological conditions is rather long (on the order of 30 h), suggesting that LP-BER 
and NIR pathways are more likely to happen after an endonucleolytic cleavage on 5’-side of 
the lesion. ASFV Pol X AP lyase activity could initiate an alternative pathway for the 
reparation of abasic sites (García-Escudero et al. 2003) and besides, since there is no viral 
DNA glycosylase, the participation of host monofunctional or bifunctional glycosylase(s) 
cannot be ruled out. The 3’-phosphatase and 3’-phosphodiesterase activities of pE296R 
protein are able to cleanse 3’-moieties derived from pol X or bifunctional glycosylases AP-
lyase activities, providing the proper 3’-OH ends that pol X needs to fill the gap. The viral 
5’3’ exonuclease pD345L and the putative processivity factor pE301R might participate in 
LP-BER or NIR pathways and the ATP-dependent ligase pNP419L would seal the nick. 
Moreover, the 3’5’ exonuclease activity of the pE296R protein might act as editing activity 
that would increase the repair fidelity, as proposed for E. coli and human AP endonucleases 
(Chou and Cheng 2002; Kerins et al. 2003). 
ROS can induce also single and double strand breaks. BER pathway is involved in single 
strand breaks repair but double strand breaks must be repaired by homologous 
recombination (HR) or non-homologous end joining (NHEJ) pathways. Oxidatively induced 
DNA breaks usually contain damaged bases and/or 3’-phosphate ends that can be removed 
by the 3’-activities of pE296R protein. The 5’3’ exonuclease activity of pD345L could 
generate the single stranded homologous end for the strand invasion in HR. On the other 
hand, a viral NHEJ mechanism might require also the pNP419L ligase and pol X. An 
oxidative environment that might induce double strand breaks may also be compatible with 
the pol X Cys-81 - Cys-86 disulfide bond. Therefore, it is tempting to speculate that a 
putative viral NHEJ pathway may favor genome structural stability over fidelity. 
The existence of a viral BER pathway involved in ASFV genome maintenance was proposed 
as a result of the analysis of the first complete genome sequence (Yáñez et al. 1995), based 
upon two main reasons. First, the presence of ORFs with homology to several DNA repair 
genes, particularly a class II AP endonuclease and a pol -like DNA polymerase; second, the 
fact that ASFV mainly infects macrophages and other immune cells suggests that the viral 
enzymes may be required to cope with a potentially highly oxidative environment of the 
infected cells. Subsequent biochemical and genetic evidences further support that model. 
Still, the specific DNA repair mechanisms that constitute the viral BER pathway(s) must be 
confirmed. Current and future work on ASFV genome repair mechanisms should pursue a 
double objective. First, a deeper knowledge of the biochemical and genetic mechanisms of 
BER pathways, and second, a study on the fidelity and biological role of the pol X in the 
context of the potentially genotoxic environment of the infected macrophage. 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

88

viable or enough competitive when compared with the parental virus, suggesting that the 
protein may be essential for successful viral genome replication.  
A biochemical characterization of protein pD345L using a recombinant purified histidine-
tagged protein shows that it has a 5’3’ exonuclease activity on a single stranded substrate 
and a much weaker activity on double stranded or BER intermediate with a flap structure. 
The exonucleolytic activity is strongly stimulated by 5’-phosphate ends. Moreover, 
mismatched nick and gaps are also substrates for protein pD345L-catalyzed 5’3’ 
exonuclease activity (Redrejo-Rodríguez, M., Rodríguez J.M., Salas, J. and Salas M.L., 
unpublished results). The preference for single stranded substrates suggests also a possible 
function in the degradation of the flap structure in LP-BER and NIR, that may be removed 
by a FEN specific endonucleolytic activity or by sequential 5’3’ exonuclease steps.  
 

 
Fig. 1. Three-dimensional structure prediction for ASFV pD345L protein (Schwede et al. 
2003). ASFV pD345L structure model (B) was inferred from the structure of lambda phage 
exonuclease (A, accession no. 1AVQ in the RCSB Protein Data Bank). The model was 
obtained with the SwissModel server (Schwede et al. 2003) and rendered with Swiss-PDB 
Viewer sotfware. Catalytic center residue disposition in the 1AVQ template (A) and the 
model obtained for the ASFV pD345L protein is also represented (B). 

The ASFV genome also contains a gene, named E301R (Table 1), that has sequence similarity 
to the proliferating cell nuclear antigen (PCNA) and thus could be a processivity factor of 
the viral replicative DNA polymerase holoenzyme (Yáñez et al. 1995). Although most of 
DNA polymerases holoenzymes of NCLDVs contain a processivity factor, they are very 
divergent, which may be related with the additional functions performed by some of those 
proteins, like the role of poxvirus G8R in transcription (Iyer et al. 2001; Da Silva and Upton 
2009).  
Protein pE301R is a non-structural late protein (Redrejo-Rodríguez 2009); therefore it cannot 
be involved in the early nuclear DNA replication stage. It should be noted that at early times 
post infection only small DNA fragments are detected, whereas genome size DNA 
fragments are synthesized during the cytoplasmatic late DNA replication stage, thus DNA 
polymerase processivity may be more important in the late stage. E301R gene deletion-
mutants are reluctant to purification (García-Escudero, R., Salas ML. and Salas J., 
unpublished results), suggesting an essential requirement for successful genome replication. 
At late times post-infection pE301R protein signal is detected in the cytoplasm and 
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accumulates in the viral factories, in agreement with a role in the stimulation of the 
replicative DNA polymerase processivity. Besides, it may also act as coordination factor for 
polymerase switching at repair processes. 

3. Conclusion and perspectives 
BER pathways in mammalian cells and the ASFV-encoded proteins that can be responsible 
of each step in a viral pathway(s) are summarized in Figure 2. Early steps of a viral BER 
mechanism might require the pE296R protein to remove AP sites and a number of 
oxidatively modified bases, through BER and NIR pathways. To date, the required 5′-dRP 
lyase or hydrolase activity necessary for SN-BER has not been identified in ASFV. Though 
the 5′- dRP group can be lost spontaneously via -elimination, the half-life of this reaction 
under physiological conditions is rather long (on the order of 30 h), suggesting that LP-BER 
and NIR pathways are more likely to happen after an endonucleolytic cleavage on 5’-side of 
the lesion. ASFV Pol X AP lyase activity could initiate an alternative pathway for the 
reparation of abasic sites (García-Escudero et al. 2003) and besides, since there is no viral 
DNA glycosylase, the participation of host monofunctional or bifunctional glycosylase(s) 
cannot be ruled out. The 3’-phosphatase and 3’-phosphodiesterase activities of pE296R 
protein are able to cleanse 3’-moieties derived from pol X or bifunctional glycosylases AP-
lyase activities, providing the proper 3’-OH ends that pol X needs to fill the gap. The viral 
5’3’ exonuclease pD345L and the putative processivity factor pE301R might participate in 
LP-BER or NIR pathways and the ATP-dependent ligase pNP419L would seal the nick. 
Moreover, the 3’5’ exonuclease activity of the pE296R protein might act as editing activity 
that would increase the repair fidelity, as proposed for E. coli and human AP endonucleases 
(Chou and Cheng 2002; Kerins et al. 2003). 
ROS can induce also single and double strand breaks. BER pathway is involved in single 
strand breaks repair but double strand breaks must be repaired by homologous 
recombination (HR) or non-homologous end joining (NHEJ) pathways. Oxidatively induced 
DNA breaks usually contain damaged bases and/or 3’-phosphate ends that can be removed 
by the 3’-activities of pE296R protein. The 5’3’ exonuclease activity of pD345L could 
generate the single stranded homologous end for the strand invasion in HR. On the other 
hand, a viral NHEJ mechanism might require also the pNP419L ligase and pol X. An 
oxidative environment that might induce double strand breaks may also be compatible with 
the pol X Cys-81 - Cys-86 disulfide bond. Therefore, it is tempting to speculate that a 
putative viral NHEJ pathway may favor genome structural stability over fidelity. 
The existence of a viral BER pathway involved in ASFV genome maintenance was proposed 
as a result of the analysis of the first complete genome sequence (Yáñez et al. 1995), based 
upon two main reasons. First, the presence of ORFs with homology to several DNA repair 
genes, particularly a class II AP endonuclease and a pol -like DNA polymerase; second, the 
fact that ASFV mainly infects macrophages and other immune cells suggests that the viral 
enzymes may be required to cope with a potentially highly oxidative environment of the 
infected cells. Subsequent biochemical and genetic evidences further support that model. 
Still, the specific DNA repair mechanisms that constitute the viral BER pathway(s) must be 
confirmed. Current and future work on ASFV genome repair mechanisms should pursue a 
double objective. First, a deeper knowledge of the biochemical and genetic mechanisms of 
BER pathways, and second, a study on the fidelity and biological role of the pol X in the 
context of the potentially genotoxic environment of the infected macrophage. 
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Fig. 2. African swine fever virus possible repair pathways in the framework of mammalian 
BER mechanism. Damaged nucleotide stands out in black. Different repair pathways or 
even some DNA damaging agents −like ROS− can induce breaks in the DNA backbone 
(brown upper zone). These processes converge to a key step in which a 3’-OH end should be 
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generated (blue zone) and subsequently extended by a reparative DNA polymerase that 
inserts the correct nucleotide (blue). The 3’5’ exonucleolytic activity of the AP 
endonuclease might remove misincorporated nucleotides (circular arrow), thus increasing 
the repair fidelity. SN-BER consists in a surgical removal of a single damaged nucleotide 
(right green zone at the bottom), whereas NIR and LP-BER require additional factors that 
collaborate to replace a few nucleotides (left green zone). The viral proteins that might play 
a role in each step are indicated in red. As reference, some of the major human proteins 
involved in each stage are also indicated. 

Different viruses present alternative strategies that might aim to control the stability of 
genetic information. Some retroviruses, including HIV, incorporate a host DNA glycosylase 
(Willetts et al. 1999) to avoid uridine misincorporation in the retrotranscribed DNA (Priet et 
al. 2005). On the other hand, flexivirus, a RNA virus, encodes a AlkB-like glycosylase that 
removes methylated bases from genomic RNA (van den Born et al. 2008). 
Alternative or complementary hypothesis may be argued to justify the constant presence of 
DNA repair systems in different viruses. Several host nucleic acid modification proteins can 
destabilize viral genomes through deamination or direct degradation. This strategy has been 
described as a host “intrinsic immunity” to impair replication of some retroviruses (Bieniasz 
2006; Lloyd et al. 2006). It would be extremely interesting to evaluate its role in a wider 
range of viral infections and whether it can be counteracted by viral DNA repair 
mechanisms. This strategy reminds the bacterial restriction enzymes and it may have played 
a striking role during evolution, as recently reported for SUKH protein superfamily that 
includes a number of nucleases and nucleic acid deaminases, that have evolved to different 
functions in various eukaryotic and DNA viral systems (Zhang et al. 2011).  
Finally, we wish to share some hypothesis about the practical lessons that can be learned 
from a detailed understanding of mechanisms to maintain viral genome stability. First, an 
engineered virus with highly stable genome would increase the biosecurity of viruses for 
multiple applications (vaccines, gene therapy or other biotechnology purposes). On the 
other hand, a controlled or predictable deterioration of genetic information may be useful in 
vaccine development, since it would allow generating virus mutants able to accomplish only 
one or a few rounds of replication and therefore producing abortive infections that may be 
enough to immunize the organism but not enough to trigger the disease. 
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1. Introduction 
Each day organisms are faced with a barrage of genomic insults which damage and 
jeopardize the integrity of DNA (Lindahl and Wood 1999).  DNA damage stems from both 
endogenous sources such as water and reactive oxygen species generated by regular cellular 
metabolism and exogenous sources such as sunlight, chemicals, and tobacco smoke.  These 
DNA damaging agents can cause various types of genomic damage including base losses 
and modifications, strand breaks, crosslinks, bulky chemical adducts, and other DNA 
alterations. These genomic insults alter the chemistry of DNA and can accumulate and 
become mutagenic and/or cytotoxic. At the cellular level, DNA damage that is undetected 
or left unrepaired can result in genomic instability, apoptosis, or senescence, which can 
greatly affect the aging and development processes.  At the level of the organism, genetic 
instability can predispose the organism to immunodeficiency, neurological disorders, and 
cancer, illustrating the need to understand the molecular basis of mutagenesis and the 
mechanisms of DNA repair.  
In an effort to maintain the integrity of the genome, evolution has led cells to develop an 
elaborate DNA damage response system to counteract potentially mutagenic and cytotoxic 
genomic insults. This highly evolutionarily conserved system is made up of multiple DNA 
repair pathways, each focusing on a specific category of lesion, as well as multiple 
checkpoint, signal transduction, and effector systems which crosstalk with replication, 
transcription, recombination, and chromatin remodeling in order to control DNA damage 
(Harper and Elledge 2007; Hoeijmakers 2009). The complexity of and the energetic expense 
dedicated by cells to this process underscores the importance of preserving genomic 
integrity (Hoeijmakers 2009).   
One of the various DNA repair pathways cells have at their employ is the highly conserved 
nucleotide excision repair (NER), which is the most versatile repair mechanism in terms of 
lesion recognition [for a recent review, see (Nouspikel 2009)]. NER deals with a wide class of 
bulky, helix-distorting lesions that generally obstruct transcription and normal replication, 
such as UV-induced cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts [(6-
4)PP], as well as adducts and crosslinks induced by chemical agents (e.g. benzo[a]pyrene 
and cisplatin). NER was first discovered in bacteria in the mid-1960s by Philip Hanawalt 
and David Pettijohn with the observation of non-semiconservative DNA synthesis during 
the excision of CPDs (Pettijohn and Hanawalt 1964). Almost simultaneously, excision repair 
of UV-induced DNA damage was identified in mammalian cells (Rasmussen and Painter 
1964).   
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Fig. 1. The process of NER in S. cerevisiae. Red triangle denotes a DNA lesion. TS, transcribed 
strand; NTS, nontranscribed strand. 

NER is a multistep reaction which includes damage recognition, helix opening, lesion 
verification, dual incision of the damaged strand bracketing the lesion, excision of an 
oligonucleotide containing the lesion, gap-filling DNA synthesis and ligation (Figure 1) 
(Prakash and Prakash 2000). The distinguishing characteristic of NER is that the damaged 
bases are enzymatically excised from the genome as an oligonucleotide fragment of about 
24-32 nucleotides in length in mammalian cells and 24-27 nucleotides in length in yeast 
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(Prakash and Prakash 2000).  The biological importance of NER for human health is 
illustrated by the existence of rare autosomal recessive human disorders which result from 
defects of genes involved in NER, namely xeroderma pigmentosum (XP), Cockayne 
syndrome (CS), and trichothiodystrophy (TTD), all of which are associated with increased 
sensitivity to sunlight (Cleaver, Lam, and Revet 2009).  
Although the process of NER in eukaryotes and prokaryotes share many similar features, 
such as damage recognition, excision, repair synthesis and ligation, the molecular 
mechanisms in eukaryotic cells seem much more complicated. In both prokaryotes and 
eukaryotes, the core NER factors, defined as the proteins which are necessary and sufficient 
to carry out the NER reaction, have been identified. The NER process in Escherichia coli is 
relatively well understood and requires only six proteins, whereas the NER process in 
eukaryotes displays a considerably higher degree of genetic complexity, requiring more 
than 30 proteins to reconstitute the reaction in vitro (Aboussekhra et al. 1995; Guzder et al. 
1995).   
NER is a heterogeneous process which repairs lesions in the transcribed strands of 
transcriptionally active genes faster than it repairs lesions in the nontranscribed strands or 
transcriptionally silent regions.  Based on this heterogeneity, NER is traditionally divided 
into two pathways: global genomic repair (GGR) and transcription coupled repair (TCR).  
Damage in transcriptionally silent regions and in the nontranscribed strand (NTS) of active 
genes is repaired by GGR, while TCR is dedicated to repairing lesions in the transcribed 
strand (TS) of active genes.  Though TCR and GGR are generally differentiated as distinct 
pathways of NER, they only differ in the initial steps of DNA damage recognition.  
Therefore, after lesion recognition and verification, a general outline of the GGR process 
becomes applicable to TCR as well.  A defining characteristic of NER substrates is that they 
cause local distortion of the DNA double helix, and in GGR, this local distortion appears to 
be the first structure recognized.   

2. NER in S. cerevisiae 
Studies using the budding yeast Saccharomyces cerevisiae as a model organism have made 
major contributions in elucidating the core NER mechanism in eukaryotes and have yielded 
important insights into the functions of a multitude of NER proteins (Prakash and Prakash 
2000). Many cellular processes such as replication, repair, cell division, and recombination 
are highly conserved from lower to higher eukaryotes. Indeed, most NER factors are 
conserved proteins and have orthologs in humans, yeast, and other eukaryotes (Table 1).  In 
addition to having many homologs to humans, yeast offers many advantageous features to 
researchers, such as having a well-defined genetic system, the ease of growth and 
maintenance in the laboratory, and the ability to be maintained in either a haploid or diploid 
state. Taken together, these features provide researchers with a powerful genetic tool to 
study NER. 

2.1 GGR in S. cerevisiae 
In S. cerevisiae, Rad7, Rad16, and Elc1 are specifically required for GGR (Lejeune et al. 2009; 
Verhage et al. 1994). Rad4 is the homolog of human XPC (Legerski and Peterson 1992). 
However, unlike XPC which is specifically required for GGR but dispensable for TCR in 
human cells, Rad4 is essential for both TCR and GGR in yeast (Prakash and Prakash 2000).  
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Fig. 1. The process of NER in S. cerevisiae. Red triangle denotes a DNA lesion. TS, transcribed 
strand; NTS, nontranscribed strand. 
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becomes applicable to TCR as well.  A defining characteristic of NER substrates is that they 
cause local distortion of the DNA double helix, and in GGR, this local distortion appears to 
be the first structure recognized.   
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major contributions in elucidating the core NER mechanism in eukaryotes and have yielded 
important insights into the functions of a multitude of NER proteins (Prakash and Prakash 
2000). Many cellular processes such as replication, repair, cell division, and recombination 
are highly conserved from lower to higher eukaryotes. Indeed, most NER factors are 
conserved proteins and have orthologs in humans, yeast, and other eukaryotes (Table 1).  In 
addition to having many homologs to humans, yeast offers many advantageous features to 
researchers, such as having a well-defined genetic system, the ease of growth and 
maintenance in the laboratory, and the ability to be maintained in either a haploid or diploid 
state. Taken together, these features provide researchers with a powerful genetic tool to 
study NER. 
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However, unlike XPC which is specifically required for GGR but dispensable for TCR in 
human cells, Rad4 is essential for both TCR and GGR in yeast (Prakash and Prakash 2000).  
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S. cerevisiae 
Human 

homolog or 
counterpart 

Function(s) Reference 

Rad4 XPC DNA damage recognition and 
binding (Guzder et al. 1998) 

Rad23 hRAD23B Interacts with and stimulates 
Rad4 (Guzder et al. 1998) 

TFIIH TFIIH DNA helicase activity mediates 
helix opening (Egly and Coin 2011) 

Mms19 MMS19L Stabilizes XPD subunit of TFIIH (Kou et al. 2008) 

Rad14 XPA Stabilizes preincision complex; 
lesion recognition (Guzder et al. 2006) 

Rpa RPA Stabilizes open single stranded 
DNA; damage recognition (Guzder et al. 1995) 

Rad2 XPG Catalyzes 3’ incision; stabilizes 
open complex (Habraken et al. 1993) 

Rad10 ERCC1 Catalyzes 5’ incision; forms 
complex with Rad1 

(Sung et al. 1993; 
Tomkinson et al. 1994) 

Rad1 XPF Catalyzes 5’ incision 
(Sung et al. 1993; 
Tomkinson et al. 

1994) 

Rad26 CSB TCR-specific factor; DNA-
dependent ATPase (van Gool et al. 1994) 

Rpb9 Rpb9 TCR-specific factor; subunit of 
RNA polymerase II

(Li and Smerdon 
2002) 

Rad7-Rad16 DDB1-DDB2 GGR-specific factor; damage 
recognition; ubiquitinates Rad4

(Gillette et al. 2006; 
Ramsey et al. 2004; 
Reed 2005; Verhage 

et al. 1994) 

Elc1 Elongin C GGR-specific factor; forms 
complex with Rad7-Rad16 

(Lejeune et al. 2009; 
Ramsey et al. 2004) 

DNA 
polymerase  

DNA 
polymerase  Gap-filling repair synthesis (Wu et al. 2001) 

DNA 
polymerase  

DNA 
polymerase  Gap-filling repair synthesis (Wu et al. 2001) 

PCNA PCNA Sliding clamp for DNA 
polymerase  (Huang et al. 1998) 

Cdc9 DNA ligase I Ligation (Wu, Braithwaite, 
and Wang 1999) 

Table 1. Core yeast NER factors, their human homologs or counterparts, and their functions 
in NER. 

The exact roles of Rad7, Rad16, and Elc1 in GGR are not yet clear.  Rad7 and Rad16 form a 
complex that binds specifically to UV-damaged DNA in an ATP-dependent manner 
(Guzder et al. 1997). Although no structural homologs of Rad7 and Rad16 have been 
identified in human cells, some striking functional similarities exist between Rad7-Rad16 
and DDB1-DDB2 (XPE) complexes [for a review see, (Reed 2005)]. Mutations in both the 
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yeast and human genes result in defective GGR. Both exhibit physical interactions and can 
bind damaged DNA. Both form components of a class of cullin based E3 ubiquitin ligase 
whose substrate includes Rad4/XPC, that are homologues of the same repair factor in yeast 
and humans, respectively. The ATP dependence of the Rad7-Rad16 complex for damage 
binding distinguishes this complex from Rad14, RPA, and the Rad4–Rad23 complex, which 
do not exhibit such dependence on ATP for damage binding (Prakash and Prakash 2000). 
Rad16 shares marked homology with Snf2, the catalytic subunit of the SWI/SNF chromatin 
remodeling complex (Bang et al. 1992), and Snf2 contains conserved motifs found in a 
superfamily of ATPases thought to be involved in chromatin remodeling activities (Eisen, 
Sweder, and Hanawalt 1995).  Accordingly, the Rad7–Rad16 complex displays a DNA-
dependent ATPase activity. It has been shown that this ATPase activity is inhibited when 
the complex comes across DNA damage (Guzder et al. 1998). This finding led to the 
formation of a model which suggested that the Rad7-Rad16 complex may act as an ATP-
dependent motor which translocates along the DNA in search of damage, and upon 
encountering a lesion, the complex is stalled, which may remodel and open damaged 
chromatin, thereby facilitating recruitment of other NER factors (Guzder et al. 1998)  
According to this model, the Rad7–Rad16 complex would arrive first on the scene of a 
damage site in nontranscribed regions of the genome and serve as the nucleation site for the 
recruitment of the other NER factors. It was also previously suggested that the ATPase 
activity of Rad16 generates superhelical torsion in DNA that has an altered structure due to 
UV-induced damage, and that this torsion is necessary for the excision of damaged bases in 
GGR (Yu et al. 2004), suggesting a role for Rad16-Rad7 in the later steps of GGR. 
Yeast Elc1 is a homolog of mammalian elongin C which forms a heterotrimeric complex 
with elongins A and B (Aso et al. 1995; Bradsher et al. 1993). The elc1∆ mutation was shown 
to be epistatic to rad7∆ and rad16∆ mutations, but resulted in a synergistic enhancement of 
UV sensitivity when combined with rad26∆ (Ribar, Prakash, and Prakash 2006). A study 
utilizing a technique which measures NER at the nucleotide level revealed that Elc1 plays an 
important role in GGR, as elc1∆ cells showed no detectable repair of CPDs in the NTS of the 
constitutively expressed RPB2 gene, but no role in TCR (Lejeune et al. 2009).  The role of 
Elc1 is not via stabilizing Rad7 or Rad16, as levels of either do not change in elc1∆ cells.  
Furthermore, the role of Elc1 does not seem to be subsidiary to that of Rad7 or Rad16, as 
overexpression of either or both in the absence of Elc1 did not restore GGR (Lejeune et al. 
2009). The precise nature of the role of Elc1 in GGR remains unknown. Genetic studies have 
revealed multiple roles for this gene in separate cellular processes (Ribar, Prakash, and 
Prakash 2006).  In one of these, Elc1 is a component of a ubiquitin ligase (E3) that contains 
Rad7 and Rad16 and is responsible for regulating the levels of Rad4 protein in response to 
UV damage (Gillette et al. 2006; Ramsey et al. 2004).  It has also been suggested that Elc1 is a 
component of another ubiquitin ligase complex, which contains Ela1, Cul3, and Roc1 and is 
responsible for the polyubiquitylation and subsequent degradation of RNA polymerase II 
(Pol II) in response to DNA damage (Ribar, Prakash, and Prakash 2006, 2007). 
The TFIIH multiprotein complex, which is organized into a 7-subunit core associated with a 
3-subunit CDK-activating kinase module (CAK), is involved in both Pol II-mediated 
transcription and NER (Egly and Coin 2011). Tfb5, the homolog of human TTD-A, is a 
subunit of the core TFIIH. Unlike other subunits of the core TFIIH which are required for 
both GGR and TCR, Tfb5 has been shown to be essential for GGR but not absolutely 
required for TCR, as no apparent repair can be detected in the NTS, but a certain extent of 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 100 

S. cerevisiae 
Human 

homolog or 
counterpart 

Function(s) Reference 

Rad4 XPC DNA damage recognition and 
binding (Guzder et al. 1998) 

Rad23 hRAD23B Interacts with and stimulates 
Rad4 (Guzder et al. 1998) 

TFIIH TFIIH DNA helicase activity mediates 
helix opening (Egly and Coin 2011) 

Mms19 MMS19L Stabilizes XPD subunit of TFIIH (Kou et al. 2008) 

Rad14 XPA Stabilizes preincision complex; 
lesion recognition (Guzder et al. 2006) 

Rpa RPA Stabilizes open single stranded 
DNA; damage recognition (Guzder et al. 1995) 

Rad2 XPG Catalyzes 3’ incision; stabilizes 
open complex (Habraken et al. 1993) 

Rad10 ERCC1 Catalyzes 5’ incision; forms 
complex with Rad1 

(Sung et al. 1993; 
Tomkinson et al. 1994) 

Rad1 XPF Catalyzes 5’ incision 
(Sung et al. 1993; 
Tomkinson et al. 

1994) 

Rad26 CSB TCR-specific factor; DNA-
dependent ATPase (van Gool et al. 1994) 

Rpb9 Rpb9 TCR-specific factor; subunit of 
RNA polymerase II

(Li and Smerdon 
2002) 

Rad7-Rad16 DDB1-DDB2 GGR-specific factor; damage 
recognition; ubiquitinates Rad4

(Gillette et al. 2006; 
Ramsey et al. 2004; 
Reed 2005; Verhage 

et al. 1994) 

Elc1 Elongin C GGR-specific factor; forms 
complex with Rad7-Rad16 

(Lejeune et al. 2009; 
Ramsey et al. 2004) 

DNA 
polymerase  

DNA 
polymerase  Gap-filling repair synthesis (Wu et al. 2001) 

DNA 
polymerase  

DNA 
polymerase  Gap-filling repair synthesis (Wu et al. 2001) 

PCNA PCNA Sliding clamp for DNA 
polymerase  (Huang et al. 1998) 

Cdc9 DNA ligase I Ligation (Wu, Braithwaite, 
and Wang 1999) 

Table 1. Core yeast NER factors, their human homologs or counterparts, and their functions 
in NER. 

The exact roles of Rad7, Rad16, and Elc1 in GGR are not yet clear.  Rad7 and Rad16 form a 
complex that binds specifically to UV-damaged DNA in an ATP-dependent manner 
(Guzder et al. 1997). Although no structural homologs of Rad7 and Rad16 have been 
identified in human cells, some striking functional similarities exist between Rad7-Rad16 
and DDB1-DDB2 (XPE) complexes [for a review see, (Reed 2005)]. Mutations in both the 
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yeast and human genes result in defective GGR. Both exhibit physical interactions and can 
bind damaged DNA. Both form components of a class of cullin based E3 ubiquitin ligase 
whose substrate includes Rad4/XPC, that are homologues of the same repair factor in yeast 
and humans, respectively. The ATP dependence of the Rad7-Rad16 complex for damage 
binding distinguishes this complex from Rad14, RPA, and the Rad4–Rad23 complex, which 
do not exhibit such dependence on ATP for damage binding (Prakash and Prakash 2000). 
Rad16 shares marked homology with Snf2, the catalytic subunit of the SWI/SNF chromatin 
remodeling complex (Bang et al. 1992), and Snf2 contains conserved motifs found in a 
superfamily of ATPases thought to be involved in chromatin remodeling activities (Eisen, 
Sweder, and Hanawalt 1995).  Accordingly, the Rad7–Rad16 complex displays a DNA-
dependent ATPase activity. It has been shown that this ATPase activity is inhibited when 
the complex comes across DNA damage (Guzder et al. 1998). This finding led to the 
formation of a model which suggested that the Rad7-Rad16 complex may act as an ATP-
dependent motor which translocates along the DNA in search of damage, and upon 
encountering a lesion, the complex is stalled, which may remodel and open damaged 
chromatin, thereby facilitating recruitment of other NER factors (Guzder et al. 1998)  
According to this model, the Rad7–Rad16 complex would arrive first on the scene of a 
damage site in nontranscribed regions of the genome and serve as the nucleation site for the 
recruitment of the other NER factors. It was also previously suggested that the ATPase 
activity of Rad16 generates superhelical torsion in DNA that has an altered structure due to 
UV-induced damage, and that this torsion is necessary for the excision of damaged bases in 
GGR (Yu et al. 2004), suggesting a role for Rad16-Rad7 in the later steps of GGR. 
Yeast Elc1 is a homolog of mammalian elongin C which forms a heterotrimeric complex 
with elongins A and B (Aso et al. 1995; Bradsher et al. 1993). The elc1∆ mutation was shown 
to be epistatic to rad7∆ and rad16∆ mutations, but resulted in a synergistic enhancement of 
UV sensitivity when combined with rad26∆ (Ribar, Prakash, and Prakash 2006). A study 
utilizing a technique which measures NER at the nucleotide level revealed that Elc1 plays an 
important role in GGR, as elc1∆ cells showed no detectable repair of CPDs in the NTS of the 
constitutively expressed RPB2 gene, but no role in TCR (Lejeune et al. 2009).  The role of 
Elc1 is not via stabilizing Rad7 or Rad16, as levels of either do not change in elc1∆ cells.  
Furthermore, the role of Elc1 does not seem to be subsidiary to that of Rad7 or Rad16, as 
overexpression of either or both in the absence of Elc1 did not restore GGR (Lejeune et al. 
2009). The precise nature of the role of Elc1 in GGR remains unknown. Genetic studies have 
revealed multiple roles for this gene in separate cellular processes (Ribar, Prakash, and 
Prakash 2006).  In one of these, Elc1 is a component of a ubiquitin ligase (E3) that contains 
Rad7 and Rad16 and is responsible for regulating the levels of Rad4 protein in response to 
UV damage (Gillette et al. 2006; Ramsey et al. 2004).  It has also been suggested that Elc1 is a 
component of another ubiquitin ligase complex, which contains Ela1, Cul3, and Roc1 and is 
responsible for the polyubiquitylation and subsequent degradation of RNA polymerase II 
(Pol II) in response to DNA damage (Ribar, Prakash, and Prakash 2006, 2007). 
The TFIIH multiprotein complex, which is organized into a 7-subunit core associated with a 
3-subunit CDK-activating kinase module (CAK), is involved in both Pol II-mediated 
transcription and NER (Egly and Coin 2011). Tfb5, the homolog of human TTD-A, is a 
subunit of the core TFIIH. Unlike other subunits of the core TFIIH which are required for 
both GGR and TCR, Tfb5 has been shown to be essential for GGR but not absolutely 
required for TCR, as no apparent repair can be detected in the NTS, but a certain extent of 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 102 

repair can be seen in the TS of either the RPB2 or GAL1 genes (Ding et al. 2007).  The effect is 
unlikely due to changes in the steady state levels of other TFIIH subunits, as Tfb5 does not 
seem to affect the stability of other TFIIH components (Ranish et al. 2004). This may be 
different from human cells, where TTD-A (the homolog of yeast Tfb5) has been shown to 
stabilize other subunits of TFIIH (Vermeulen et al. 2000). Yeast Tfb5 interacts with Tfb2, 
another subunit of the TFIIH core (Zhou, Kou, and Wang 2007), and it was proposed that 
yeast Tfb5 acts as an architechtural stabilizer giving structural rigidity to the core TFIIH so 
that the complex is maintained in its functional architecture (Zhou, Kou, and Wang 2007).  
Another possibility is that the Rad25 ATPase activity of TFIIH needs to be stimulated by 
Tfb5 (Coin et al. 2006) in order to efficiently unwind the double helix around a lesion in the 
chromatin environment in vivo (Ding et al. 2007).  

2.1.1 GGR in the context of chromatin 
Although the core biochemical mechanism of NER is known, much remains unanswered.  
One of the looming questions currently being addressed is the issue of NER, especially 
GGR, in chromatin.  As with all DNA-related processes, the NER machinery must deal with 
the presence of organized chromatin and the physical obstacles that it presents. How cells 
detect and repair lesions in diverse chromatin environments is a question that remains 
unanswered.  Rearrangement of chromatin structure during NER was discovered more than 
two decades ago, however the molecular basis of chromatin dynamics during NER in 
eukaryotic cells is still not well understood (Gong, Kwon, and Smerdon 2005; Nag and 
Smerdon 2009; Waters et al. 2009).  
The basic repeating unit of chromatin is the nucleosome, which is comprised of 146 base 
pairs of DNA wrapped around an octamer of the four core histone proteins H2A, H2B, H3, 
and H4 (Luger et al. 1997). Most of this DNA is tightly wrapped in about 1.6 left-handed 
superhelical turns around the histone octamer, with linker DNA (ranging from 20 to 90 base 
pairs in length) separating nucleosome cores, and giving the “beads-on-a-string” 
appearance familiar from electron microscopy. DNA is then further compacted by the 
organization of nucleosomes into higher order structures, such as 30 nm fibers and the 
highly condensed state of chromosomes (Wolffe 1999). Adjacent nucleosomes can be 
arranged in various configurations which affect the accessibility of DNA, thus the DNA-
nucleosome polymer must be flexible in order to allow various cellular processes such as 
replication, transcription, recombination, and repair (Zhang, Jones, and Gong 2009).  The 
two primary mechanisms which are involved in this flexibility are histone modifications and 
chromatin remodeling (Palomera-Sanchez and Zurita 2011). Below we summarize new 
findings regarding NER and the roles of histone modifications and chromatin remodeling 
activities. The results of previous studies focused on elucidating these mechanisms have 
been summarized in several very good recent reviews (Altaf, Saksouk, and Cote 2007; 
Ataian and Krebs 2006; Palomera-Sanchez and Zurita 2011; Zhang, Jones, and Gong 2009). 
2.1.1.1 Chromatin remodeling and GGR 

The complexity of NER and the size of the repair machinery can make it difficult to imagine 
how DNA distorting lesions can be recognized and processed without temporary 
rearrangement of chromatin (Thoma 1999).  Instead of utilizing specific enzymes that each 
recognize a specific type of lesion, NER’s damage recognition factors recognize helix 
distortion and bind to DNA to test its local conformation (which explains the wide 
versatility of NER). The excision step in NER requires considerable space. About 25-30 bp of 
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DNA are unwound in the open complex during NER (Evans et al. 1997), and the human 
excision complex requires about 100 bp of DNA to excise the lesion in vitro (Huang and 
Sancar 1994).  Such a complex is incompatible with the structure of the nucleosome, and the 
linker DNA between nucleosomes is too short to accommodate a repair complex (Thoma 
1999). Thus it is obvious that in vivo alterations of chromatin either by the lesion itself, by the 
action of chromatin remodelers or histone modifications, or by DNA metabolizing processes 
such as transcription, are required to facilitate damage recognition and repair (Fousteri et al. 
2005). 
Although chromatin structures can restrict the NER machinery from accessing sites of DNA 
damage, limited pieces of evidence have emerged recently that chromatin metabolism may 
also play an active role in the repair process (Waters et al. 2009). The SWI/SNF superfamily 
of ATP-dependent chromatin remodeling enzymes all possess an ATPase subunit which can 
disrupt or alter DNA-histone associations. SWI/SNF is the prototypical chromatin 
remodeling factor and is present in all eukaryotes (Martens and Winston 2003). Previous 
studies have demonstrated that these chromatin remodeling enzymes play an important 
role in enabling access of the NER machinery to nucleosomal DNA [for a review, see (Osley, 
Tsukuda, and Nickoloff 2007)]. As transcription disturbs chromatin structure, only the GGR 
pathway of NER is modulated by chromatin. As DNA damage recognition is a slow and 
rate-limiting step in NER (Mone et al. 2004) and it has been thought that this step required 
chromatin remodeling activities, a in vivo study examined the possible association between 
SWI/SNF and the DNA damage recognition complex Rad4-Rad23 in yeast (Gong, Fahy, and 
Smerdon 2006). Using His-tag pulldown and coimmunoprecipitation assays, this study 
provided evidence linking a chromatin remodeling complex with NER by demonstrating 
that Snf6 and Snf5, two subunits of the SWI/SNF complex in yeast, co-purify with the Rad4-
Rad23 heterodimer  (Gong, Fahy, and Smerdon 2006). It was further shown that this 
association was stimulated by UV irradiation, indicating that SWI/SNF facilitates chromatin 
remodeling during NER and that it has a role in facilitating GGR. Based on these findings, it 
was postulated that Rad4-Rad23 may recruit the SWI/SNF complex to facilitate NER at 
damage sites in vivo, or that SWI/SNF may recognize and bind to another feature of 
damaged chromatin and aid in recruiting Rad4-Rad23  (Gong, Fahy, and Smerdon 2006). 
The GGR-specific factor Rad16 is also a member of the SWI/SNF family of DNA-dependent 
ATPases and is thought to have a role in DNA damage recognition (Prakash and Prakash 
2000). Interestingly, no association was found between Snf6 and Rad16, which is surprising 
given that Rad16 is required for GGR. This suggests that SWI/SNF and Rad16 may operate 
at different stages in the repair process  (Gong, Fahy, and Smerdon 2006). 
Another example of chromatin remodeling in NER comes from a recently published report 
which showed that the Ino80 chromatin remodeling complex promotes removal of UV 
lesions in regions with high nucleosome occupancy (Sarkar, Kiely, and McHugh 2010). More 
specifically, the study showed that Ino80 interacts with the early damage recognition 
complex of Rad4-Rad23 and was recruited to Rad4 in a UV-dependent manner. ino80∆ 
mutants were shown to be defective in both recruitment of repair factors to the damage site 
and restoration of nucleosome structure after repair. This suggests that Ino80 is recruited to 
sites of UV DNA damage through interactions with the NER machinery and is required for 
restoration of chromatin structure after repair (Sarkar, Kiely, and McHugh 2010). The role of 
Ino80 in NER appears to be conserved in eukaryotic cells. In mammalian cells deletion of 
two core components of the Ino80 complex, INO80 and ARP5, significantly hampered 
cellular removal of UV-induced photo lesions but had no significant impact on the 
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repair can be seen in the TS of either the RPB2 or GAL1 genes (Ding et al. 2007).  The effect is 
unlikely due to changes in the steady state levels of other TFIIH subunits, as Tfb5 does not 
seem to affect the stability of other TFIIH components (Ranish et al. 2004). This may be 
different from human cells, where TTD-A (the homolog of yeast Tfb5) has been shown to 
stabilize other subunits of TFIIH (Vermeulen et al. 2000). Yeast Tfb5 interacts with Tfb2, 
another subunit of the TFIIH core (Zhou, Kou, and Wang 2007), and it was proposed that 
yeast Tfb5 acts as an architechtural stabilizer giving structural rigidity to the core TFIIH so 
that the complex is maintained in its functional architecture (Zhou, Kou, and Wang 2007).  
Another possibility is that the Rad25 ATPase activity of TFIIH needs to be stimulated by 
Tfb5 (Coin et al. 2006) in order to efficiently unwind the double helix around a lesion in the 
chromatin environment in vivo (Ding et al. 2007).  

2.1.1 GGR in the context of chromatin 
Although the core biochemical mechanism of NER is known, much remains unanswered.  
One of the looming questions currently being addressed is the issue of NER, especially 
GGR, in chromatin.  As with all DNA-related processes, the NER machinery must deal with 
the presence of organized chromatin and the physical obstacles that it presents. How cells 
detect and repair lesions in diverse chromatin environments is a question that remains 
unanswered.  Rearrangement of chromatin structure during NER was discovered more than 
two decades ago, however the molecular basis of chromatin dynamics during NER in 
eukaryotic cells is still not well understood (Gong, Kwon, and Smerdon 2005; Nag and 
Smerdon 2009; Waters et al. 2009).  
The basic repeating unit of chromatin is the nucleosome, which is comprised of 146 base 
pairs of DNA wrapped around an octamer of the four core histone proteins H2A, H2B, H3, 
and H4 (Luger et al. 1997). Most of this DNA is tightly wrapped in about 1.6 left-handed 
superhelical turns around the histone octamer, with linker DNA (ranging from 20 to 90 base 
pairs in length) separating nucleosome cores, and giving the “beads-on-a-string” 
appearance familiar from electron microscopy. DNA is then further compacted by the 
organization of nucleosomes into higher order structures, such as 30 nm fibers and the 
highly condensed state of chromosomes (Wolffe 1999). Adjacent nucleosomes can be 
arranged in various configurations which affect the accessibility of DNA, thus the DNA-
nucleosome polymer must be flexible in order to allow various cellular processes such as 
replication, transcription, recombination, and repair (Zhang, Jones, and Gong 2009).  The 
two primary mechanisms which are involved in this flexibility are histone modifications and 
chromatin remodeling (Palomera-Sanchez and Zurita 2011). Below we summarize new 
findings regarding NER and the roles of histone modifications and chromatin remodeling 
activities. The results of previous studies focused on elucidating these mechanisms have 
been summarized in several very good recent reviews (Altaf, Saksouk, and Cote 2007; 
Ataian and Krebs 2006; Palomera-Sanchez and Zurita 2011; Zhang, Jones, and Gong 2009). 
2.1.1.1 Chromatin remodeling and GGR 

The complexity of NER and the size of the repair machinery can make it difficult to imagine 
how DNA distorting lesions can be recognized and processed without temporary 
rearrangement of chromatin (Thoma 1999).  Instead of utilizing specific enzymes that each 
recognize a specific type of lesion, NER’s damage recognition factors recognize helix 
distortion and bind to DNA to test its local conformation (which explains the wide 
versatility of NER). The excision step in NER requires considerable space. About 25-30 bp of 
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DNA are unwound in the open complex during NER (Evans et al. 1997), and the human 
excision complex requires about 100 bp of DNA to excise the lesion in vitro (Huang and 
Sancar 1994).  Such a complex is incompatible with the structure of the nucleosome, and the 
linker DNA between nucleosomes is too short to accommodate a repair complex (Thoma 
1999). Thus it is obvious that in vivo alterations of chromatin either by the lesion itself, by the 
action of chromatin remodelers or histone modifications, or by DNA metabolizing processes 
such as transcription, are required to facilitate damage recognition and repair (Fousteri et al. 
2005). 
Although chromatin structures can restrict the NER machinery from accessing sites of DNA 
damage, limited pieces of evidence have emerged recently that chromatin metabolism may 
also play an active role in the repair process (Waters et al. 2009). The SWI/SNF superfamily 
of ATP-dependent chromatin remodeling enzymes all possess an ATPase subunit which can 
disrupt or alter DNA-histone associations. SWI/SNF is the prototypical chromatin 
remodeling factor and is present in all eukaryotes (Martens and Winston 2003). Previous 
studies have demonstrated that these chromatin remodeling enzymes play an important 
role in enabling access of the NER machinery to nucleosomal DNA [for a review, see (Osley, 
Tsukuda, and Nickoloff 2007)]. As transcription disturbs chromatin structure, only the GGR 
pathway of NER is modulated by chromatin. As DNA damage recognition is a slow and 
rate-limiting step in NER (Mone et al. 2004) and it has been thought that this step required 
chromatin remodeling activities, a in vivo study examined the possible association between 
SWI/SNF and the DNA damage recognition complex Rad4-Rad23 in yeast (Gong, Fahy, and 
Smerdon 2006). Using His-tag pulldown and coimmunoprecipitation assays, this study 
provided evidence linking a chromatin remodeling complex with NER by demonstrating 
that Snf6 and Snf5, two subunits of the SWI/SNF complex in yeast, co-purify with the Rad4-
Rad23 heterodimer  (Gong, Fahy, and Smerdon 2006). It was further shown that this 
association was stimulated by UV irradiation, indicating that SWI/SNF facilitates chromatin 
remodeling during NER and that it has a role in facilitating GGR. Based on these findings, it 
was postulated that Rad4-Rad23 may recruit the SWI/SNF complex to facilitate NER at 
damage sites in vivo, or that SWI/SNF may recognize and bind to another feature of 
damaged chromatin and aid in recruiting Rad4-Rad23  (Gong, Fahy, and Smerdon 2006). 
The GGR-specific factor Rad16 is also a member of the SWI/SNF family of DNA-dependent 
ATPases and is thought to have a role in DNA damage recognition (Prakash and Prakash 
2000). Interestingly, no association was found between Snf6 and Rad16, which is surprising 
given that Rad16 is required for GGR. This suggests that SWI/SNF and Rad16 may operate 
at different stages in the repair process  (Gong, Fahy, and Smerdon 2006). 
Another example of chromatin remodeling in NER comes from a recently published report 
which showed that the Ino80 chromatin remodeling complex promotes removal of UV 
lesions in regions with high nucleosome occupancy (Sarkar, Kiely, and McHugh 2010). More 
specifically, the study showed that Ino80 interacts with the early damage recognition 
complex of Rad4-Rad23 and was recruited to Rad4 in a UV-dependent manner. ino80∆ 
mutants were shown to be defective in both recruitment of repair factors to the damage site 
and restoration of nucleosome structure after repair. This suggests that Ino80 is recruited to 
sites of UV DNA damage through interactions with the NER machinery and is required for 
restoration of chromatin structure after repair (Sarkar, Kiely, and McHugh 2010). The role of 
Ino80 in NER appears to be conserved in eukaryotic cells. In mammalian cells deletion of 
two core components of the Ino80 complex, INO80 and ARP5, significantly hampered 
cellular removal of UV-induced photo lesions but had no significant impact on the 
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transcription of NER factors (Jiang et al. 2010). Loss of INO80 abolished the assembly of 
NER factors, suggesting that prior chromatin relaxation is important for the NER incision 
process.  
Because transcription disturbs chromatin, only GGR is modulated by chromatin structure.  
Indeed, there is no correlation between the heterogeneity in NER and chromatin structure in 
TCR.  However, chromatin remodeling activities associated with the transcription process 
are likely to play a role in damage recognition during TCR (Zhang, Jones, and Gong 2009). 
As mentioned previously, Rad26 is a DNA-dependent ATPase of the SWI/SNF superfamily 
(Guzder et al. 1996).  CSB, the human homolog of yeast Rad26, has been shown to interact 
with XPG (Sarker et al. 2005) and attracts repair factors and a histone acetyltransferase to the 
site of a damage-stalled Pol II (Newman, Bailey, and Weiner 2006).  Similar to its human 
homolog, Rad26 has also been found to play a role in repairing apparently transcriptionally 
inactive genes, a role possibly exacted through its putative chromatin remodeling activities 
(Bucheli, Lommel, and Sweder 2001). However, caution needs to be exercised regarding the 
explanation of role of Rad26 in repairing transcriptionally repressed genes, which can be 
through TCR initiated by noise transcription that commonly occurs in both strands of 
supposedly repressed genes (Li et al. 2007; Tatum and Li 2011).  

2.1.1.2 Histone modifications and GGR 

From recent evidence, it is clear that GGR requires different mechanisms to relax chromatin 
and ultimately removes lesions (Palomera-Sanchez and Zurita 2011). In addition to 
chromatin remodelers, histone modifications have been implicated in various mechanisms 
of DNA repair. Histones are subject to a multitude of post-translational modifications 
including acetylation, methylation, phosphorylation, sumoylation, and ubiquitination 
(Kouzarides 2007). Some of these modifications may modulate the NER process (Gong, 
Kwon, and Smerdon 2005; Nag and Smerdon 2009; Waters et al. 2008). However, the effects 
of histone modifications on NER in living cells documented previously are generally quite 
modest and are most likely due to the alteration of chromatin compaction and/or stability. 
Some recent studies implicating histone modifications in the facilitation of NER are 
discussed below.   
The functional correlation between histone hyperacetylation and efficient NER has been 
known for some time (Ramanathan and Smerdon 1989; Smerdon et al. 1982). More recent 
studies have confirmed this correlation, demonstrating reduced CPD removal in yeast cells 
lacking the histone acetyltransferase (HAT) Gcn5, which acetylates histone H3 on lysines 9 
and 14 (H3K4 and H3K19). Furthermore, the acetylation of H3K9 and H3K14 was shown to 
increase throughout the genome after irradiation with UV light and resulted in more 
efficient GGR (Teng et al. 2008; Yu et al. 2005).  This modification seems to be conserved in 
mammalian cells, as a recent report showed that the E2F1 transcriptional factor in human 
cells is recruited in the chromatin at sites of UV damage and associates with GCN5 to 
acetylate H3K9 (Guo et al. 2011). Histone H3 in yeast has also been shown to be 
hyperacetylated in strains lacking the damage recognition factors Rad4 or Rad14, indicating 
that H3 acetylation occurs before the repair process and is not stimulated by NER (Yu et al. 
2005). However, reinstating the acetylation level to a pre-UV state was shown to be 
dependent on NER (Yu et al. 2005). Additionally, UV-induced hyperacetylation of H3K9 
and K14 was shown to be mediated by the GGR-specific factor Rad16 (Teng et al. 2008).  
Interestingly, it was demonstrated that pre-hyperacetylated regions could undergo efficient 
repair even in the absence of Rad16 (Teng et al. 2008), thus providing a direct link between 
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GGR and histone acetylation. However, it remains to be elucidated if the Rad16-
independent repair is indeed GGR or TCR initiated by noise transcription that may not 
occur at normal conditions but takes place when the chromatin is pre-hyperacetylated. The 
noise transcripts can be hard to detect by traditional techniques as they are rapidly 
degraded after being produced (Struhl 2007). It has been postulated that histone 
hyperacetylation could regulate NER either directly through generating a suitable binding 
surface for repair proteins or indirectly through altering the compaction of nucleosomes 
(Irizar et al. 2010). 
Much like the trend observed for gene expression, the effect of histone acetylation on repair 
varies according to chromatin status. In yeast, heavily compacted and suppressive regions 
of chromatin (i.e. heterochromatin) such as telomeres, silenced mating loci, and rDNA 
repeats, show reduced levels of histone H3 and H4 acetylation after UV. A recent study 
examined GGR of the URA3 gene in subtelomeric regions (Irizar et al. 2010). These regions 
are hypoacetylated and bound by Sir proteins, which are involved in establishing silenced 
and heterochromatic regions in the genome. One particular Sir protein, Sir2, a NAD+-
dependent histone deacetylase (HDAC), has been shown to have a preference for removing 
the acetyl group from H3K9 and K14 as well as H4K16 (Imai et al. 2000; Landry et al. 2000).  
Repair of CPDs in these regions was shown to be slow, likely a result of the reduced histone 
acetylation. Furthermore, a significant increase in histone H3 and H4 acetylation after UV 
was shown in sir2∆ deletion mutants, indicating an important role for Sir2 in regulating 
histone acetylation in response to UV. This increase in histone acetylation resulted in 
improved NER efficiency, suggesting that the action of the different mechanisms that 
modify histones to facilitate NER may be influenced by the type of chromatin environment 
and the prevalence of specific factors like Sir2 in subtelomeric chromatin (Palomera-Sanchez 
and Zurita 2011). 
In addition to histone acetylation, histone methylation has also been shown to play a role in 
the GGR process. Dot1 is a histone methyltransferase required for methylation of histone H3 
lysine 79 (H3K79). dot1∆ mutants are sensitive to UV (Bostelman et al. 2007) and have a 
defect in activation of DNA damage checkpoints (Giannattasio et al. 2005). Indeed, H3K79 
methylation was shown to be required for efficient NER in a silenced locus of yeast 
(Chaudhuri, Wyrick, and Smerdon 2009).  An even more recent study demonstrated Dot1 to 
be a novel GGR-specific factor which mediates GGR by methylating its sole known 
substrate, H3K79 (Tatum and Li 2011). Using a nucleotide resolution method which uses 
streptavidin magnetic beads and biotinylated oligonucleotides to facilitate isolation and 
strand-specific end-labeling of DNA fragments of interest to measure GGR, the study 
showed that Dot1 and H3K79 methylation are required for GGR in both nucleosomal core 
regions and inter-nucleosomal linker regions, but play no role in TCR (Tatum and Li 2011). 
It was previously suggested that the role of H3K79 methylation in GGR may be via affecting 
expression of repair factors, such as Rad16 (Chaudhuri, Wyrick, and Smerdon 2009). 
However, it was shown that overexpression of Rad16 in cells whose genomic H3 genes 
(HHT1 and HHT2) were deleted and complemented with a plasmid encoding the K79A 
mutant histone H3 (H3K79A) cells did not affect GGR, suggesting that the effect of H3K79 
methylation on GGR is not through regulating the expression of Rad16 (Tatum and Li 2011). 
It was proposed that the addition of methyl moieties to H3K79 may serve as a docking site 
for repair factors on the chromatin. In the absence of the methyl groups, the repair 
machinery may be excluded from the chromatin, including the vicinities of inter-
nucleosomal linker regions (Tatum and Li 2011).  
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transcription of NER factors (Jiang et al. 2010). Loss of INO80 abolished the assembly of 
NER factors, suggesting that prior chromatin relaxation is important for the NER incision 
process.  
Because transcription disturbs chromatin, only GGR is modulated by chromatin structure.  
Indeed, there is no correlation between the heterogeneity in NER and chromatin structure in 
TCR.  However, chromatin remodeling activities associated with the transcription process 
are likely to play a role in damage recognition during TCR (Zhang, Jones, and Gong 2009). 
As mentioned previously, Rad26 is a DNA-dependent ATPase of the SWI/SNF superfamily 
(Guzder et al. 1996).  CSB, the human homolog of yeast Rad26, has been shown to interact 
with XPG (Sarker et al. 2005) and attracts repair factors and a histone acetyltransferase to the 
site of a damage-stalled Pol II (Newman, Bailey, and Weiner 2006).  Similar to its human 
homolog, Rad26 has also been found to play a role in repairing apparently transcriptionally 
inactive genes, a role possibly exacted through its putative chromatin remodeling activities 
(Bucheli, Lommel, and Sweder 2001). However, caution needs to be exercised regarding the 
explanation of role of Rad26 in repairing transcriptionally repressed genes, which can be 
through TCR initiated by noise transcription that commonly occurs in both strands of 
supposedly repressed genes (Li et al. 2007; Tatum and Li 2011).  

2.1.1.2 Histone modifications and GGR 

From recent evidence, it is clear that GGR requires different mechanisms to relax chromatin 
and ultimately removes lesions (Palomera-Sanchez and Zurita 2011). In addition to 
chromatin remodelers, histone modifications have been implicated in various mechanisms 
of DNA repair. Histones are subject to a multitude of post-translational modifications 
including acetylation, methylation, phosphorylation, sumoylation, and ubiquitination 
(Kouzarides 2007). Some of these modifications may modulate the NER process (Gong, 
Kwon, and Smerdon 2005; Nag and Smerdon 2009; Waters et al. 2008). However, the effects 
of histone modifications on NER in living cells documented previously are generally quite 
modest and are most likely due to the alteration of chromatin compaction and/or stability. 
Some recent studies implicating histone modifications in the facilitation of NER are 
discussed below.   
The functional correlation between histone hyperacetylation and efficient NER has been 
known for some time (Ramanathan and Smerdon 1989; Smerdon et al. 1982). More recent 
studies have confirmed this correlation, demonstrating reduced CPD removal in yeast cells 
lacking the histone acetyltransferase (HAT) Gcn5, which acetylates histone H3 on lysines 9 
and 14 (H3K4 and H3K19). Furthermore, the acetylation of H3K9 and H3K14 was shown to 
increase throughout the genome after irradiation with UV light and resulted in more 
efficient GGR (Teng et al. 2008; Yu et al. 2005).  This modification seems to be conserved in 
mammalian cells, as a recent report showed that the E2F1 transcriptional factor in human 
cells is recruited in the chromatin at sites of UV damage and associates with GCN5 to 
acetylate H3K9 (Guo et al. 2011). Histone H3 in yeast has also been shown to be 
hyperacetylated in strains lacking the damage recognition factors Rad4 or Rad14, indicating 
that H3 acetylation occurs before the repair process and is not stimulated by NER (Yu et al. 
2005). However, reinstating the acetylation level to a pre-UV state was shown to be 
dependent on NER (Yu et al. 2005). Additionally, UV-induced hyperacetylation of H3K9 
and K14 was shown to be mediated by the GGR-specific factor Rad16 (Teng et al. 2008).  
Interestingly, it was demonstrated that pre-hyperacetylated regions could undergo efficient 
repair even in the absence of Rad16 (Teng et al. 2008), thus providing a direct link between 
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GGR and histone acetylation. However, it remains to be elucidated if the Rad16-
independent repair is indeed GGR or TCR initiated by noise transcription that may not 
occur at normal conditions but takes place when the chromatin is pre-hyperacetylated. The 
noise transcripts can be hard to detect by traditional techniques as they are rapidly 
degraded after being produced (Struhl 2007). It has been postulated that histone 
hyperacetylation could regulate NER either directly through generating a suitable binding 
surface for repair proteins or indirectly through altering the compaction of nucleosomes 
(Irizar et al. 2010). 
Much like the trend observed for gene expression, the effect of histone acetylation on repair 
varies according to chromatin status. In yeast, heavily compacted and suppressive regions 
of chromatin (i.e. heterochromatin) such as telomeres, silenced mating loci, and rDNA 
repeats, show reduced levels of histone H3 and H4 acetylation after UV. A recent study 
examined GGR of the URA3 gene in subtelomeric regions (Irizar et al. 2010). These regions 
are hypoacetylated and bound by Sir proteins, which are involved in establishing silenced 
and heterochromatic regions in the genome. One particular Sir protein, Sir2, a NAD+-
dependent histone deacetylase (HDAC), has been shown to have a preference for removing 
the acetyl group from H3K9 and K14 as well as H4K16 (Imai et al. 2000; Landry et al. 2000).  
Repair of CPDs in these regions was shown to be slow, likely a result of the reduced histone 
acetylation. Furthermore, a significant increase in histone H3 and H4 acetylation after UV 
was shown in sir2∆ deletion mutants, indicating an important role for Sir2 in regulating 
histone acetylation in response to UV. This increase in histone acetylation resulted in 
improved NER efficiency, suggesting that the action of the different mechanisms that 
modify histones to facilitate NER may be influenced by the type of chromatin environment 
and the prevalence of specific factors like Sir2 in subtelomeric chromatin (Palomera-Sanchez 
and Zurita 2011). 
In addition to histone acetylation, histone methylation has also been shown to play a role in 
the GGR process. Dot1 is a histone methyltransferase required for methylation of histone H3 
lysine 79 (H3K79). dot1∆ mutants are sensitive to UV (Bostelman et al. 2007) and have a 
defect in activation of DNA damage checkpoints (Giannattasio et al. 2005). Indeed, H3K79 
methylation was shown to be required for efficient NER in a silenced locus of yeast 
(Chaudhuri, Wyrick, and Smerdon 2009).  An even more recent study demonstrated Dot1 to 
be a novel GGR-specific factor which mediates GGR by methylating its sole known 
substrate, H3K79 (Tatum and Li 2011). Using a nucleotide resolution method which uses 
streptavidin magnetic beads and biotinylated oligonucleotides to facilitate isolation and 
strand-specific end-labeling of DNA fragments of interest to measure GGR, the study 
showed that Dot1 and H3K79 methylation are required for GGR in both nucleosomal core 
regions and inter-nucleosomal linker regions, but play no role in TCR (Tatum and Li 2011). 
It was previously suggested that the role of H3K79 methylation in GGR may be via affecting 
expression of repair factors, such as Rad16 (Chaudhuri, Wyrick, and Smerdon 2009). 
However, it was shown that overexpression of Rad16 in cells whose genomic H3 genes 
(HHT1 and HHT2) were deleted and complemented with a plasmid encoding the K79A 
mutant histone H3 (H3K79A) cells did not affect GGR, suggesting that the effect of H3K79 
methylation on GGR is not through regulating the expression of Rad16 (Tatum and Li 2011). 
It was proposed that the addition of methyl moieties to H3K79 may serve as a docking site 
for repair factors on the chromatin. In the absence of the methyl groups, the repair 
machinery may be excluded from the chromatin, including the vicinities of inter-
nucleosomal linker regions (Tatum and Li 2011).  
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We have recently found additional evidence for the involvement of histone modifications in 
GGR in studies involving the yeast Pol II-associated factor 1 complex (Paf1C). Paf1C is 
comprised of 5 subunits, namely Paf1, Rtf1, Cdc73, Leo1, and Ctr9 and interacts with Pol II 
and chromatin at both promoters and throughout the coding regions of genes [for a recent 
review, see (Jaehning 2010)]. Loss of Rtf1 or Cdc73 causes the dissociation of Paf1C from Pol 
II and chromatin. Paf1C has been shown to be required for monoubiquitination of histone 
H2B at lysine 123 (H2BK123) by Bre1 (an E3 ubiquitin ligase) in complex with Rad6 (an E2 
ubiquitin conjugase) (Krogan et al. 2003; Ng, Dole, and Struhl 2003; Wood et al. 2003).  The 
Bre1-Rad6-mediated monoubiquitination of H2BK123 is, in turn, partially required for 
dimethylation and fully required for trimethylation of H3K79 by Dot1 (Levesque et al. 2010; 
Nakanishi et al. 2009; Shahbazian, Zhang, and Grunstein 2005). Dot1 can add one methyl 
group to H3K79 by itself, meaning that Paf1C indirectly enables di- and trimethylation of 
H3K79. Although it can be associated with Pol II, Paf1C may function in enabling these 
histone modifications independent of Pol II, as both monoubiquitination of H2BK123 
(Schulze et al. 2009) and methylation of H3K79  (Ng et al. 2003; Pokholok et al. 2005; van 
Leeuwen, Gafken, and Gottschling 2002) do not seem to be correlated with the 
transcriptional activity of a gene. Elimination of one of the PAF components (Rtf1) resulted 
in significantly compromised GGR, especially in inter-nucleosomal linker regions (Tatum et 
al. 2011). Genetic analysis revealed an epistatic relationship between RTF1 and BRE1 and 
DOT1, indicating that these proteins function in the same pathway in response to UV 
damage.  It was further demonstrated that elimination of Rtf1 in bre1∆ or dot1∆ cells did not 
affect GGR speed, confirming the presence of an epistatic relationship as well as indicating 
that the function of Paf1C in GGR is accomplished through enabling monoubiquitination of 
H2BK123 by Bre1, which in turn permits di- and tri-methylation of H3K79 by Dot1 (Tatum 
et al. 2011).  
In addition to acetylation and methylation, studies have also provided evidence for multiple 
roles of histone ubiquitination in NER (Nouspikel 2011). Nucleosome stability is controlled 
mainly by acetylation, but also to some degree by ubiquitination. Histone H2A is 
constitutively ubiquitinated even in the absence of DNA damage, especially in condensed 
chromatin. This ubiquitination was shown to disappear rapidly after UV-induced DNA 
damage and reappear within 30 minutes to 2 hours (Kapetanaki et al. 2006). Histones H2B, 
H3, and H4 are also constitutively ubiquitinated but to a much lower level (Nouspikel 2011). 
It was shown that ubiquitination of H3 and H4 increased within 1 hour of UV irradiation, 
decreased by 4 hours, and returned to original levels at 8 hours (Wang et al. 2006). It was 
postulated that this may act as a means of destabilizing nucleosomes, permitting better 
access of the repair machinery to the site of the lesion. However, there is a lack of 
experimental support for this idea. In fact, in vitro experiments showed that ubiquitination 
of H3 and H4 does not cause dissociation from DNA, and in vivo, only about half of H3 
ubiquitinated after UV-induced damage dissociated from chromatin (Bergink et al. 2006; 
Wang et al. 2006). 
Evidence for UV-induced ubiquitination came from a study which used cells expressing 
GFP-tagged ubiquitin (Bergink et al. 2006). These cells were UV-irradiated through a 
micropore filter to induce localized spots of DNA damage in the nucleus. Interestingly, after 
induction of DNA damage by UV, ubiquitinated histone H2A was found to accumulate at 
damage sites. This ubiquitination of histone H2A was shown to be dependent on NER and 
occurred after incision of the damaged strand, indicating a role in the later steps of NER.  
Indeed, a subsequent study demonstrated that UV-induced accumulation of ubiquitinated 
H2A at damage sites is a part of the chromatin restoration process (Zhou et al. 2008).   
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2.2 TCR in S. cerevisiae 
Lesions that arrest or stall transcription by Pol II on the transcribed strand (TS) are repaired 
5-10 times faster than the nontranscribed strand (NTS) by TCR (Hanawalt 1994). TCR has 
been shown to function in E. coli (Mellon and Hanawalt 1989), S. cerevisiae (Smerdon and 
Thoma 1990), and mammalian cells (Mellon, Spivak, and Hanawalt 1987). While the 
mechanistic details of TCR in E. coli are relatively well understood, the mechanisms of TCR 
in eukaryotes appear to be extremely complicated [for reviews, see (Fousteri and 
Mullenders 2008; Hanawalt and Spivak 2008)]. 
TCR in eukaryotic cells is believed to be triggered by stalled Pol II at a lesion in the 
transcribed strand of a gene (Fousteri and Mullenders 2008; Hanawalt and Spivak 2008).  
Rad26, the yeast homolog of human CSB and a putative transcription repair coupling factor, 
is important for TCR but dispensable for GGR (van Gool et al. 1994).  However, TCR in yeast 
is not solely dependent on Rad26, as a significant amount of repair still occurs in cells 
lacking Rad26 (Li and Smerdon 2002, 2004; Verhage et al. 1996). Rpb9, a nonessential 
subunit of Pol II, has also been shown to play a role in mediating TCR (Li and Smerdon 
2004, 2002; Li et al. 2006; Li et al. 2007).   
Rad26- and Rpb9- mediated TCR subpathways have been shown to have different 
efficiencies in different regions of a gene (Li et al. 2006).  Rpb9-mediated TCR operates more 
effectively in the coding region than in the region upstream of the transcription start site; 
whereas the Rad26-mediated subpathway operates equally well in both regions (Li and 
Smerdon 2002, 2004). Additionally, in log phase wild type cells, the relative contributions of 
these two subpathways of TCR may be different from gene to gene. For the URA3 gene, 
Rad26 seems to be absolutely required, except for a short region close to the transcription 
start site (Tijsterman et al. 1997), indicating that TCR is accomplished primarily by the 
Rad26 subpathway. Rad26 is partially required for TCR in the RPB2 gene (Bhatia et al. 1996; 
Gregory and Sweder 2001; Li and Smerdon 2002; Verhage et al. 1996), indicating that both 
subpathways contribute to TCR in this gene. For the GAL1 gene, Rad26 is almost 
dispensable, especially in the coding region, indicating that TCR in this gene of log-phase 
cultures is fulfilled primarily by the Rpb9 subpathway. The different contributions of the 
two subpathways of TCR in different genes may be caused by different levels of 
transcription. Rad26- and Rpb9-mediated repair are also differently modulated by different 
promoter elements (Li et al. 2006). In the yeast GAL1 gene, the efficiency of TCR mediated 
by Rad26 is determined by the upstream activating sequence (UAS), but not by the TATA or 
local sequences. However, both the UAS and TATA are necessary to confine Rad26-
mediated repair to the transcribed strand of the gene. Abrogating or abolishing transcription 
by mutation or deletion of the TATA sequence or mutation of the UAS results in Rad26-
mediated repair in both the TS and NTS of the GAL1 gene (Li et al. 2006). This suggests that 
Rad26-mediated repair can be either transcription-coupled, provided that a substantial level 
of transcription is present, or transcription-independent, if transcription is too low or absent. 
However, as mentioned above, noise transcription, which cannot be easily detected by 
traditional techniques, may occur in both strands upon the mutation or deletion of the UAS 
or TATA. This unexpected noise transcription may cause Rad26-mediated repair (which is 
TCR) to occur in both strands. Conversely, Rpb9-mediated TCR only occurs in the 
transcribed strand and is efficient only if the TATA and UAS sequences are present, 
suggesting that TCR mediated by Rpb9 is strictly transcription coupled and is only efficient 
when the level of transcription is high (Li et al. 2006).  
Rpb9 also plays an important role in promoting ubiquitylation and degradation of Rpb1, the 
largest subunit of Pol II, in response to UV damage (Chen, Ruggiero, and Li 2007). Rpb9 is 
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We have recently found additional evidence for the involvement of histone modifications in 
GGR in studies involving the yeast Pol II-associated factor 1 complex (Paf1C). Paf1C is 
comprised of 5 subunits, namely Paf1, Rtf1, Cdc73, Leo1, and Ctr9 and interacts with Pol II 
and chromatin at both promoters and throughout the coding regions of genes [for a recent 
review, see (Jaehning 2010)]. Loss of Rtf1 or Cdc73 causes the dissociation of Paf1C from Pol 
II and chromatin. Paf1C has been shown to be required for monoubiquitination of histone 
H2B at lysine 123 (H2BK123) by Bre1 (an E3 ubiquitin ligase) in complex with Rad6 (an E2 
ubiquitin conjugase) (Krogan et al. 2003; Ng, Dole, and Struhl 2003; Wood et al. 2003).  The 
Bre1-Rad6-mediated monoubiquitination of H2BK123 is, in turn, partially required for 
dimethylation and fully required for trimethylation of H3K79 by Dot1 (Levesque et al. 2010; 
Nakanishi et al. 2009; Shahbazian, Zhang, and Grunstein 2005). Dot1 can add one methyl 
group to H3K79 by itself, meaning that Paf1C indirectly enables di- and trimethylation of 
H3K79. Although it can be associated with Pol II, Paf1C may function in enabling these 
histone modifications independent of Pol II, as both monoubiquitination of H2BK123 
(Schulze et al. 2009) and methylation of H3K79  (Ng et al. 2003; Pokholok et al. 2005; van 
Leeuwen, Gafken, and Gottschling 2002) do not seem to be correlated with the 
transcriptional activity of a gene. Elimination of one of the PAF components (Rtf1) resulted 
in significantly compromised GGR, especially in inter-nucleosomal linker regions (Tatum et 
al. 2011). Genetic analysis revealed an epistatic relationship between RTF1 and BRE1 and 
DOT1, indicating that these proteins function in the same pathway in response to UV 
damage.  It was further demonstrated that elimination of Rtf1 in bre1∆ or dot1∆ cells did not 
affect GGR speed, confirming the presence of an epistatic relationship as well as indicating 
that the function of Paf1C in GGR is accomplished through enabling monoubiquitination of 
H2BK123 by Bre1, which in turn permits di- and tri-methylation of H3K79 by Dot1 (Tatum 
et al. 2011).  
In addition to acetylation and methylation, studies have also provided evidence for multiple 
roles of histone ubiquitination in NER (Nouspikel 2011). Nucleosome stability is controlled 
mainly by acetylation, but also to some degree by ubiquitination. Histone H2A is 
constitutively ubiquitinated even in the absence of DNA damage, especially in condensed 
chromatin. This ubiquitination was shown to disappear rapidly after UV-induced DNA 
damage and reappear within 30 minutes to 2 hours (Kapetanaki et al. 2006). Histones H2B, 
H3, and H4 are also constitutively ubiquitinated but to a much lower level (Nouspikel 2011). 
It was shown that ubiquitination of H3 and H4 increased within 1 hour of UV irradiation, 
decreased by 4 hours, and returned to original levels at 8 hours (Wang et al. 2006). It was 
postulated that this may act as a means of destabilizing nucleosomes, permitting better 
access of the repair machinery to the site of the lesion. However, there is a lack of 
experimental support for this idea. In fact, in vitro experiments showed that ubiquitination 
of H3 and H4 does not cause dissociation from DNA, and in vivo, only about half of H3 
ubiquitinated after UV-induced damage dissociated from chromatin (Bergink et al. 2006; 
Wang et al. 2006). 
Evidence for UV-induced ubiquitination came from a study which used cells expressing 
GFP-tagged ubiquitin (Bergink et al. 2006). These cells were UV-irradiated through a 
micropore filter to induce localized spots of DNA damage in the nucleus. Interestingly, after 
induction of DNA damage by UV, ubiquitinated histone H2A was found to accumulate at 
damage sites. This ubiquitination of histone H2A was shown to be dependent on NER and 
occurred after incision of the damaged strand, indicating a role in the later steps of NER.  
Indeed, a subsequent study demonstrated that UV-induced accumulation of ubiquitinated 
H2A at damage sites is a part of the chromatin restoration process (Zhou et al. 2008).   
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2.2 TCR in S. cerevisiae 
Lesions that arrest or stall transcription by Pol II on the transcribed strand (TS) are repaired 
5-10 times faster than the nontranscribed strand (NTS) by TCR (Hanawalt 1994). TCR has 
been shown to function in E. coli (Mellon and Hanawalt 1989), S. cerevisiae (Smerdon and 
Thoma 1990), and mammalian cells (Mellon, Spivak, and Hanawalt 1987). While the 
mechanistic details of TCR in E. coli are relatively well understood, the mechanisms of TCR 
in eukaryotes appear to be extremely complicated [for reviews, see (Fousteri and 
Mullenders 2008; Hanawalt and Spivak 2008)]. 
TCR in eukaryotic cells is believed to be triggered by stalled Pol II at a lesion in the 
transcribed strand of a gene (Fousteri and Mullenders 2008; Hanawalt and Spivak 2008).  
Rad26, the yeast homolog of human CSB and a putative transcription repair coupling factor, 
is important for TCR but dispensable for GGR (van Gool et al. 1994).  However, TCR in yeast 
is not solely dependent on Rad26, as a significant amount of repair still occurs in cells 
lacking Rad26 (Li and Smerdon 2002, 2004; Verhage et al. 1996). Rpb9, a nonessential 
subunit of Pol II, has also been shown to play a role in mediating TCR (Li and Smerdon 
2004, 2002; Li et al. 2006; Li et al. 2007).   
Rad26- and Rpb9- mediated TCR subpathways have been shown to have different 
efficiencies in different regions of a gene (Li et al. 2006).  Rpb9-mediated TCR operates more 
effectively in the coding region than in the region upstream of the transcription start site; 
whereas the Rad26-mediated subpathway operates equally well in both regions (Li and 
Smerdon 2002, 2004). Additionally, in log phase wild type cells, the relative contributions of 
these two subpathways of TCR may be different from gene to gene. For the URA3 gene, 
Rad26 seems to be absolutely required, except for a short region close to the transcription 
start site (Tijsterman et al. 1997), indicating that TCR is accomplished primarily by the 
Rad26 subpathway. Rad26 is partially required for TCR in the RPB2 gene (Bhatia et al. 1996; 
Gregory and Sweder 2001; Li and Smerdon 2002; Verhage et al. 1996), indicating that both 
subpathways contribute to TCR in this gene. For the GAL1 gene, Rad26 is almost 
dispensable, especially in the coding region, indicating that TCR in this gene of log-phase 
cultures is fulfilled primarily by the Rpb9 subpathway. The different contributions of the 
two subpathways of TCR in different genes may be caused by different levels of 
transcription. Rad26- and Rpb9-mediated repair are also differently modulated by different 
promoter elements (Li et al. 2006). In the yeast GAL1 gene, the efficiency of TCR mediated 
by Rad26 is determined by the upstream activating sequence (UAS), but not by the TATA or 
local sequences. However, both the UAS and TATA are necessary to confine Rad26-
mediated repair to the transcribed strand of the gene. Abrogating or abolishing transcription 
by mutation or deletion of the TATA sequence or mutation of the UAS results in Rad26-
mediated repair in both the TS and NTS of the GAL1 gene (Li et al. 2006). This suggests that 
Rad26-mediated repair can be either transcription-coupled, provided that a substantial level 
of transcription is present, or transcription-independent, if transcription is too low or absent. 
However, as mentioned above, noise transcription, which cannot be easily detected by 
traditional techniques, may occur in both strands upon the mutation or deletion of the UAS 
or TATA. This unexpected noise transcription may cause Rad26-mediated repair (which is 
TCR) to occur in both strands. Conversely, Rpb9-mediated TCR only occurs in the 
transcribed strand and is efficient only if the TATA and UAS sequences are present, 
suggesting that TCR mediated by Rpb9 is strictly transcription coupled and is only efficient 
when the level of transcription is high (Li et al. 2006).  
Rpb9 also plays an important role in promoting ubiquitylation and degradation of Rpb1, the 
largest subunit of Pol II, in response to UV damage (Chen, Ruggiero, and Li 2007). Rpb9 is 
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composed of three distinct domains: the N-terminal Zn1, the C-terminal Zn2, and the central 
linker. The Zn1 and linker domains are essential for both transcription elongation and TCR 
functions, but the Zn2 domain is almost dispensable (Li et al. 2006). However, the Zn2 
domain is essential for Rpb9 to promote degradation of Rpb1, whereas the Zn1 and linker 
domains play a subsidiary role in the degradation. This function of Rpb9 seems to be 
unrelated to any pathways of NER, including both subpathways of TCR, and it remains to 
be determined how Rpb9 promotes ubiquitination and degradation of Rpb1 (Chen, 
Ruggiero, and Li 2007). 

2.2.1 The role of Rad26 in TCR 
Like its human homolog CSB, Rad26 is a DNA-stimulated ATPase and functions in 
transcription elongation (Lee et al. 2001; Selby and Sancar 1997). Due to its ATPase activity, 
Rad26 is the most promising yeast transcription repair coupling factor (Svejstrup 2002). 
However, how Rad26 functions in TCR remains to be elucidated.  Several models have been 
proposed based on its DNA-dependent ATPase activity (Svejstrup 2002). Because other 
members of the Swi/Snf family are able to alter contacts between DNA and DNA-binding 
proteins, one possibility is that Rad26, through its Swi/Snf-like activity, may displace a 
stalled Pol II complex at a damage site (Svejstrup 2002). This is the case in E. coli where the 
transcription repair coupling factor Mfd, an ATP-dependent translocase, moves stalled Pol 
II forward from the damage site, allowing it to continue transcription (Selby and Sancar 
1994; Park, Marr, and Roberts 2002). However, other than ATPase domains, there is little 
structural homology between Rad26 and Mfd. Furthermore, an in vitro study demonstrated 
that CSB cannot displace Pol II stalled at a damage site (Selby and Sancar 1997). 
A second model postulates that a Pol II complex stalled at a lesion may be pushed back by 
the general transcription factor TFIIS, which facilitates Pol II elongation through 
transcriptional arrest sites and stimulates transcript cleavage, allowing resumed forward 
translocation during normal transcription elongation (Kettenberger, Armache, and Cramer 
2003; Saeki and Svejstrup 2009). Yeast strains lacking Rad26 exhibit a synergistic increase in 
sensitivity to the DNA-damaging agent methyl methanesulfonate (MMS) when combined 
with inactivating mutations in NER, suggesting a role for Rad26 in promoting Pol II 
transcription elongation through damage sites in DNA (Lee et al. 2002). However, TFIIS 
does not seem to play any role in TCR in both yeast (Verhage et al. 1997) and mammalian 
cells (Jensen and Mullenders 2010).  
Alternative models addressing the fate of a damage-stalled Pol II, such as accessory-factor-
mediated lesion bypass and keeping Pol II at a distance through damage-binding factors, 
might also be relevant in certain situations (Svejstrup 2002). The finding that Rpb1, the 
largest subunit of Pol II, is ubiquitinated and subsequently degraded in the CSA- and CSB-
dependent manner in response to DNA damage that blocks transcription prompted 
researchers to propose a model whereby Pol II degradation facilitates lesion access and 
repair (Bregman et al. 1996; Ratner et al. 1998). However, a more recent report showed that 
CSA and CSB are not directly involved in Rpb1 ubiquitylation. The defects in Rpb1 
ubiquitylation observed in CS cells are caused by an indirect mechanism: these cells shut 
down transcription in response to DNA damage, effectively depleting the substrate for 
ubiquitylation, namely elongating Pol II (Anindya, Aygun, and Svejstrup 2007). Also, 
evidence has shown that the ubiquitination and degradation of Rpb1 do not seem to be 
necessary for TCR in yeast. Rsp5, the only yeast ubiquitin-protein ligase that modifies Pol II, 

 
Nucleotide Excision Repair in S. cerevisiae 109 

is not required for TCR (Lommel, Bucheli, and Sweder 2000). Def1, which forms a complex 
with Rad26 in chromatin, is required for Pol II degradation in response to DNA damage but 
is not required for TCR (Woudstra et al. 2002). Furthermore, as mentioned above, Rpb9 
plays an important role in ubiquitination and degradation of Rpb1 (Chen, Ruggiero, and Li 
2007). However, this function of Rpb9 is  unrelated to TCR mediated by Rpb9 itself and that 
mediated by Rad26 (Chen, Ruggiero, and Li 2007). 
As will be discussed below, recent evidence indicates that the role of Rad26 in TCR may be 
entirely through indirect mechanisms, by antagonizing the actions of TCR suppressors 
(Figure 1).  

2.2.2 Suppressors of Rad26-independent TCR 
Recently, a number of TCR suppressors have been identified.  Interestingly, in each case, the 
release of suppression (i.e. reinstatement of TCR) is present only in cells lacking Rad26. 
Below is a discussion of each of the known suppressors of Rad26-independent TCR and 
their possible interactions.  
Yeast Spt4 and Spt5 form a complex which has been shown to physically interact with Pol II 
(Hartzog et al. 1998). The SPT4 gene is dispensable (Malone, Fassler, and Winston 1993), 
whereas SPT5 is essential (Swanson, Malone, and Winston 1991), for cell viability.  These 
proteins are conserved transcription elongation factors and are generally required for 
normal development and viral gene expression in multicellular eukaryotes (Winston 2001). 
It was previously shown that deletion of SPT4 negates the requirement of Rad26 for TCR in 
yeast, suggesting that Spt4 suppresses Rad26-independent TCR (Jansen et al. 2000). It has 
been further demonstrated that the suppression effect of Spt4 is indirect via protecting its 
interacting partner, Spt5, from degradation and by stabilizing the interaction of Spt5 with 
Pol II (Ding, LeJeune, and Li 2010). Indeed, overexpression of Spt5 in the absence of Spt4 
suppresses Rad26-independent TCR (Ding, LeJeune, and Li 2010), supporting the notion 
that Spt4 plays an indirect role in this suppression. 
 Spt5 possesses a C-terminal repeat (CTR) domain, which is dispensable for cell viability and 
is not involved in interactions with Spt4 and Pol II (Ding, LeJeune, and Li 2010). Repair 
analysis of rad26 cells whose genomic SPT5 gene had been deleted and complemented 
with a plasmid encoding either the full length or CTR-deleted Spt5 revealed that TCR in 
these cells expressing the CTR-deleted Spt5 was significantly faster than in those expressing 
full length Spt5, indicating that the Spt5 CTR is involved in suppressing Rad26-independent 
TCR (Ding, LeJeune, and Li 2010). Additional evidence for the role of the CTR in this 
suppression came from analyzing the phosphorylation state of the CTR. The CTR domain 
contains 15 6-amino acid repeats with the consensus sequence S(A/T)WGG(A/Q) 
(Swanson, Malone, and Winston 1991), with the serine and threonine residues being 
potential phosphorylation sites. It has been shown that the Spt5 CTR is phosphorylated by 
the Bur kinase (Ding, LeJeune, and Li 2010; Liu et al. 2009; Zhou et al. 2009).  The kinase 
activity of Bur1 is dependent upon its cyclin partner Bur2. Deletion of Bur1 is lethal to cells, 
but deletion of Bur2 is not. Additionally, bur1∆ and bur2∆ mutations result in nearly 
identical phenotypes (Yao, Neiman, and Prelich 2000). Interestingly, it was shown that 
deletion of Bur2 also partially alleviates the necessity of Rad26 for TCR, suggesting that the 
phosphorylation of the Spt5 CTR may be partially responsible for suppressing TCR in the 
absence of Rad26 (Ding, LeJeune, and Li 2010). 
It is not yet clear how the CTR of Spt5 is acting to suppress Rad26-independent TCR. It was 
recently reported that the Spt5 CTR is a platform for the association of proteins that promote 
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composed of three distinct domains: the N-terminal Zn1, the C-terminal Zn2, and the central 
linker. The Zn1 and linker domains are essential for both transcription elongation and TCR 
functions, but the Zn2 domain is almost dispensable (Li et al. 2006). However, the Zn2 
domain is essential for Rpb9 to promote degradation of Rpb1, whereas the Zn1 and linker 
domains play a subsidiary role in the degradation. This function of Rpb9 seems to be 
unrelated to any pathways of NER, including both subpathways of TCR, and it remains to 
be determined how Rpb9 promotes ubiquitination and degradation of Rpb1 (Chen, 
Ruggiero, and Li 2007). 

2.2.1 The role of Rad26 in TCR 
Like its human homolog CSB, Rad26 is a DNA-stimulated ATPase and functions in 
transcription elongation (Lee et al. 2001; Selby and Sancar 1997). Due to its ATPase activity, 
Rad26 is the most promising yeast transcription repair coupling factor (Svejstrup 2002). 
However, how Rad26 functions in TCR remains to be elucidated.  Several models have been 
proposed based on its DNA-dependent ATPase activity (Svejstrup 2002). Because other 
members of the Swi/Snf family are able to alter contacts between DNA and DNA-binding 
proteins, one possibility is that Rad26, through its Swi/Snf-like activity, may displace a 
stalled Pol II complex at a damage site (Svejstrup 2002). This is the case in E. coli where the 
transcription repair coupling factor Mfd, an ATP-dependent translocase, moves stalled Pol 
II forward from the damage site, allowing it to continue transcription (Selby and Sancar 
1994; Park, Marr, and Roberts 2002). However, other than ATPase domains, there is little 
structural homology between Rad26 and Mfd. Furthermore, an in vitro study demonstrated 
that CSB cannot displace Pol II stalled at a damage site (Selby and Sancar 1997). 
A second model postulates that a Pol II complex stalled at a lesion may be pushed back by 
the general transcription factor TFIIS, which facilitates Pol II elongation through 
transcriptional arrest sites and stimulates transcript cleavage, allowing resumed forward 
translocation during normal transcription elongation (Kettenberger, Armache, and Cramer 
2003; Saeki and Svejstrup 2009). Yeast strains lacking Rad26 exhibit a synergistic increase in 
sensitivity to the DNA-damaging agent methyl methanesulfonate (MMS) when combined 
with inactivating mutations in NER, suggesting a role for Rad26 in promoting Pol II 
transcription elongation through damage sites in DNA (Lee et al. 2002). However, TFIIS 
does not seem to play any role in TCR in both yeast (Verhage et al. 1997) and mammalian 
cells (Jensen and Mullenders 2010).  
Alternative models addressing the fate of a damage-stalled Pol II, such as accessory-factor-
mediated lesion bypass and keeping Pol II at a distance through damage-binding factors, 
might also be relevant in certain situations (Svejstrup 2002). The finding that Rpb1, the 
largest subunit of Pol II, is ubiquitinated and subsequently degraded in the CSA- and CSB-
dependent manner in response to DNA damage that blocks transcription prompted 
researchers to propose a model whereby Pol II degradation facilitates lesion access and 
repair (Bregman et al. 1996; Ratner et al. 1998). However, a more recent report showed that 
CSA and CSB are not directly involved in Rpb1 ubiquitylation. The defects in Rpb1 
ubiquitylation observed in CS cells are caused by an indirect mechanism: these cells shut 
down transcription in response to DNA damage, effectively depleting the substrate for 
ubiquitylation, namely elongating Pol II (Anindya, Aygun, and Svejstrup 2007). Also, 
evidence has shown that the ubiquitination and degradation of Rpb1 do not seem to be 
necessary for TCR in yeast. Rsp5, the only yeast ubiquitin-protein ligase that modifies Pol II, 
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is not required for TCR (Lommel, Bucheli, and Sweder 2000). Def1, which forms a complex 
with Rad26 in chromatin, is required for Pol II degradation in response to DNA damage but 
is not required for TCR (Woudstra et al. 2002). Furthermore, as mentioned above, Rpb9 
plays an important role in ubiquitination and degradation of Rpb1 (Chen, Ruggiero, and Li 
2007). However, this function of Rpb9 is  unrelated to TCR mediated by Rpb9 itself and that 
mediated by Rad26 (Chen, Ruggiero, and Li 2007). 
As will be discussed below, recent evidence indicates that the role of Rad26 in TCR may be 
entirely through indirect mechanisms, by antagonizing the actions of TCR suppressors 
(Figure 1).  

2.2.2 Suppressors of Rad26-independent TCR 
Recently, a number of TCR suppressors have been identified.  Interestingly, in each case, the 
release of suppression (i.e. reinstatement of TCR) is present only in cells lacking Rad26. 
Below is a discussion of each of the known suppressors of Rad26-independent TCR and 
their possible interactions.  
Yeast Spt4 and Spt5 form a complex which has been shown to physically interact with Pol II 
(Hartzog et al. 1998). The SPT4 gene is dispensable (Malone, Fassler, and Winston 1993), 
whereas SPT5 is essential (Swanson, Malone, and Winston 1991), for cell viability.  These 
proteins are conserved transcription elongation factors and are generally required for 
normal development and viral gene expression in multicellular eukaryotes (Winston 2001). 
It was previously shown that deletion of SPT4 negates the requirement of Rad26 for TCR in 
yeast, suggesting that Spt4 suppresses Rad26-independent TCR (Jansen et al. 2000). It has 
been further demonstrated that the suppression effect of Spt4 is indirect via protecting its 
interacting partner, Spt5, from degradation and by stabilizing the interaction of Spt5 with 
Pol II (Ding, LeJeune, and Li 2010). Indeed, overexpression of Spt5 in the absence of Spt4 
suppresses Rad26-independent TCR (Ding, LeJeune, and Li 2010), supporting the notion 
that Spt4 plays an indirect role in this suppression. 
 Spt5 possesses a C-terminal repeat (CTR) domain, which is dispensable for cell viability and 
is not involved in interactions with Spt4 and Pol II (Ding, LeJeune, and Li 2010). Repair 
analysis of rad26 cells whose genomic SPT5 gene had been deleted and complemented 
with a plasmid encoding either the full length or CTR-deleted Spt5 revealed that TCR in 
these cells expressing the CTR-deleted Spt5 was significantly faster than in those expressing 
full length Spt5, indicating that the Spt5 CTR is involved in suppressing Rad26-independent 
TCR (Ding, LeJeune, and Li 2010). Additional evidence for the role of the CTR in this 
suppression came from analyzing the phosphorylation state of the CTR. The CTR domain 
contains 15 6-amino acid repeats with the consensus sequence S(A/T)WGG(A/Q) 
(Swanson, Malone, and Winston 1991), with the serine and threonine residues being 
potential phosphorylation sites. It has been shown that the Spt5 CTR is phosphorylated by 
the Bur kinase (Ding, LeJeune, and Li 2010; Liu et al. 2009; Zhou et al. 2009).  The kinase 
activity of Bur1 is dependent upon its cyclin partner Bur2. Deletion of Bur1 is lethal to cells, 
but deletion of Bur2 is not. Additionally, bur1∆ and bur2∆ mutations result in nearly 
identical phenotypes (Yao, Neiman, and Prelich 2000). Interestingly, it was shown that 
deletion of Bur2 also partially alleviates the necessity of Rad26 for TCR, suggesting that the 
phosphorylation of the Spt5 CTR may be partially responsible for suppressing TCR in the 
absence of Rad26 (Ding, LeJeune, and Li 2010). 
It is not yet clear how the CTR of Spt5 is acting to suppress Rad26-independent TCR. It was 
recently reported that the Spt5 CTR is a platform for the association of proteins that promote 
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both transcription elongation and histone modifications (Zhou et al. 2009). One such protein 
complex recruited by the Spt5 CTR is Paf1C (Zhou et al. 2009). Indeed, the Rtf1 subunit of 
Paf1C has been shown to have extensive physical and physical connections with Spt5 
(Squazzo et al. 2002). Additionally, optimal association of Paf1C with Pol II is dependent 
upon Spt4 (Qiu et al. 2006) and the Spt5 CTR (Tatum et al. 2011). Furthermore, recruitment 
of Paf1C requires the Bur-mediated phosphorylation of the CTR of Spt5 (Liu et al. 2009). 
Results from our lab showed that deletion of any of Paf1C’s 5 subunits in rad26∆ cells causes 
increased TCR, indicating that Paf1C too is a suppressor of Rad26-independent TCR. 
Furthermore, simultaneous deletion of Spt4 along with a Paf1C component in rad26∆ cells 
resulted in similar degrees of repair restoration, suggesting that these suppressors are acting 
through a common pathway to suppress Rad26-indepedent TCR. However, unlike Spt4, 
Paf1C appears to be indispensable for suppressing Rad26-independent TCR, as 
overexpression of Spt5 in cells lacking a Paf1C component did not affect the overall TCR 
rate in these cells.  This suggests that both Paf1C and Spt5 are required for suppressing TCR 
in the absence of Rad26 and that the role of Paf1C in this suppression is not subsidiary to 
that of Spt5.   
Rpb4 is another nonessential subunit of Pol II (Woychik and Young 1989) and forms a 
subcomplex with Rpb7 (Armache, Kettenberger, and Cramer 2003; Bushnell and Kornberg 
2003), a small but essential subunit of Pol II. This subcomplex can dissociate from Pol II, and 
deletion of Rpb4 abolishes the association of Rpb7 with Pol II. Interestingly, it was shown 
that, like Spt4/Spt5, deletion of Rpb4 reinstates TCR in rad26∆ cells, indicating that Rpb4 is 
also a suppressor of Rad26-independent TCR (Li and Smerdon 2002).  
Pol II is a globular protein with a deep central cleft (Armache, Kettenberger, and Cramer 
2003; Bushnell and Kornberg 2003). The DNA template enters and travels along this cleft to 
the active site. On one side of the cleft is a flexible clamp structure, which can switch 
between an open or closed position. The Rpb4-Rpb7 subcomplex is located downstream of 
the catalytic site in the center of this cleft, and its binding to the 10-subunit core Pol II pushes 
the clamp to the closed position (Armache, Kettenberger, and Cramer 2003; Bushnell and 
Kornberg 2003).  
RNA polymerases (Cramer 2002) and Spt4/Spt5 (Ponting 2002) are conserved in all three 
kingdoms of life: bacteria, archaea, and eukaryotes. The archaeal Spt4/Spt5 has recently 
been co-crystallized with the clamp domain of an archaeal polymerase (Martinez-Rucobo et 
al. 2011). Based on this co-crystal structure, a model of the complete yeast Pol II-Spt4/Spt5 
elongation complex has been proposed. This model posits that the NGN domain of Spt5 
binds to the clamp of Pol II and closes the central cleft to lock nucleic acids and render the 
elongation complex processive and stable. The KOW1 domain of Spt5 may contact DNA 
and/or exiting RNA, which could possibly contribute to stability of the elongating Pol II 
complex and may also involve the Rpb4/Rpb7 subcomplex. The locations of the other 
domains of Spt5, including the CTR, are currently unpredictable (Martinez-Rucobo et al. 
2011). Spt4, which does not directly contact Pol II, binds to the other side of the Spt5 NGN 
domain and points away from the surface of Pol II. How Paf1C interacts with Pol II is 
currently unknown, but one point of contact between Paf1C and Pol II is thought to be an 
indirect one via the Rtf1 subunit of Paf1C and Spt5, an idea supported by the extensive 
interactions of Rtf1 and Spt5.   
Structure-function analyses of Pol II elongation complexes containing a thymine-thymine 
CPD in the TS showed that the CPD slowly passes a translocation barrier and enters into the 
active site of Pol II. The 5’ thymine of the CPD directs misincorporation of uridine into the 
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elongating mRNA, which stalls the translocation of Pol II (Brueckner and Cramer 2007). All 
of the above findings regarding suppression of Rad26-independed repair suggest that 
Rpb4/Rpb7, Spt4/Spt5, and Paf1C act cooperatively and through the same pathway to exert 
this suppression effect. It is possible that when Rad26 is absent, a lesion becomes “locked” 
into the active site of a Pol II elongation complex, which is stabilized by the coordinated 
interactions of these suppressors with each other and with the core Pol II complex.  Deletion 
or mutation of any of these suppressors may result in the destabilization of elongating Pol II, 
making it possible for TCR to occur (Tatum et al. 2011). How Rad26 affects the association of 
these factors with Pol II is unknown. A possible role for Rad26 in TCR may be to destabilize 
the Pol II elongation complex (Figure 1). This is supported by the evidence that indicates 
that Rad26 is dispensable for TCR in the absence of any of these suppression factors. This 
may explain why this ‘megasuppressor’ complex only suppresses TCR in the absence of 
Rad26.   
As an interesting aside, it has been demonstrated that Rpb4 (Li and Smerdon 2002) and 
Paf1C (Tatum et al. 2011) have dual roles in TCR. Not only do they suppress Rad26-
independent TCR, but they have also been shown to facilitate Rad26-dependent TCR to a 
certain extent. However, how each serves to facilitate this subpathway of TCR remains 
unknown. Rad26 has been shown to play a role in transcription elongation (Lee et al. 2001), 
leading to the possibility that Paf1C may play a positive role in TCR by cooperating with 
Rad26 to promote transcription elongation. The interaction of Rpb4 with other subunits of 
Pol II may change the conformation of the polymerase complex, and this may, in turn, 
improve the interactions with Rad26 (Figure 1) (Li and Smerdon 2002).    

3. Concluding remarks and future direction 
Although most, if not all, core NER factors have been identified and extensively 
characterized, new accessory factors which modulate GGR and/or TCR are continuously 
being identified. It is not only important to identify these factors, but also to uncover the role 
they play (i.e. facilitation or suppression), how they exact their functions, and the 
interactions they have with other repair proteins in order to gain a more holistic 
understanding of the repair process. Furthermore, current understanding of NER in living 
yeast cells is limited to either genome-overall-level or to certain very limited regions of the 
genome. The detailed DNA damage distribution and NER kinetics in the vast majority of 
the genomes are still virtually unknown. This illustrates the need for a high-resolution, 
genome-wide assessment of damage, repair, and repair kinetics. Only then will we be able 
to paint a complete picture and have full understanding of this repair mechanism that has 
thus far proven elusive.  
In bacteria, most NER enzymes are induced by the SOS response after DNA damage (Janion 
2008), but this does not seem to be the case in higher organisms. By and large, NER in 
eukaryotes seems to be modulated by posttranslational modifications and protein-protein 
interactions, not transcriptional induction of genes encoding repair factors (Nouspikel 2011).  
This seems intuitive, as DNA damage (such as CPDs) can impede transcription, making it a 
safer choice to rely on the activation of present enzymes rather than on their damage-
induced synthesis. Many posttranslational modifications of histones, including ones not 
discussed here (as this review is not exhaustive), have been shown to have important 
functions in NER. These modifications operate in a concerted manner to coordinate a 
plethora of tasks such as damage signaling, opening/relaxing chromatin to allow repair 
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both transcription elongation and histone modifications (Zhou et al. 2009). One such protein 
complex recruited by the Spt5 CTR is Paf1C (Zhou et al. 2009). Indeed, the Rtf1 subunit of 
Paf1C has been shown to have extensive physical and physical connections with Spt5 
(Squazzo et al. 2002). Additionally, optimal association of Paf1C with Pol II is dependent 
upon Spt4 (Qiu et al. 2006) and the Spt5 CTR (Tatum et al. 2011). Furthermore, recruitment 
of Paf1C requires the Bur-mediated phosphorylation of the CTR of Spt5 (Liu et al. 2009). 
Results from our lab showed that deletion of any of Paf1C’s 5 subunits in rad26∆ cells causes 
increased TCR, indicating that Paf1C too is a suppressor of Rad26-independent TCR. 
Furthermore, simultaneous deletion of Spt4 along with a Paf1C component in rad26∆ cells 
resulted in similar degrees of repair restoration, suggesting that these suppressors are acting 
through a common pathway to suppress Rad26-indepedent TCR. However, unlike Spt4, 
Paf1C appears to be indispensable for suppressing Rad26-independent TCR, as 
overexpression of Spt5 in cells lacking a Paf1C component did not affect the overall TCR 
rate in these cells.  This suggests that both Paf1C and Spt5 are required for suppressing TCR 
in the absence of Rad26 and that the role of Paf1C in this suppression is not subsidiary to 
that of Spt5.   
Rpb4 is another nonessential subunit of Pol II (Woychik and Young 1989) and forms a 
subcomplex with Rpb7 (Armache, Kettenberger, and Cramer 2003; Bushnell and Kornberg 
2003), a small but essential subunit of Pol II. This subcomplex can dissociate from Pol II, and 
deletion of Rpb4 abolishes the association of Rpb7 with Pol II. Interestingly, it was shown 
that, like Spt4/Spt5, deletion of Rpb4 reinstates TCR in rad26∆ cells, indicating that Rpb4 is 
also a suppressor of Rad26-independent TCR (Li and Smerdon 2002).  
Pol II is a globular protein with a deep central cleft (Armache, Kettenberger, and Cramer 
2003; Bushnell and Kornberg 2003). The DNA template enters and travels along this cleft to 
the active site. On one side of the cleft is a flexible clamp structure, which can switch 
between an open or closed position. The Rpb4-Rpb7 subcomplex is located downstream of 
the catalytic site in the center of this cleft, and its binding to the 10-subunit core Pol II pushes 
the clamp to the closed position (Armache, Kettenberger, and Cramer 2003; Bushnell and 
Kornberg 2003).  
RNA polymerases (Cramer 2002) and Spt4/Spt5 (Ponting 2002) are conserved in all three 
kingdoms of life: bacteria, archaea, and eukaryotes. The archaeal Spt4/Spt5 has recently 
been co-crystallized with the clamp domain of an archaeal polymerase (Martinez-Rucobo et 
al. 2011). Based on this co-crystal structure, a model of the complete yeast Pol II-Spt4/Spt5 
elongation complex has been proposed. This model posits that the NGN domain of Spt5 
binds to the clamp of Pol II and closes the central cleft to lock nucleic acids and render the 
elongation complex processive and stable. The KOW1 domain of Spt5 may contact DNA 
and/or exiting RNA, which could possibly contribute to stability of the elongating Pol II 
complex and may also involve the Rpb4/Rpb7 subcomplex. The locations of the other 
domains of Spt5, including the CTR, are currently unpredictable (Martinez-Rucobo et al. 
2011). Spt4, which does not directly contact Pol II, binds to the other side of the Spt5 NGN 
domain and points away from the surface of Pol II. How Paf1C interacts with Pol II is 
currently unknown, but one point of contact between Paf1C and Pol II is thought to be an 
indirect one via the Rtf1 subunit of Paf1C and Spt5, an idea supported by the extensive 
interactions of Rtf1 and Spt5.   
Structure-function analyses of Pol II elongation complexes containing a thymine-thymine 
CPD in the TS showed that the CPD slowly passes a translocation barrier and enters into the 
active site of Pol II. The 5’ thymine of the CPD directs misincorporation of uridine into the 
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elongating mRNA, which stalls the translocation of Pol II (Brueckner and Cramer 2007). All 
of the above findings regarding suppression of Rad26-independed repair suggest that 
Rpb4/Rpb7, Spt4/Spt5, and Paf1C act cooperatively and through the same pathway to exert 
this suppression effect. It is possible that when Rad26 is absent, a lesion becomes “locked” 
into the active site of a Pol II elongation complex, which is stabilized by the coordinated 
interactions of these suppressors with each other and with the core Pol II complex.  Deletion 
or mutation of any of these suppressors may result in the destabilization of elongating Pol II, 
making it possible for TCR to occur (Tatum et al. 2011). How Rad26 affects the association of 
these factors with Pol II is unknown. A possible role for Rad26 in TCR may be to destabilize 
the Pol II elongation complex (Figure 1). This is supported by the evidence that indicates 
that Rad26 is dispensable for TCR in the absence of any of these suppression factors. This 
may explain why this ‘megasuppressor’ complex only suppresses TCR in the absence of 
Rad26.   
As an interesting aside, it has been demonstrated that Rpb4 (Li and Smerdon 2002) and 
Paf1C (Tatum et al. 2011) have dual roles in TCR. Not only do they suppress Rad26-
independent TCR, but they have also been shown to facilitate Rad26-dependent TCR to a 
certain extent. However, how each serves to facilitate this subpathway of TCR remains 
unknown. Rad26 has been shown to play a role in transcription elongation (Lee et al. 2001), 
leading to the possibility that Paf1C may play a positive role in TCR by cooperating with 
Rad26 to promote transcription elongation. The interaction of Rpb4 with other subunits of 
Pol II may change the conformation of the polymerase complex, and this may, in turn, 
improve the interactions with Rad26 (Figure 1) (Li and Smerdon 2002).    

3. Concluding remarks and future direction 
Although most, if not all, core NER factors have been identified and extensively 
characterized, new accessory factors which modulate GGR and/or TCR are continuously 
being identified. It is not only important to identify these factors, but also to uncover the role 
they play (i.e. facilitation or suppression), how they exact their functions, and the 
interactions they have with other repair proteins in order to gain a more holistic 
understanding of the repair process. Furthermore, current understanding of NER in living 
yeast cells is limited to either genome-overall-level or to certain very limited regions of the 
genome. The detailed DNA damage distribution and NER kinetics in the vast majority of 
the genomes are still virtually unknown. This illustrates the need for a high-resolution, 
genome-wide assessment of damage, repair, and repair kinetics. Only then will we be able 
to paint a complete picture and have full understanding of this repair mechanism that has 
thus far proven elusive.  
In bacteria, most NER enzymes are induced by the SOS response after DNA damage (Janion 
2008), but this does not seem to be the case in higher organisms. By and large, NER in 
eukaryotes seems to be modulated by posttranslational modifications and protein-protein 
interactions, not transcriptional induction of genes encoding repair factors (Nouspikel 2011).  
This seems intuitive, as DNA damage (such as CPDs) can impede transcription, making it a 
safer choice to rely on the activation of present enzymes rather than on their damage-
induced synthesis. Many posttranslational modifications of histones, including ones not 
discussed here (as this review is not exhaustive), have been shown to have important 
functions in NER. These modifications operate in a concerted manner to coordinate a 
plethora of tasks such as damage signaling, opening/relaxing chromatin to allow repair 
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factors access to damage sites, activating the DNA damage cell cycle checkpoint, facilitating 
lesion identification, and restoring the chromatin to its original state once the repair process 
is complete. The discovery that H3K79 methylation is required for GGR (Tatum and Li 2011) 
unveiled a critical link between chromatin modification and the repair process. However, it 
remains to be understood as to whether the methylation indeed serves as a docking site for 
the NER machinery or the modification is indirectly involved in GGR. 
Though progress has been made in recent years regarding chromatin dynamics in NER, 
many questions remain unanswered. Many studies attempting to elucidate the roles of 
histone modifications during NER have focused only on specific histone tail residues or 
single modifications, yet there may be many other modifications involved in the NER 
process (Palomera-Sanchez and Zurita 2011). While informative, this provides us with only 
a narrow glimpse into the cellular response to genomic insult and lacks the broader scope of 
examining the changes to histones throughout the entire genome in response to DNA 
damage. This underscores the need for a genome-wide analysis to monitor the responses of 
the DNA damage-induced histone modifications that occur in all of the chromosomes and 
how these different modifications crosstalk. Until then, continued efforts to decipher the 
encrypted code of these modifications will provide a much clearer understanding of the 
tightly regulated mechanisms of NER and its crosstalk with other processes such as DNA 
damage-induced checkpoint activation. These future findings could prove to be valuable 
clinically, as they may be advantageous targets for chemotherapeutics or treatment of other 
diseases related to genomic instability.  
The TCR mechanism in eukaryotic cells remains largely mysterious. The interactions among 
Pol II, Rad26 and the various known and possibly unknown TCR suppressors remain to be 
elucidated and are the major key to unlocking this mystery. Determining the exact binding 
site of Rad26 on Pol II would provide valuable insight into the antagonistic effect of Rad26 
on the suppression of Rad26-independent TCR. Furthermore, Rad26 does not seem to be a 
true transcription-repair-coupling factor and may facilitate TCR indirectly rather than by 
directly recruiting NER factors, as in the absence of a suppressor, Rad26 can be entirely 
dispensable. It is therefore likely that either Pol II itself is intrinsically proficient in 
mediating TCR or a true transcription-repair-coupling factor has not been discovered. These 
different possibilities remain to be addressed. 
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1. Introduction  
DNA mismatch repair (MMR) is one of the most widely conserved DNA repair systems, 
which repairs mismatched bases generated mainly by the error of DNA polymerases during 
replication (Friedberg, et al., 2006, Iyer, et al., 2006, Kunkel, et al., 2005, Morita, et al., 2010). 
MMR increases the replication fidelity by 20 to 400-fold (Schaaper, 1993). Mutations and 
epigenetic silencing in MMR genes cause human hereditary nonpolyposis colon cancers as 
well as sporadic tumors (Fishel, et al., 1995, Fishel, et al., 1994, Kane, et al., 1997, Leach, et al., 
1993, Modrich, et al., 1996, Suter, et al., 2004), indicating the significance of this repair 
system. 
To date, two types of MMR mechanisms have been clarified: one is employed by eukaryotes 
and most bacteria (Fig. 1A and B) (Modrich, 2006) and the other is specific to Escherichia coli 
and other -proteobacteria (Fig. 1C) (Modrich, et al., 1996). The fundamental mechanism and 
the required proteins in the two types of MMRs are relatively similar to each other. A 
mismatch is recognized by the bacterial MutS homodimer, eukaryotic MutS (MSH2-MSH6 
heterodimer), or MutS (MSH2-MSH3 heterodimer) (Acharya, et al., 2003, Drotschmann, et 
al., 2002, Gradia, et al., 1997, Gradia, et al., 1999, Lamers, et al., 2000, McCulloch, et al., 2003, 
Obmolova, et al., 2000, Tachiki, et al., 2000). Subsequently, the bacterial MutL homodimer or 
eukaryotic MutL (MLH1-PMS2 and MLH1-PMS1 heterodimers in humans and yeast, 
respectively) is recruited to the mismatched DNA to stimulate downstream events 
(Acharya, et al., 2003, Kadyrov, et al., 2006). The largest difference between the two types of 
MMR mechanisms is in the “strand discrimination” system. Although both bases 
constituting the mismatch are canonical, MMR needs to identify which base is to be 
repaired. In eukaryotes and most bacteria, MMR directs the repair to the error-containing 
strand of the mismatched duplex by recognizing the strand discontinuities in the newly 
synthesized strand (Kadyrov, et al., 2006, Kadyrov, et al., 2007, Larrea, et al., 2010, Modrich, 
2006). The termini of leading and lagging strands are thought to serve as discrimination 
signals. On the other hand, E. coli MMR reads the absence of methylation at the restriction 
site in the newly synthesized strand (Iyer, et al., 2006, Kunkel, et al., 2005, Larrea, et al., 
2010). Before the site-specific DNA methylase (e.g., E. coli Dam methylase (Schlagman, et  
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Fig. 1. A schematic representation of MMR pathway models. (A) Eukaryotic MMR. A 
mismatch is recognized by MutS, and MutL nicks the 3'- or 5'-side of the mismatched 
base on the discontinuous strand. The effective incision by MutL requires MutS, 
replication factor C, proliferating cell nuclear antigen (PCNA), and ATP. The resulting DNA 
segment is excised by a 5'-3' exonuclease, EXO1, in cooperation with a single-stranded 
DNA-binding protein, replication protein A (RPA). The DNA strand is resynthesized by 
DNA polymerase  and DNA ligase 1. No DNA helicase has been identified to participate in 
eukaryotic MMR. This mechanism is elucidated by using an in vitro reconstituted system. 
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The pre-existing strand discontinuity can be located on both 5'- and 3'-sides of the mismatch; 
therefore, there should be 5'- and 3'-nick directed MMR mechanisms. The detail has been 
described elsewhere (Constantin, et al., 2005, Dzantiev, et al., 2004, Fukui, 2010, Genschel, et 
al., 2002, Kadyrov, et al., 2009). (B) A speculative model for MMR in mutH-less bacteria. The 
mismatch is recognized by a MutS homodimer. After incision of the discontinuous strand by 
MutL, the error-containing DNA strand is removed by the cooperative functions of DNA 
helicases, such as UvrD, the exonucleases RecJ and ExoI, and the single-stranded DNA-
binding protein (SSB). DNA polymerase III and DNA ligase fill the gap to complete the 
repair. Although, no studies have reported the in vitro reconstituted system of bacterial nick-
directed MMR, it has been elucidated that the endonuclease activity of MutL is required for 
in vivo MMR activity (Fukui, et al., 2008). The involvement of RecJ and ExoI in this MMR 
system has been implicated experimentally (Shimada et al., 2010). (C) E. coli MMR. MutS 
recognizes the mismatch, and MutL interacts with MutS. Subsequently, the MutH 
endonuclease is activated to incise the unmethylated strand at the GATC site to create an 
entry point for the excision reaction. DNA helicase, SSB, and several exonucleases are 
involved in the excision reaction. At least three models have been proposed for the 
mechanism by which a MutS homologue stimulates downstream events. They are the 
“Molecular switch”, “Stationary”, and “Translocation” models. The major difference 
between these models is whether a MutS homologue dissociates from the mismatch after 
recognizing it. Details have been provided in other publications (Kunkel, et al., 2005, Li, 
2008).  

al., 1986)) completes the modification of the newly synthesized strand, hemi-methylated 
sites exist and serve as strand-discrimination signals. In both MMR systems, a nicking 
endonuclease plays a central role in the strand discrimination mechanism. In eukaryotes 
and most bacteria, MutL homologues are thought to incise the discontinuous strand to 
introduce the entry or termination point of the excision reaction. In E. coli, MutH nicks the 
unmethylated strand of the duplex to generate the excision entry point. After incision by 
MutL homologues or MutH, the error-containing strand is removed by helicases and 
exonucleases. DNA polymerases then resynthesize the strand, and DNA ligases seal the nick 
to complete the repair reaction.  
Although in vivo MMR achieves mismatch- and daughter strand-specific incision, eukaryotic 
MutL and bacterial MutL show an apparently non-specific endonuclease activity against 
lesion-less DNA in vitro (Duppatla, et al., 2009, Fukui, et al., 2008, Kadyrov, et al., 2006, 
Kadyrov, et al., 2007, Mauris, et al., 2009), indicating that MMR requires a sequence- or 
structure-non-specific endonuclease activity to introduce an excision entry point wherever it 
is needed. The regulatory mechanism underlying this apparently non-specific endonuclease 
activity has been argued (Yang, 2007). Both eukaryotic and bacterial MutL consist of N-
terminal ATPase and C-terminal dimerization (also endonuclease) domains (Fig. 2) (Fukui, 
et al., 2008, Kadyrov, et al., 2006). The two domains are usually separated by a long, flexible 
linker region. This domain organization is characteristic of the GHKL ATPase/kinase 
superfamily that undergoes a large conformational change upon ATP binding and/or 
hydrolysis (Ban, et al., 1999, Dutta, et al., 2000). Generally, ATP binding and/or hydrolysis 
control the molecular functions of these superfamily proteins. ATP binding- and/or 
hydrolysis-induced conformational change is expected to be involved in the regulation of 
MutL endonuclease activity. Recent biochemical characterizations have demonstrated the 
effects of ATP binding and hydrolysis on the function of MutL (Duppatla, et al., 2009, Fukui, 
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eukaryotic MMR. This mechanism is elucidated by using an in vitro reconstituted system. 
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The pre-existing strand discontinuity can be located on both 5'- and 3'-sides of the mismatch; 
therefore, there should be 5'- and 3'-nick directed MMR mechanisms. The detail has been 
described elsewhere (Constantin, et al., 2005, Dzantiev, et al., 2004, Fukui, 2010, Genschel, et 
al., 2002, Kadyrov, et al., 2009). (B) A speculative model for MMR in mutH-less bacteria. The 
mismatch is recognized by a MutS homodimer. After incision of the discontinuous strand by 
MutL, the error-containing DNA strand is removed by the cooperative functions of DNA 
helicases, such as UvrD, the exonucleases RecJ and ExoI, and the single-stranded DNA-
binding protein (SSB). DNA polymerase III and DNA ligase fill the gap to complete the 
repair. Although, no studies have reported the in vitro reconstituted system of bacterial nick-
directed MMR, it has been elucidated that the endonuclease activity of MutL is required for 
in vivo MMR activity (Fukui, et al., 2008). The involvement of RecJ and ExoI in this MMR 
system has been implicated experimentally (Shimada et al., 2010). (C) E. coli MMR. MutS 
recognizes the mismatch, and MutL interacts with MutS. Subsequently, the MutH 
endonuclease is activated to incise the unmethylated strand at the GATC site to create an 
entry point for the excision reaction. DNA helicase, SSB, and several exonucleases are 
involved in the excision reaction. At least three models have been proposed for the 
mechanism by which a MutS homologue stimulates downstream events. They are the 
“Molecular switch”, “Stationary”, and “Translocation” models. The major difference 
between these models is whether a MutS homologue dissociates from the mismatch after 
recognizing it. Details have been provided in other publications (Kunkel, et al., 2005, Li, 
2008).  

al., 1986)) completes the modification of the newly synthesized strand, hemi-methylated 
sites exist and serve as strand-discrimination signals. In both MMR systems, a nicking 
endonuclease plays a central role in the strand discrimination mechanism. In eukaryotes 
and most bacteria, MutL homologues are thought to incise the discontinuous strand to 
introduce the entry or termination point of the excision reaction. In E. coli, MutH nicks the 
unmethylated strand of the duplex to generate the excision entry point. After incision by 
MutL homologues or MutH, the error-containing strand is removed by helicases and 
exonucleases. DNA polymerases then resynthesize the strand, and DNA ligases seal the nick 
to complete the repair reaction.  
Although in vivo MMR achieves mismatch- and daughter strand-specific incision, eukaryotic 
MutL and bacterial MutL show an apparently non-specific endonuclease activity against 
lesion-less DNA in vitro (Duppatla, et al., 2009, Fukui, et al., 2008, Kadyrov, et al., 2006, 
Kadyrov, et al., 2007, Mauris, et al., 2009), indicating that MMR requires a sequence- or 
structure-non-specific endonuclease activity to introduce an excision entry point wherever it 
is needed. The regulatory mechanism underlying this apparently non-specific endonuclease 
activity has been argued (Yang, 2007). Both eukaryotic and bacterial MutL consist of N-
terminal ATPase and C-terminal dimerization (also endonuclease) domains (Fig. 2) (Fukui, 
et al., 2008, Kadyrov, et al., 2006). The two domains are usually separated by a long, flexible 
linker region. This domain organization is characteristic of the GHKL ATPase/kinase 
superfamily that undergoes a large conformational change upon ATP binding and/or 
hydrolysis (Ban, et al., 1999, Dutta, et al., 2000). Generally, ATP binding and/or hydrolysis 
control the molecular functions of these superfamily proteins. ATP binding- and/or 
hydrolysis-induced conformational change is expected to be involved in the regulation of 
MutL endonuclease activity. Recent biochemical characterizations have demonstrated the 
effects of ATP binding and hydrolysis on the function of MutL (Duppatla, et al., 2009, Fukui, 
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et al., 2008, Kim, et al., 2009, Mauris, et al., 2009, Sacho, et al., 2008). In addition to ensuring 
mismatch-specific incision, cells also need to direct the MutL-dependent nicking reaction to 
the newly synthesized strand of the mismatched duplex. Interactions of MutL with other 
MMR proteins have been reported to participate in this regulatory mechanism. In this 
chapter, we review the biochemical properties of MutL endonucleases that are related to 
those regulatory mechanisms. 
 

 
Fig. 2. A schematic representation of the domain structure of MutL homologues. ATPase, 
endonuclease, and dimerization domains are represented by red, blue, and yellow boxes, 
respectively. Numbers in parentheses indicate the length of each protein. The interdomain 
linker regions are shown as gray bars. The crystal structures of the human PMS2 N-terminal 
ATPase domain (PDB ID: 1EA6) (Guarné, et al., 2001), E. coli MutL ATPase domain (PDB ID: 
1B63) (Ban, et al., 1999), Bacillus subtilis MutL C-terminal endonuclease domain (PDB ID: 
3KDK) (Pillon, et al., 2010), and E. coli MutL C-terminal dimerization domain (PDB ID: 
1X9Z) (Guarné, et al., 2004) are shown. 

2. Structure of the C-terminal endonuclease and N-terminal ATPase domains 
of MutL 
The C-terminal domain of MutL endonucleases contains two highly conserved sequence 
motifs (Fig. 3). One of them is the DQHA(x)2E(x)4E motif, which is essential for the nicking 
endonuclease activity (Fukui, et al., 2008, Kadyrov, et al., 2006). Aspartic acid and histidine 
residues in this motif are expected to coordinate one or two metal ions to catalyze the 
nicking reaction (Kosinski, et al., 2008, Pillon, et al., 2010, Yang, 2008). The other is the zinc-
binding motif CPHGRP (Kosinski, et al., 2008), which is not essential for the nicking 
endonuclease activity but is required for the in vivo MMR activity (Fukui, et al., 2008, 
Kosinski, et al., 2008). Crystal structures of Bacillus subtilis and Neisseria gonorrhoeae MutL C-
terminal domains (Namadurai, et al., 2010, Pillon, et al., 2010) revealed that their overall 
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Fig. 3. Amino acid sequence alignment of the C-terminal regions of MutL homologues. Red 
and blue boxes indicate the conserved sequence motifs, DQHA(x)2E(x)4E and CPHGRP, 
respectively. The numbers on the left and right show the distances from the N-termini for 
each protein. The numbers in parentheses show the number of residues that are omitted for 
the sake of clarity. The NCBI Entrez GI numbers of the sequences are as follows: 4505913 
(Homo sapiens PMS2), 121583910 (Mus musculus PMS2), 18411951 (Arabidopsis thaliana PMS1), 
46562124 (Saccharomyces cerevisiae PMS1), 17562796 (Caenorhabditis elegans PMS2), 16078768 
(Bacillus subtilis MutL), 59801161 (Neisseria gonorrhoeae MutL), 15926879 (Staphylococcus 
aureus MutL), 55981292 (Thermus thermophilus MutL), 15606703 (Aquifex aeolicus MutL), 
16131992 (Escherichia coli MutL), and 16767605 (Salmonella typhimurium MutL). 

structures, which are dimeric molecules, resemble that of the E. coli MutL C-terminal 
domain (Fig. 4A) (Guarné, et al., 2004, Kosinski, et al., 2005), although the E. coli MutL C-
terminal domain lacks the DQHA(x)2E(x)4E and CPHGRP motifs. In those crystal structures, 
the CPHGRP motif is located adjacent to the DQHA(x)2E(x)4E motif to form a catalytic site in 
the subunit (Fig. 4B). In the crystal structure of the B. subtilis MutL C-terminal domain, two 
zinc ions are coordinated near the catalytic site by residues including the histidine and 
cysteine of the DQHA(x)2E(x)4E and CPHGRP motifs, respectively (Fig. 4C) (Pillon, et al., 
2010). Although the function of these zinc ions has not been precisely explained, the 
difference between the zinc-bound and zinc-unbound forms of the B. subtilis MutL C-
terminal domain demonstrated that binding of zinc ions brings about a local structural 
rearrangement in the catalytic site (Fig. 4C) (Pillon, et al., 2010). Since the addition of zinc 
ions to the reaction mixture slightly stimulates the nicking endonuclease activity of MutL 
(Pillon, et al., 2010), the local structural change would be a prerequisite for the formation of 
the active form of the catalytic site. 
The N-terminal ATPase domain of MutL contains a single ATP-binding motif per subunit 
just like other GHKL superfamily proteins (Ban, et al., 1998, Guarné, et al., 2001). Unlike the 
C-terminal domain, the amino acid sequence of the N-terminal ATPase domain of the MutL 
endonuclease is highly homologous to that of E. coli MutL (Iino, et al., 2010). Therefore, the 
crystal structure of the E. coli MutL N-terminal domain can be utilized when considering the 
structure and function of the N-terminal domain of the MutL endonuclease. Ban and Yang 
described the apo and AMPPNP-bound forms of the E. coli MutL N-terminal domain (Ban, 
et al., 1999, Ban, et al., 1998), which clearly demonstrated the ATP binding-induced 
conformational change of this domain (Fig. 5A). Upon AMPPNP binding, the disordered 
region found in the apo structure formed ordered structures, which led to the dimerization  
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2. Structure of the C-terminal endonuclease and N-terminal ATPase domains 
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The C-terminal domain of MutL endonucleases contains two highly conserved sequence 
motifs (Fig. 3). One of them is the DQHA(x)2E(x)4E motif, which is essential for the nicking 
endonuclease activity (Fukui, et al., 2008, Kadyrov, et al., 2006). Aspartic acid and histidine 
residues in this motif are expected to coordinate one or two metal ions to catalyze the 
nicking reaction (Kosinski, et al., 2008, Pillon, et al., 2010, Yang, 2008). The other is the zinc-
binding motif CPHGRP (Kosinski, et al., 2008), which is not essential for the nicking 
endonuclease activity but is required for the in vivo MMR activity (Fukui, et al., 2008, 
Kosinski, et al., 2008). Crystal structures of Bacillus subtilis and Neisseria gonorrhoeae MutL C-
terminal domains (Namadurai, et al., 2010, Pillon, et al., 2010) revealed that their overall 
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Fig. 3. Amino acid sequence alignment of the C-terminal regions of MutL homologues. Red 
and blue boxes indicate the conserved sequence motifs, DQHA(x)2E(x)4E and CPHGRP, 
respectively. The numbers on the left and right show the distances from the N-termini for 
each protein. The numbers in parentheses show the number of residues that are omitted for 
the sake of clarity. The NCBI Entrez GI numbers of the sequences are as follows: 4505913 
(Homo sapiens PMS2), 121583910 (Mus musculus PMS2), 18411951 (Arabidopsis thaliana PMS1), 
46562124 (Saccharomyces cerevisiae PMS1), 17562796 (Caenorhabditis elegans PMS2), 16078768 
(Bacillus subtilis MutL), 59801161 (Neisseria gonorrhoeae MutL), 15926879 (Staphylococcus 
aureus MutL), 55981292 (Thermus thermophilus MutL), 15606703 (Aquifex aeolicus MutL), 
16131992 (Escherichia coli MutL), and 16767605 (Salmonella typhimurium MutL). 

structures, which are dimeric molecules, resemble that of the E. coli MutL C-terminal 
domain (Fig. 4A) (Guarné, et al., 2004, Kosinski, et al., 2005), although the E. coli MutL C-
terminal domain lacks the DQHA(x)2E(x)4E and CPHGRP motifs. In those crystal structures, 
the CPHGRP motif is located adjacent to the DQHA(x)2E(x)4E motif to form a catalytic site in 
the subunit (Fig. 4B). In the crystal structure of the B. subtilis MutL C-terminal domain, two 
zinc ions are coordinated near the catalytic site by residues including the histidine and 
cysteine of the DQHA(x)2E(x)4E and CPHGRP motifs, respectively (Fig. 4C) (Pillon, et al., 
2010). Although the function of these zinc ions has not been precisely explained, the 
difference between the zinc-bound and zinc-unbound forms of the B. subtilis MutL C-
terminal domain demonstrated that binding of zinc ions brings about a local structural 
rearrangement in the catalytic site (Fig. 4C) (Pillon, et al., 2010). Since the addition of zinc 
ions to the reaction mixture slightly stimulates the nicking endonuclease activity of MutL 
(Pillon, et al., 2010), the local structural change would be a prerequisite for the formation of 
the active form of the catalytic site. 
The N-terminal ATPase domain of MutL contains a single ATP-binding motif per subunit 
just like other GHKL superfamily proteins (Ban, et al., 1998, Guarné, et al., 2001). Unlike the 
C-terminal domain, the amino acid sequence of the N-terminal ATPase domain of the MutL 
endonuclease is highly homologous to that of E. coli MutL (Iino, et al., 2010). Therefore, the 
crystal structure of the E. coli MutL N-terminal domain can be utilized when considering the 
structure and function of the N-terminal domain of the MutL endonuclease. Ban and Yang 
described the apo and AMPPNP-bound forms of the E. coli MutL N-terminal domain (Ban, 
et al., 1999, Ban, et al., 1998), which clearly demonstrated the ATP binding-induced 
conformational change of this domain (Fig. 5A). Upon AMPPNP binding, the disordered 
region found in the apo structure formed ordered structures, which led to the dimerization  
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Fig. 4. Crystal structure of the nicking endonuclease domain of B. subtilis MutL (One subunit 
of the dimer is shown). (A) The overall structure of the endonuclease domain of B. subtilis 
MutL (blue) (zinc-bound form, PDB ID: 3KDK) (Pillon, et al., 2010) is superposed onto the 
dimerization domain of E. coli MutL (yellow) (PDB ID: 1X9Z) (Guarné, et al., 2004). The 
endonuclease domain is comprised of regulatory and dimerization sub-domains. The 
DQHA(x)2E(x)4E and CPHGRP motifs are included in the dimerization sub-domain. (B) The 
DQHA(x)2E(x)4E motif (green) is located near the CPHGRP motif (cyan). Two zinc ions (pink 
spheres) are coordinated by several residues including the histidine (a green stick) of the 
DQHA(x)2E(x)4E motif and the cysteine and histidine (cyan sticks) of the CPHGRP motif. (C) 
The zinc ion binding induces a structural rearrangement of the catalytic site in the 
endonuclease domain. The zinc-bound form (colored) is superposed onto the unbound 
crystal forms I (white) (PDB ID: 3GAB) and II (gray) (PDB ID: 3KDG) (Pillon, et al., 2010). All 
structures are shown in a stereo view. 

of the N-terminal domain. As with the MutL endonuclease, the crystal structure of the N-
terminal domain of human PMS2 has been reported (Fig. 5B) (Guarné, et al., 2001). 
Intriguingly, the N-terminal domain of PMS2 bound to ATPS even in the absence of the N-
terminal domain of MLH1, which is the only report concerning ATP binding by a 
monomeric GHKL superfamily protein. However, it is expected that in the presence of the 
MLH1 subunit, ATP binding induces dimerization of the N-terminal domains. In line with 
this notion, a direct observation using atomic force microscopy suggested that ATP binding 
causes dimerization of the N-terminal domain in yeast MutL (Sacho, et al., 2008). 
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Fig. 5. Crystal structures of the N-terminal ATPase domains of E. coli MutL and human 
PMS2. (A) Stereo view of the E. coli MutL N-terminal ATPase domain in the apo form (gray) 
(PDB ID: 1BKN) and AMPPNP-bound form (red) (PDB ID: 1B63) (Ban, et al., 1999, Ban, et al., 
1998). AMPPNP and a magnesium ion are shown as a pink stick and sphere, respectively. (B) 
Stereo view of human PMS2 N-terminal ATPase domain in the apo form (gray) (PDB ID: 
1H7S) and ATPS-bound form (red) (PDB ID: 1H7U) (Guarné, et al., 2001). ATPS and a 
magnesium ion are shown as a pink stick and sphere, respectively. 

3. ATP modulates the nicking endonuclease activity of MutL 
The effect of ATP on the biochemical properties of the MutL endonuclease has been 
examined using the bacterial MutL endonuclease as a model molecule. Thermus thermophilus 
MutL stably bound one ATP molecule per subunit at a physiological concentration (2 mM) 
of ATP without any detectable hydrolysis activity in the absence of MutS and mismatch 
(Fukui, et al., 2008). Limited proteolysis indicated the ATP- or AMPPNP-dependent 
conformational change of T. thermophilus MutL (Fukui, et al., 2008). 
In order to detect a nicking endonuclease activity, the covalently closed circular form of 
plasmid DNA is often used as a substrate (Fukui, et al., 2007). A nicking endonuclease 
activity converts the closed circular form into an open circular form of the plasmid DNA 
that can be easily separated from the closed circular form and the linearized form by agarose 
gel electrophoresis. Mn2+ facilitates the mismatch-, MutS-, clamp-, and clamp loader-
independent incision of the closed circular form by non-sequence-specific MutL 
endonuclease activity (Duppatla, et al., 2009, Fukui, et al., 2008, Kadyrov, et al., 2006, 
Mauris, et al., 2009). 
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endonuclease domain. The zinc-bound form (colored) is superposed onto the unbound 
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of the N-terminal domain. As with the MutL endonuclease, the crystal structure of the N-
terminal domain of human PMS2 has been reported (Fig. 5B) (Guarné, et al., 2001). 
Intriguingly, the N-terminal domain of PMS2 bound to ATPS even in the absence of the N-
terminal domain of MLH1, which is the only report concerning ATP binding by a 
monomeric GHKL superfamily protein. However, it is expected that in the presence of the 
MLH1 subunit, ATP binding induces dimerization of the N-terminal domains. In line with 
this notion, a direct observation using atomic force microscopy suggested that ATP binding 
causes dimerization of the N-terminal domain in yeast MutL (Sacho, et al., 2008). 
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Fig. 5. Crystal structures of the N-terminal ATPase domains of E. coli MutL and human 
PMS2. (A) Stereo view of the E. coli MutL N-terminal ATPase domain in the apo form (gray) 
(PDB ID: 1BKN) and AMPPNP-bound form (red) (PDB ID: 1B63) (Ban, et al., 1999, Ban, et al., 
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magnesium ion are shown as a pink stick and sphere, respectively. 

3. ATP modulates the nicking endonuclease activity of MutL 
The effect of ATP on the biochemical properties of the MutL endonuclease has been 
examined using the bacterial MutL endonuclease as a model molecule. Thermus thermophilus 
MutL stably bound one ATP molecule per subunit at a physiological concentration (2 mM) 
of ATP without any detectable hydrolysis activity in the absence of MutS and mismatch 
(Fukui, et al., 2008). Limited proteolysis indicated the ATP- or AMPPNP-dependent 
conformational change of T. thermophilus MutL (Fukui, et al., 2008). 
In order to detect a nicking endonuclease activity, the covalently closed circular form of 
plasmid DNA is often used as a substrate (Fukui, et al., 2007). A nicking endonuclease 
activity converts the closed circular form into an open circular form of the plasmid DNA 
that can be easily separated from the closed circular form and the linearized form by agarose 
gel electrophoresis. Mn2+ facilitates the mismatch-, MutS-, clamp-, and clamp loader-
independent incision of the closed circular form by non-sequence-specific MutL 
endonuclease activity (Duppatla, et al., 2009, Fukui, et al., 2008, Kadyrov, et al., 2006, 
Mauris, et al., 2009). 
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When T. thermophilus MutL was preincubated with physiological concentrations of ATP or 
AMPPNP before to the addition of substrate DNA, the initial rate of the nicking activity was 
significantly reduced (Fukui, et al., 2008). This was also supported by the result of a gel 
electrophoretic mobility shift assay, which indicates that ATP or AMPPNP prevents the 
non-specific DNA binding of T. thermophilus MutL (Fukui, et al., 2008). The endonuclease 
activities of Aquifex aeolicus and N. gonorrhoeae MutL were also suppressed by the addition of 
ATP (Duppatla, et al., 2009, Fukui, et al., 2008). One may speculate that the observed 
suppressing effect is due to the chelating ability of ATP to deprive the manganese ion from 
MutL. However, this possibility is ruled out by the following two experimental evidences: 
ATP has no inhibitory effect on the endonuclease activity of the C-terminal domain of MutL 
(Duppatla, et al., 2009); alteration of the cysteine residue in the CPHGRP motif to an alanine 
results in perturbation of the suppressing effect of ATP (Fukui, et al., 2008). These results 
suggest that ATP-dependent suppression requires the binding of ATP to the N-terminal 
domain and that the zinc ion in the C-terminal domain is required for sensing ATP binding. 
Interestingly, AMPPNP and a mismatch facilitated the stable interaction between T. 
thermophilus MutL and MutS (Fukui, et al., 2008). The ATP-bound form of MutL would 
specifically interact with the MutS-DNA complex in the presence of a mismatch. Because the 
ATPase activity of MutL is expected to be stimulated by its interaction with MutS, the 
formation of the MutS-MutL complex may promote the endonuclease activity of MutL by 
unlocking the ATP binding-dependent suppression (Fig. 6). 
 

 
Fig. 6. A speculative model of the regulatory mechanism for the mismatch-specific 
enhancement of MutL nicking endonuclease activity. NTD and CTD represent the N- and C-
terminal domains, respectively. ATP binding induces the dimerization of NTD and the 
approach of NTD to CTD. DNA-unbound MutL exists as an ATP-bound form whose 
endonuclease activity is inactive, but preferably binds to the MutS-DNA complex. The 
interaction with the MutS-DNA complex and other MMR proteins induces the ATP 
hydrolysis of MutL. This ATP hydrolysis induces the tight contact between NTD and CTD, 
resulting in the stimulation of endonuclease activity. 

Mauris and Evans reported the detailed biochemical experiment on A. aeolicus MutL, in 
which they demonstrated that ATP stimulates the nicking endonuclease activity of relatively 
high concentrations of A. aeolicus MutL in the absence of MutS and mismatch (Mauris, et al., 
2009). This result suggests that the effect of ATP on the MutL endonuclease activity depends 
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on the concentration of MutL, which is consistent with the previous report describing the 
promoting effect of ATP on the nicking endonuclease activity of eukaryotic 
MutLKadyrov et al., 2006, Kadyrov et al., 2007. These evidences clearly indicate that ATP 
is utilized not only to suppress the non-specific endonuclease activity of MutL but also to 
actively enhance its activity. It would therefore be necessary to clarify whether ATP 
hydrolysis is required for enhancing the endonuclease activity. On one hand, it was 
reported that AMPPNP can stimulate the endonuclease activity of relatively high 
concentrations of A. aeolicus MutL (Mauris, et al., 2009). On the other hand, the endonuclease 
activity of B. subtilis MutL was not stimulated by AMPPNP even under conditions where 
ATP could stimulate the activity (Pillon, et al., 2010). 

4. The N-terminal ATPase domain stimulates the endonuclease activity of the 
C-terminal domain 
As described in the previous section, the endonuclease activity of MutL is modulated by 
ATP binding and/or hydrolysis. Because the ATP binding and endonuclease active sites are 
located in the N- and C-terminal domains, respectively, the interdomain interaction between 
them had been expected. This prediction was verified by the recent experiment using 
recombinant N- and C-terminal domains from A. aeolicus MutL. The N-terminal domain 
stimulated the endonuclease activity of the C-terminal domain by at least a 4-fold 
magnitude in the absence of ATP (Iino, et al., 2010). Interestingly, this promoting effect was 
abolished by the depletion of zinc ions from the reaction mixture or by the substitution of 
cysteine in the CPHGRP motif by alanine (Iino, et al., 2010). These results indicate that zinc 
ions are required for the N-terminal domain-dependent stimulation of the C-terminal 
domain. It remains to be investigated whether the zinc ions are directly involved in the 
interdomain interaction or whether they indirectly influence the interaction through 
rearrangement of the local structure. 
It is expected that this interdomain interaction is involved in the ATPase cycle-dependent 
regulatory mechanism of MutL. Direct observation using atomic force microscopy has 
suggested the possible ATP binding-induced association of the N-terminal domain to the C-
terminal domain (Fig. 6, middle) (Sacho, et al., 2008). Such an approach may reflect the 
interdomain interaction that is required for stimulating the nicking endonuclease activity. 
However, as mentioned above, ATP binding suppresses and ATP hydrolysis promotes the 
nicking endonuclease activity (Duppatla, et al., 2009, Fukui, et al., 2008, Pillon, et al., 2010). 
Therefore, ATP hydrolysis may create a tighter contact of the N-terminal domain with the 
C-terminal domain than that created by ATP binding (Fig. 6, right). Such a tight contact may 
stimulate the nicking endonuclease activity. Further studies are necessary to clarify whether 
and how ATP hydrolysis affects the structure and function of MutL endonuclease. 

5. Interaction with a sliding clamp directs the MutL-dependent incision to the 
discontinuous strand 
In the above sections, we reviewed the possible regulatory mechanism that assures the 
mismatch-specific nicking endonuclease activity of MutL. We also have to consider a 
regulatory mechanism that directs the nicking endonuclease activity of MutL to the error-
containing strand of the mismatched duplex. Mismatch itself has no signal to discriminate 
which base is incorrect (Friedberg, et al., 2006). In vitro characterization of MMR activity in the 
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When T. thermophilus MutL was preincubated with physiological concentrations of ATP or 
AMPPNP before to the addition of substrate DNA, the initial rate of the nicking activity was 
significantly reduced (Fukui, et al., 2008). This was also supported by the result of a gel 
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suppressing effect is due to the chelating ability of ATP to deprive the manganese ion from 
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ATPase activity of MutL is expected to be stimulated by its interaction with MutS, the 
formation of the MutS-MutL complex may promote the endonuclease activity of MutL by 
unlocking the ATP binding-dependent suppression (Fig. 6). 
 

 
Fig. 6. A speculative model of the regulatory mechanism for the mismatch-specific 
enhancement of MutL nicking endonuclease activity. NTD and CTD represent the N- and C-
terminal domains, respectively. ATP binding induces the dimerization of NTD and the 
approach of NTD to CTD. DNA-unbound MutL exists as an ATP-bound form whose 
endonuclease activity is inactive, but preferably binds to the MutS-DNA complex. The 
interaction with the MutS-DNA complex and other MMR proteins induces the ATP 
hydrolysis of MutL. This ATP hydrolysis induces the tight contact between NTD and CTD, 
resulting in the stimulation of endonuclease activity. 

Mauris and Evans reported the detailed biochemical experiment on A. aeolicus MutL, in 
which they demonstrated that ATP stimulates the nicking endonuclease activity of relatively 
high concentrations of A. aeolicus MutL in the absence of MutS and mismatch (Mauris, et al., 
2009). This result suggests that the effect of ATP on the MutL endonuclease activity depends 
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on the concentration of MutL, which is consistent with the previous report describing the 
promoting effect of ATP on the nicking endonuclease activity of eukaryotic 
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stimulate the nicking endonuclease activity. Further studies are necessary to clarify whether 
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mismatch-specific nicking endonuclease activity of MutL. We also have to consider a 
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containing strand of the mismatched duplex. Mismatch itself has no signal to discriminate 
which base is incorrect (Friedberg, et al., 2006). In vitro characterization of MMR activity in the 
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eukaryotic nuclear extracts has shown that discontinuities in the substrate mismatched DNA 
can serve as the signal to direct the MutL-dependent incision to the discontinuous strand 
(Kadyrov, et al., 2006, Kadyrov, et al., 2007, Modrich, 2006). In the cell, the 5'- and 3'-termini of 
the newly synthesized strand are expected to be utilized as the discrimination signal. 
Additionally, another question has arisen: how does MutL sense the strand discontinuity 
that is remote from the MutL incision site?  In an in vitro reconstituted system of eukaryotic 
MMR, the discontinuous strand is distinguished by the cooperative function of MutL with 
PCNA and replication factor C (Kadyrov, et al., 2006, Modrich, 2006). Recently, it has also 
been clarified that PCNA directs the incision reaction at the terminus-containing strand 
through direct interaction with MutL and that replication factor C is required only for 
loading PCNA to the DNA (Pluciennik, et al., 2010). The MLH1 subunit of MutL contains 
the PCNA-interacting motif QxxLxxFF in its C-terminal domain (Fig. 7A) (Lee, et al., 2006). 
The PCNA-dependent activation of MutL was hindered by a peptide containing the 
PCNA-interacting motif (Pluciennik, et al., 2010). PCNA recognizes the 3'-terminus of the 
primed sites in DNA (Yao, et al., 2000) and tightly binds to the plasmid DNA containing a 
pre-existing strand break (Pluciennik, et al., 2010). PCNA has two nonequivalent faces 
(Gulbis, et al., 1996) and binds to the strand break with a specific orientation (Bowman, et 
al., 2004, Georgescu, et al., 2008). Because the interface to MutL is on one side of the clamp 
(Pluciennik, et al., 2010), the interaction between PCNA and the MLH1 subunit of MutL is 
expected to facilitate the asymmetric binding of the mismatched duplex with the 
discontinuous strand bound in the catalytic site of the PMS2 subunit (Pluciennik, et al., 
2010). This may assure the daughter strand-specific incision.  
 

 
Fig. 7. Amino acid sequence alignment of the PCNA- or -clamp-interacting motifs in the C-
terminal domains of MutL homologues. The consensus sequence motif is shown above the 
alignments. (A) The conserved residues of the PCNA-interacting motif are shown in purple. 
In the consensus motif, h and a represent residues with hydrophobic side-chains and 
aromatic side-chains, respectively. The NCBI Entrez GI numbers of the sequences are as 
follows: 4557757 (H. sapiens MLH1), 255958238 (M. musculus MLH1), 30680985 (A. thaliana 
MLH1), 6323819 (S. cerevisiae MLH1), 71991825 (C. elegans MLH1). (B) The conserved 
residues of the -clamp-interacting motif in bacterial MutL are shown in orange. 
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Interestingly, B. subtilis MutL endonuclease also interacts with a -sliding clamp (Pillon, et 
al., 2011), a bacterial counterpart to eukaryotic PCNA, which also has two distinguishable 
faces (Kong, et al., 1992). Most bacterial MutL endonucleases have the clamp-interacting 
motif QLxLF at the regulatory sub-domain of the C-terminal domain (Fig. 7B) (Pillon, et al., 
2010, Pillon, et al., 2011). Mutation of this sequence motif results in defects in the in vivo 
MMR activity (Pillon, et al., 2011), implying that the -clamp-dependent activation of MutL 
is necessary in the cell and that bacterial MMR also adopts a strand discrimination 
mechanism similar to that of eukaryotic MMR. However, MutL endonucleases from the 
Aquificae phylum lack the regulatory sub-domain (Iino, et al., 2010). In addition, MutL 
endonucleases from the Thermus-Deinococcus phylum have no obvious -clamp-interacting 
motifs (Fig. 7B), although they retain the regulatory sub-domain. Therefore, it should be 
carefully investigated whether this discrimination mechanism is universally present among 
all nick-directed MMRs. 

6. Bacterial MutL is a homodimeric nicking endonuclease 

Crystal structures of B. subtilis and N. gonorrhoeae MutL C-terminal domains, and other 
biochemical studies, have revealed that bacterial MutL C-terminal domains are homo-
dimeric (Duppatla, et al., 2009, Iino, et al., 2010, Namadurai, et al., 2010, Pillon, et al., 2010). 
Generally, linear double-stranded DNA-specific dimeric endonucleases incise both strands 
of the duplex. Type II (and Type IIs) restriction endonucleases and Type II DNA 
topoisomerases are representative of double-strand incising dimeric endonucleases. On the 
other hand, double-stranded DNA-specific nicking endonucleases are usually monomeric, 
with the exception of several structure-specific nicking endonucleases (Fukui, et al., 2008, 
Komori, et al., 2002). For example, the following linear double-stranded DNA-specific 
nicking endonucleases are all monomeric proteins (Table 1): N-type nicking endonucleases 
(e.g, N. BspQI), sequence-specific nicking endonucleases naturally or artificially created by 
mutating restriction enzymes to lose their dimerization ability (Higgins, et al., 2001, Roberts, 
et al., 2003, Xu, et al., 2001, Yunusova, et al., 2006, Zheleznaya, et al., 2009); V-type nicking 
endonucleases (e.g., E. coli Vsr), a short patch MMR nicking endonuclease (Tsutakawa, et al., 
1999, Tsutakawa, et al., 1999); Type I DNA topoisomerases (e.g., E. coli Topo I), an enzyme 
with a supercoil-relaxing activity (Kirkegaard, et al., 1978); retrotransposon-targeting 
endonucleases (e.g., L1 endonuclease), a site-specific nicking endonuclease that directs the 
invasion of the retrotransposon (Feng, et al., 1996, Feng, et al., 1998, Maita, et al., 2007, 
Weichenrieder, et al., 2004); bovine DNase I, a non-specific nicking endonuclease that 
functions in the host defense (Suck, et al., 1988); E. coli MutH (Ban, et al., 1998), the MMR 
nicking endonuclease; bacterial UvrC (Nazimiec, et al., 2001), a nucleotide excision repair 
nicking endonuclease; bacterial endonuclease V (Dalhus, et al., 2009), a deaminated DNA-
specific nicking endonuclease; and bacterial and eukaryotic AP endonucleases (Hosfield, et 
al., 1999, Mol, et al., 2000), an abasic site-specific nicking endonuclease. Known DNA repair 
systems other than MMR all adopt a monomeric nicking endonuclease to introduce the 
entry point for the excision reaction. Therefore, the dimerization ability of the MutL C-
terminal domain might be related to the strand-discrimination mechanism of bacterial 
MMR. 
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motifs (Fig. 7B), although they retain the regulatory sub-domain. Therefore, it should be 
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all nick-directed MMRs. 
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of the duplex. Type II (and Type IIs) restriction endonucleases and Type II DNA 
topoisomerases are representative of double-strand incising dimeric endonucleases. On the 
other hand, double-stranded DNA-specific nicking endonucleases are usually monomeric, 
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nicking endonucleases are all monomeric proteins (Table 1): N-type nicking endonucleases 
(e.g, N. BspQI), sequence-specific nicking endonucleases naturally or artificially created by 
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Enzyme Cellular 
function Substrate Biological 

unit References 

N-type nicking 

endonucleases 
(e.g., N. BspQI) 

Host defense 
(Artificial) 

Asymmetric 
sequence Monomer 

(Higgins, et al., 
2001, Roberts, et 

al., 2003, Xu, et al., 
2001, Yunusova, 

et al., 2006, 
Zheleznaya, et al., 

2009) 
V-type nicking 
endonucleases 

(e.g., E. coli Vsr) 

DNA repair4 
and other 

Methylated 
DNA Monomer 

(Tsutakawa, et al., 
1999, Tsutakawa, 

et al., 1999) 
Type I DNA 

topoisomerases 
(e.g., E. coli Topo I)

Various 
DNA 

transactions

Supercoiled 
DNA Monomer (Kirkegaard, et al., 

1978) 

Retrotransposon-
targeting 

endonucleases1 
(e.g., L1 

endonuclease) 

Targeting of 
retrotranspo

son 

Target 
sequence Monomer 

(Feng, et al., 1996, 
Feng, et al., 1998, 
Maita, et al., 2007, 
Weichenrieder, et 

al., 2004) 
Bovine DNase I1 Host defense Non-specific Monomer (Suck, et al., 1988) 

E. coli MutH DNA repair4 GATC site Monomer (Ban, et al., 1998) 

E. coli UvrC DNA repair4 
DNA strand 
with bulky 

adducts 
Monomer (Nazimiec, et al., 

2001) 

E. coli endonuclease 
V DNA repair4 Deaminated 

DNA Monomer (Dalhus, et al., 
2009) 

AP endonucleases1 
(e.g., human APE1) DNA repair4 DNA with 

abasic sites Monomer 
(Hosfield, et al., 
1999, Mol, et al., 

2000) 

Serratia nuclease2 Host defense Non-specific Dimer 
(Franke, et al., 

1998, Franke, et 
al., 1999) 

Bacterial MutL3 

(e.g., B. subtilis 
MutL) 

DNA repair4 

DNA strand 
with 

mismatched 
bases 

Dimer 
(Namadurai, et 

al., 2010, Pillon, et 
al., 2010) 

Table 1. Linear double-stranded DNA-specific nicking endonucleases. 1Structural analyses 
have revealed that AP endonucleases, retrotransposon-targeting endonucleases, and DNase 
I are closely related to each other. 2Serratia nuclease can convert the covalently closed 
circular form of plasmid DNA not only to the linear form but also to the open circular form; 
however, the major product of this nuclease is the double-strand break. Serratia nuclease 
also incises single-stranded DNA, and dimerization is not essential for the nuclease activity. 
3MutL shows no structural similarity to other known endonucleases. 4These nicking 
endonucleases introduce the starting point for the excision reaction in damaged or error-
containing single-stranded DNA. Among these DNA repair nicking endonucleases, only 
MutL forms a dimer. 
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The homodimeric structure of bacterial MutL prompts the question of how the symmetric 
homodimer generates asymmetric nicking products. As with eukaryotic MutL, the 
asymmetry would be derived from the nature of the heterodimer. Eukaryotic MutL has a 
single catalytic site for the endonuclease activity. On the other hand, bacterial MutL contains 
two catalytic sites that are apparently equivalent to each other. It may be possible that 
bacterial MutL dissociates from the substrate DNA before the catalysis of the second strand 
incision because of its low velocity, or that the binding of the product to the one subunit 
induces a non-productive binding mode of the substrate to the other subunit. Alternatively, 
as proposed by Namadurai et al., the inverted arrangement of the bacterial MutL C-terminal 
domain dimer may enable interactions with other MMR proteins to interfere with one of the 
two active sites during the reaction (Namadurai, et al., 2010). 

7. Conclusion 
In this chapter, the biochemical properties of MutL endonucleases are reviewed, with an 
emphasis on their regulatory mechanisms. The regulatory mechanism needs to ensure both 
mismatch- and daughter-strand-specific incisions. The ATPase cycle-dependent 
conformational and functional changes of the MutL endonucleases are expected to play a 
central role in these mechanisms. Since the ATPase cycle-dependent conformational change 
would involve the rearrangement of the interaction between the N- and C-terminal 
domains, the structural analysis of full-length MutL is urgently required. For the structural 
analysis, MutL homologues from some thermophilic bacterium may be suitable because of 
the lack of flexible interdomain linker region as well as their extreme thermostability. 
However, the interdomain linker region plays a significant role in the in vitro function of 
eukaryotic MutL (Gorman, et al., 2010). Therefore, it is necessary to carefully judge 
whether the obtained information is universal among all MutL endonucleases. 
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Enzyme Cellular 
function Substrate Biological 
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would involve the rearrangement of the interaction between the N- and C-terminal 
domains, the structural analysis of full-length MutL is urgently required. For the structural 
analysis, MutL homologues from some thermophilic bacterium may be suitable because of 
the lack of flexible interdomain linker region as well as their extreme thermostability. 
However, the interdomain linker region plays a significant role in the in vitro function of 
eukaryotic MutL (Gorman, et al., 2010). Therefore, it is necessary to carefully judge 
whether the obtained information is universal among all MutL endonucleases. 
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1. Introduction  
1.1 Induction and repair of double-strand breaks (DSBs) in the DNA 
DNA encodes and transmits genetic information into the progeny of cells and organisms. As 
a result, processes associated with DNA replication, repair and recombination are at the 
center of biological research. Although the double-stranded nature of the DNA molecule is 
not a requirement for its replication or transcription, it is essential for the repair of 
practically all forms of damage that are limited to one DNA strand. Thus, in the base 
excision repair (BER) pathway, the damaged base is excised by the appropriate DNA 
glycosylase and the resulting apurinic/apyrimidinic site is recognized by the AP-
endonuclease (APE1) which opens the sugar phosphate backbone and removes the sugar 
residue (Fig. 1A). The resulting single nucleotide gap is filled-in using information from the 
complementary strand with the help of DNA polymerase pol) and the sugar phosphate 
backbone is resealed with the help of XRCC1/DNA LigaseIII (LigIII) complex (Sancar et al., 
2004). In an alternative form of this repair pathway, more nucleotides are removed from the 
vicinity of the damaged base and are subsequently replaced by the DNA polymerase, hence 
the name long-patch base excision repair. 
A further example of a repair pathway relying exclusively on the complementarity of the 
DNA strands for the faithful restoration of the DNA molecule is the nucleotide excision 
repair pathway (NER) (Fig. 1B). In this repair pathway gross structural distortions are 
recognized in the DNA rather than altered bases. Such structural alterations can be 
generated by pyrimidine dimers forming after exposure to UV light, as well as by several 
other forms of DNA lesions, including DNA crosslinks and DNA “bulky” adducts. Upon 
their recognition by a multi-protein complex (see Fig. 1B for details) and with the help of 
two independently acting 3’- and 5’- excision nucleases XPG and XPF/ERCC1 respectively, 
an incision is placed 6 ±3 and 20 ±5 nucleotides upstream and downstream of the 
pyrimidine dimer ultimately removing an approximately 24-32 nt single stranded DNA 
segment including the lesion. The resulting gap is filled in, again using information 
available on the complementary strand with the help of a polymerase. The continuity of the 
DNA is finally restored by ligation with DNA Ligase I (LigI) (Sancar et al., 2004). 
This fundamental concept of DNA repair, i.e. the use of a complementary strand to restore 
sequence information in the damaged strand, fails when complex damage is generated in 
the DNA consisting of multiple lesions distributed on both strands of the DNA in close 
proximity (Fig. 1C). Such forms of DNA damage are generated after exposure of cells to 
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ionizing radiation (IR) and are the direct consequence of the energy deposition patterns of 
this physical cytotoxic agent (Fig. 1C). The most widely investigated, complex form of 
damage is the DNA double-strand break (DSB). DSBs are highly dangerous DNA lesions 
that have been implicated not only in cell death but also in the induction of mutations and in 
carcinogenesis. 
 

 
Fig. 1. Base excision repair (BER) and nucleotide excision repair (NER) pathways. Both BER 
and NER repair pathways utilize the complementary DNA strand to restore sequence 
information lost in the damaged DNA strand. A) Schematic representation of the basic steps 
followed during short-patch BER (see text for details). B) Main sequence of events and 
enzymatic activities implicated in NER. C) Forms of lesions generated in the DNA by IR.  

The difficulties that cell faces in its attempt to faithfully process DSBs have two distinct 
aspects. First, the resulting disruption of the DNA molecule (note that disruption of the 
DNA molecule does not occur in case of lesions processed by BER or NER) physically 
interrupts its continuity and destabilizes the surrounding chromatin. Second, since both 
DNA strands carry damage closely juxtaposed, an intact template is lacking for ensuring the 
faithful restoration of the sequence in the vicinity of the break. The selective pressure for 
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evolving mechanisms for the detection and processing of DSBs would have been low had 
this type of lesion been extremely rare. However, in addition of IR, a number of chemical 
and physical cytotoxic agents generate DSBs. Most importantly, however, DSBs are also 
generated during the normal life cycle of the cell, particularly during DNA replication or in 
meiosis (Baudat & de Massy, 2007; Longhese et al., 2009), as well as during V(D)J and class 
switch recombination required for the differentiation of B and T cells of the hematopoietic 
system (Franco et al., 2006; Maizels, 2005). To cope with these multiple sources of DSBs, cells 
have evolved sophisticated mechanisms for detecting and repairing this form of DNA 
lesion. Notably, these repair mechanisms have been intimately coupled to the cell cycle, 
transcription and apoptosis machineries, suggesting a close coordination with the overall 
cellular metabolism. 
Two conceptually different mechanisms can in principle remove DSBs from the genome in 
cells of higher eukaryotes. Homologous recombination repair (HRR) is equipped to 
maintain fidelity in the sequence of the DNA molecule, but because the damage affects both 
DNA strands it retrieves information from a homologous DNA molecule that is used as a 
template. There are two sources of homology in mammalian cells. The homologous 
chromosome that is present throughout the life cycle of the cell and the sister chromatid that 
is generated after DNA replication and which therefore exists only during the S and G2 
phases of the cell cycle. Existing evidence supports the view that HRR requires the sister 
chromatid as a source of template, a requirement that automatically restricts the function of 
this repair pathway to the S and G2 phases of the cell cycle. This requirement probably 
derives from the fact that in a eukaryotic cell nucleus the homologous chromosomes are 
accommodated in distinct and frequently distantly located domains that renders search for 
homology (a key step of HRR, see below) difficult, if not impossible (Cremer & Cremer, 
2001; Folle, 2008). 
Non-homologous end joining (NHEJ), on the other hand, simply restores integrity in the 
DNA by joining the two ends without necessarily preserving the original sequence. As a 
result, it is error prone. Because a second DNA molecule is not required for the function of 
this repair pathway, it remains active throughout the cell cycle, but has a limited 
contribution to the rejoining of DNA lesions generating a single DNA terminus. 
The fact that at least two genetically and conceptually distinct repair pathways are involved 
in the elimination of DSBs, poses questions regarding their coordination. If these pathways 
operate independently of each other it is possible that they compete against each other. If 
they collaborate, the question arises as to how their functions are coordinated. In this regard, 
it appears puzzling that cells of higher eukaryotes appear programmed to utilize 
preferentially NHEJ. 
In the following sections we summarize the salient features of HRR and NHEJ and explain 
the concepts underlying their operation. Further, we describe a “dormant” pathway of DSB 
repair that unfolds its activity mostly when D-NHEJ for some reason fails and which 
therefore is considered to have a backup nature. Finally, we cover connections between DSB 
repair and cell cycle progression and discuss potential sources of errors during DSB repair 
that affect genomic stability and may lead to cancer development. 

2. Homologous recombination repair – the only genuine repair process 
DSB repair based on homology is frequently termed homologous recombination repair 
(HRR). A breakthrough in our understanding of the process of homologous recombination 
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(HR) in general and of HRR in particular was the model proposed in 1964 by Robin 
Holliday to explain meiotic recombination. The model introduced several key concepts 
including a mechanism for the exchange of genetic material between homologous 
chromosomes through the formation of what is now known as Holliday junction (HJ) (Liu & 
West, 2004) (see below for description). The Holliday model described some of the basic 
steps of the recombination process, but was unable to explain all sets of available genetic 
data. This was later achieved by a model proposed by Jack Szostak, now known as the 
double-strand break repair model (DSBR) (Szostak et al., 1983). Furthermore, analysis of 
genetic experiments in Drosophila revealed that DNA recombination may not require the 
formation of a Holliday junction and may instead depend on what is now known as 
synthesis-dependent strand annealing (SDSA) (Ferguson & Holloman, 1996; San Filippo et 
al., 2008). Recombination events carried out by this mechanism in mitotic cells lack 
crossover products (exchange of chromosome arms). 
All current recombination models are formulated on the basis of genetic data and emphasize 
the role of HR during meiosis or mitosis. The meiotic function of HR mediates the exchanges 
of genetic material between the homologous chromosomes of the gamete precursor cells and 
ensures genetic diversity in the progeny (San Filippo et al., 2008). 
Genetic and biochemical data provide strong evidence for the involvement of mitotic HR in 
the repair of DSBs. Moreover, HR is required for the restart of blocked or collapsed 
replication forks, as well as during the repair of inter-strand crosslinks (ICLs) (Ide et al., 
2008; Nikolova et al., 2010; Petermann et al., 2010). The ultimate goal of HRR is to assist a 
DNA molecule that has suffered sequence information loss as a result of damage to both 
strands, to retrieve this information from an undamaged homologous DNA sequence. To 
this end, damaged and undamaged DNA molecules will need to directly interact, i.e. to 
undergo synapsis. In particular, the damaged DNA molecule will need processing to 
generate DNA forms capable of “reading-off” sequence information. Also the chromatin 
structure on both molecules will need to be modified to facilitate the search for homologous 
regions in neighboring DNA molecules. Once homology has been found sequence 
information will need to be copied by appropriately directed DNA synthesis, and finally the 
synapsed molecules will need to be separated. 
Because DSBs are frequently generated in the genome accidently, the cell needs to be 
prepared for their repair by maintaining sufficient pools of repair factors. Indeed, there is 
evidence that in eukaryotic cells the level of the repair proteins is higher compared to the 
level of other proteins of the cellular metabolism (Shrivastav et al., 2008). These pools may 
have a cell cycle component for repair pathways such as HRR that show preferential 
function in certain phases of the cell cycle.  
In addition to the random induction of DSBs after accidental or intentional exposure to 
physical or chemical agents, cells also induce DSBs in their genome in a programmed 
fashion as part of certain differentiation programs. The differentiation of germ cells and of 
the cells of the hematopoietic system is a good example along these lines. Programmed 
DSBs for such functions are generated through the action of specific enzymes (Spo11 during 
meiosis and Rag1/Rag2 during V(D)J recombination). In general, these DSB inducing 
nucleases interact with components of the repair pathways that are associated with the 
proper recognition and processing of the generated DSBs (Keeney et al., 1997; McBlane et al., 
1995; Oettinger, 1992). Although there is evidence that HR events may be initiated by a 
single-strand break (Metzger et al., 2011), it is widely accepted that the ultimate initiating 
event of homologous recombination is the DSB. This recognition implicates the DSBR and 
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SDSA repair models in the mechanistic foundation of DSB repair through homologous 
recombination (Brugmans et al., 2007; Pardo et al., 2009; Wyman & Kanaar, 2006). 
To accommodate the specific requirements of DSB repair as mediated by DNA homology, 
HRR starts with the resection of DNA ends around the DSB, causing the formation of 3’-
single stranded DNA (ssDNA) regions (West, 2003; Wyman & Kanaar, 2006). This form of 
DNA can invade and pair to homologous sequences present in an intact molecule and be 
directly extended by polymerization to copy missing sequence information (see below). 
Therefore, the effectiveness of HRR may be dictated by the ability of cells to execute end 
resection in a proper orientation, immediately after the generation of the DSB. In cells of 
higher eukaryotes the initial DNA end processing is orchestrated by the 
Mre11/Rad50/Nbs1 (MRN complex) (Fig. 2) (D'Amours & Jackson, 2002; Rupnik et al., 
2010), assisted by the functions of recently identified resection promoting factor CtIP (Fig. 3) 
(Farah et al., 2009; Sartori et al., 2007). The MRN complex exhibits multiple activities many 
of which are implicated in HRR. Surprisingly, despite its nuclease activity, many reports 
pointed out that MRN may not be directly involved in the extensive resection of DNA ends 
to generate the 3’ ssDNA, suggesting that other enzymes with nuclease functions should 
fulfill this requirement (Longhese et al., 2010; Mimitou & Symington, 2009; Stewart et al., 
2010). Thus MRN may have a regulatory role in the coordination between different DSB 
repair pathways (Borde & Cobb, 2009; Rupnik et al., 2010; Stracker & Petrini, 2011). 
The MRN complex is one of the first proteins recruited to DSBs. It consists of the Mre11 
nuclease, the Rad50 protein, an ATP-binding polypeptide with bridging functions through a 
coiled-coil motif and the Nbs1 protein, a polypeptide rich in protein-protein interaction 
domains (Fig. 2) (Stracker & Petrini, 2011). 
The significance of the MRN complex in DSB repair and meiotic recombination was first 
shown in yeasts by genetic screening of mutants hypersensitive to DNA damaging agents 
(D'Amours & Jackson, 2002). After the cloning of the yeast MRE11 and RAD50 genes, 
homologues were identified in all model organisms (Ajimura et al., 1993; Chin & Villeneuve, 
2001; Dolganov et al., 1996). In addition, it was shown that in higher eukaryotes dysfunction 
of MRE11 underlies the ataxia-telangiectasia-like disorder (ATLD), implicating thus Mre11 
in ATM dependent DSB repair and signaling pathways (Stewart et al., 1999). However, the 
identification of the human Xrs2 homolog (the third subunits of the yeast MRX complex) 
was hampered owing to its high sequence diversity between species. 
Ultimately, it was shown that the gene mutated in the Nijmegen breakage syndrome, NBS1, 
is the human XRS2 homolog, and that its product physically interacts with Mre11. 
Deficiency in Nbs1 causes the clinical phenotype characterized by hypersensitivity to DNA 
damaging agents generating DSBs, through defective repair and checkpoint activation 
(Digweed et al., 1999; Matsuura et al., 2004; Tauchi et al., 2002; Varon et al., 1998). 
Mre11 is an 80 kDa protein that harbors three constitutive phosphoesterase N-terminal 
motifs and one phosphoesterase motif similar to the SbcD subunit of the SbcCD nuclease 
(Fig. 2). It acts as an endonuclease that cleaves hairpin structures, as well as an exonuclease 
that degrades linear double-stranded (ds) DNA molecules (Biroccio et al., 2011; Sachs et al., 
2011). The Mre11 phosphoesterase motifs are folded into a nuclease domain that exhibits 3’-
5’ dsDNA dependent exonuclease activity and single-stranded (ss) and dsDNA dependent 
endonuclease activity on a variety of DNA substrates (Paull & Gellert, 1998; Trujillo et al., 
1998). Curiously, the nuclease activities of Mre11 are not appropriate for the end-resection 
step required during HRR and recent observations suggest that the exonuclease activity of 
Mre11 is not involved in extensive DSB end-processing (Llorente & Symington, 2004). Krogh 
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Fig. 2. Schematic representations of identified consensus domains in DSB repair proteins. 
Proteins participating in the initial steps of DSB repair and those considered to play a 
mediating role during signaling and repair are presented. 
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Fig. 3. Homology mediated repair of DSBs. The repair of DSBs by HRR is initiated by the 
resection of the DNA ends through the combined action of the MRN complex, the CtIP, ExoI 
and the BLM helicase, that catalyze the generation of 3’ ssDNA regions and the formation of 
a Rad51 nucleoprotein filament - the structure involved in homology search. In subsequent 
steps and after localization of, and invasion into the homologous DNA region, repair 
synthesis is initiated and a HJ is generated from each DNA end, which in the end of the 
process is resolved by the resolvase complex. 
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and Symington have proposed a model, explaining the MRX (MRN) role in processing of 
DSB ends during meiosis or mitosis (Krogh & Symington, 2004). According to this model, 
Mre11 can execute its function through the cooperative action of an enzyme(s) with helicase 
and/or exonuclease activity. Through the action of such putative helicase the initial 
unwinding of DNA occurs, resulting in a formation of secondary DNA structures. In 
addition, Mre11 can process the 5' strand using its endonuclease activity by trimming the 
secondary DNA structures. Another enzyme with exonuclease activity might then catalyse 
the extensive resection of the 5’-end resulting in the generation of 3’-overhangs. 
IR breaks the DNA molecule by damaging its sugar moiety, thus generating ends that are 
not amenable to ligation before processing. Mre11 may participate in such initial end 
processing but not in the final processing of the 5’ DNA strand. In agreement with this 
putative function, unmodified DSB ends generated by HO nuclease are substrates for 
nucleolytic enzymes even in the absence of active Mre11, suggesting that the nuclease 
function of MRN is only needed during the initial steps of the end-resection reaction. 
Studies in yeast have suggested that at least two nucleases (Exo1 and Dna2) in complex 
with a helicase (Sgs1) are involved in the end-resection step during HRR (Mimitou & 
Symington, 2009; Mimitou & Symington, 2008), but the functions of their mammalian 
homologs are incompletely characterized. However, it has been reported that the human 
homologue of the yeast resection factor Exo1, is important for the recruitment of RPA and 
Rad51 proteins through the generation of ssDNA regions. The potential role of Exo1 in 
HRR was also shown in experiments with Exo1 depleted cells, which develop 
hypersensitivity to ionizing radiation and show increased chromosomal instability 
(Bolderson et al., 2010). Moreover, the localization of Exo1 to DSBs depends on CtIP and 
MRN and its exonuclease activity is controlled by CtIP, supporting the idea that MRN is 
much more involved in the mediation of end-resection rather than in the direct digestion 
of 5’-DNA strand of the DSB (Eid et al., 2010). 
After processing of the DNA ends, the generated single-stranded 3’-overhangs are covered 
by the RPA heterotrimer, the major mammalian ssDNA binding protein. During HRR, one 
of the functions of this protein is to protect ssDNA and to prevent the formation of 
secondary DNA structures (Fig. 3) (Fanning et al., 2006). However, RPA also mediates the 
recruitment of the ATR/ATRIP complex to the single stranded regions and initiates in this 
way the DDR signaling cascades, which among others inhibit cell cycle progression through 
activation of the corresponding checkpoints (Cimprich & Cortez, 2008; Zegerman & Diffley, 
2009). Indeed, there is evidence that RPA functions as a checkpoint activator (Stephan et al., 
2009), as well as a regulator of the repair process, possibly through shifts in its function by 
DNA damage-mediated post-translational modifications (Anantha et al., 2007; Vassin et al., 
2009). RPA also facilitates indirectly Rad51 filament formation by mediating DNA-Rad52 or 
DNA-BRCA2 interactions (see below) (Mortensen et al., 2009; Thorslund & West, 2007). 
Genetic and biochemical data support the notion that HRR is driven by the proteins of 
RAD52 epistasis group of genes, including Rad52, Rad54 and Rad51 with its paralogs 
(XRCC2, XRCC3, Rad51B, Rad51C and Rad51D) (Fig. 3) (Krogh & Symington, 2004; West, 
2003). Along with its ability to promote the synapsis between the homologous DNA 
sequences, Rad51 arises as a central recombination protein facilitating in general the 
formation of hybrid DNA duplexes (Heyer et al., 2010). Rad51 interacts with RPA-coated 
single stranded 3’-overhangs to form a right-handed nucleoprotein filament. The 
nucleoprotein filament represents the active state of Rad51 recombinase and plays a pivotal 
role in the homology search reaction (Raderschall et al., 1999; West, 2003). The importance of 
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the RAD51 gene in HRR was first shown in yeasts, where Rad51 deficiency is tolerated but 
Rad51 null cells exhibit an increased sensitivity to IR and to a variety of DNA damaging 
agents producing DSBs. These mutants also show defects in mitotic and meiotic 
recombination (Ofir et al., 2011; Shinohara et al., 1992). 
The human RAD51 gene was identified in 1993 by Morita et al., which have described a 
gene encoding a product sharing significant homology with bacterial RecA and ScRad51 
recombinase (Morita et al., 1993). Despite extensive sequence similarity between human and 
yeast Rad51, the vertebrate Rad51 recombinase fails to complement the HR defects of yeast 
Rad51 mutants, suggesting evolutionary divergent properties for the two proteins 
(Shinohara et al., 1993). In contrast to lower eukaryotes, Rad51 is essential in vertebrates and 
RAD51-/- knockout mice die early during embryogenesis (Tsuzuki et al., 1996). 
Rad51 exhibits ssDNA and dsDNA-stimulated ATPase activity, which drives the 
nucleation and extension of the Rad51 nucleoprotein filament. There is clear evidence that 
only Rad51-ssDNA nucleoprotein filament is able to catalyze DNA joint formation, 
supporting the assessment that Rad51 is recruited to ssDNA generated by nucleolytic 
processing of DNA termini (Ristic et al., 2005). Formation of Rad51 nucleoprotein filament 
also depends on a large number of factors controlling the effectiveness of HRR. One of the 
most important players mediating nucleation of Rad51 over DNA is Rad52 and BRCA2. 
While the Rad52 function is essential for yeast viability after IR (West, 2003), in 
mammalian cells BRCA2 substitutes Rad52 activity and plays more important role in the 
regulation of HRR than Rad52 (Davies et al., 2001; Thorslund & West, 2007; West, 2003). 
Nevertheless, both proteins are involved in the delivery of Rad51 monomers to the 
ssDNA overhangs in combination with the elimination of a negative effect of RPA on 
Rad51 filament formation (Thorslund & West, 2007). Notably, a BRCA2 homolog has not 
been identified in yeast, suggesting evolutionarily distinct requirements for HRR in yeast 
and in higher eukaryotes. The structural studies of BRCA2 and its orthologous proteins 
revealed a protein domain allowing DNA binding (Marmorstein et al., 2001; Zhou et al., 
2009) and degenerative conservative motifs called the BRC repeats, physically interacting 
with Rad51 (Fig. 2) (Carreira et al., 2009; Carreira & Kowalczykowski, 2009; Davies et al., 
2001). The structurally undisclosed TR2 motif in the extreme C-terminus of BRCA2 was 
found to play an important role in the regulation of Rad51 nucleoprotein filament 
formation and dissociation, and the binding of Rad51 to this motif is controlled by its 
phosphorylation at S3291 in a cell cycle dependent manner (Fig. 2) (Esashi et al., 2005; 
Esashi et al., 2007; Thorslund & West, 2007).  
The formation of a Rad51 nucleoprotein filament marks the initiation of a pre-synaptic step 
of HRR, while strand invasion and the search for homology characterize the synaptic 
reaction (Fig. 3). After alignment of the invading DNA strand with the homologous DNA 
duplex, the chromatin remodeling functions of Rad54 and its homolog Rad54B operate to 
facilitate DNA synthesis and branch migration resulting in formation of double Holliday 
junctions when both processed 3’-overhangs invade the undamaged DNA molecule (Fig. 3) 
(Mazin et al., 2010). During the DNA repair synthesis step, sequence information is copied 
from the undamaged DNA molecule to the damaged one assisting thus its restoration. At 
the final stages of HRR the HJs are resolved by protein complexes identified as resolvases 
(Figure 3) (Liu et al., 2007; Mazina & Mazin, 2008; Symington & Holloman, 2008; West, 
2009). While the resolution of the HJs by resolvases can lead to either gene conversion or 
crossing over, there is evidence that during repair of DSBs by HRR in higher eukaryotes 
gene conversion dominates. 
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and Symington have proposed a model, explaining the MRX (MRN) role in processing of 
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ssDNA overhangs in combination with the elimination of a negative effect of RPA on 
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been identified in yeast, suggesting evolutionarily distinct requirements for HRR in yeast 
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2009) and degenerative conservative motifs called the BRC repeats, physically interacting 
with Rad51 (Fig. 2) (Carreira et al., 2009; Carreira & Kowalczykowski, 2009; Davies et al., 
2001). The structurally undisclosed TR2 motif in the extreme C-terminus of BRCA2 was 
found to play an important role in the regulation of Rad51 nucleoprotein filament 
formation and dissociation, and the binding of Rad51 to this motif is controlled by its 
phosphorylation at S3291 in a cell cycle dependent manner (Fig. 2) (Esashi et al., 2005; 
Esashi et al., 2007; Thorslund & West, 2007).  
The formation of a Rad51 nucleoprotein filament marks the initiation of a pre-synaptic step 
of HRR, while strand invasion and the search for homology characterize the synaptic 
reaction (Fig. 3). After alignment of the invading DNA strand with the homologous DNA 
duplex, the chromatin remodeling functions of Rad54 and its homolog Rad54B operate to 
facilitate DNA synthesis and branch migration resulting in formation of double Holliday 
junctions when both processed 3’-overhangs invade the undamaged DNA molecule (Fig. 3) 
(Mazin et al., 2010). During the DNA repair synthesis step, sequence information is copied 
from the undamaged DNA molecule to the damaged one assisting thus its restoration. At 
the final stages of HRR the HJs are resolved by protein complexes identified as resolvases 
(Figure 3) (Liu et al., 2007; Mazina & Mazin, 2008; Symington & Holloman, 2008; West, 
2009). While the resolution of the HJs by resolvases can lead to either gene conversion or 
crossing over, there is evidence that during repair of DSBs by HRR in higher eukaryotes 
gene conversion dominates. 
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3. When effectiveness is chosen over accuracy: DNA-PKcs dependent non-
homologous end joining (D-NHEJ) 
Perhaps surprisingly the above described high fidelity pathway of DSB repair, HRR, is 
utilized preferentially by prokaryotes and lower eukaryotes. Higher eukaryotes appear to 
preferentially utilize end joining to remove DSBs from their genome despite its error-prone 
nature. However, the reason for this preference remain hypothetical. Moreover, it is notable 
that vertebrates have extended their arsenal of end joining activities with a unique protein, 
the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) (Fig. 2), which is likely 
to play a role in this shift from HRR to NHEJ (Chen et al., 2011; Shibata et al., 2011). For this 
reason and in order to discriminate this pathway of NHEJ from other pathways of NHEJ 
that have recently surfaced (see below), we will refer to it in the remainder of this chapter as 
D-NHEJ. Other designations that can be found in the literature include “classical” or 
“canonical” NHEJ. 
In principle, rejoining of DNA ends by NHEJ can be accomplished by standard ligation 
reactions, when ligatable DNA ends are present (Fig. 4). As pointed out above, simple end 
joining is not possible for IR induced DSBs, which therefore required end processing before 
ligation. In general, DSB repair by NHEJ is associated with limited or extensive additions or 
deletions of nucleotides at the generated junction, which alters the original DNA sequence 
at the damaged site (Marshall, 2011; van Gent & van der Burg, 2007). As a result, NHEJ is an 
error-prone repair pathway, which may be considered disadvantageous for higher 
eukaryotes, frequently opt for this repair mechanism. It is frequently reasoned that this risk 
may be mitigated by the excess of non-coding DNA in these organisms, which allows 
flexibility in terms of nucleotide substitutions, deletions or additions. 
However, since DSBs are also generated randomly throughout the genome, they will also be 
induced in coding regions where changes in the nucleotide sequence are bound to have 
serious consequences.  
Notably, there are also instances where the error prone nature of NHEJ is exploited to 
generate a specific biological result that requires sequence modification. Thus, addition or 
deletion of nucleotides during NHEJ associated with V(D)J recombination, increases the 
diversity of the antibodies generated (Lieber et al., 2006).  
The importance of D-NHEJ factors in higher eukaryotes is indicated by diseases resulting 
from mutations in Artemis, LIGIV and Cernunnos/XLF genes. Thus, hypomorphic mutations 
in the LIGIV gene lead to severe immunodeficiency, radiosensitivity and developmental 
delay and account for the development of the LigIV syndrome (Chistiakov et al., 2009; 
Girard et al., 2004). Mutations in Artemis are associated with progressive radiosensitive 
severe combined immunodeficiency (RS-SCID) and patients with dysfunctional Artemis are 
characterized by increased radiosensitivity and impaired V(D)J recombination. DNA-PKcs 
deficient patients develop a classical SCID syndrome and show slight differences in their 
symptoms from RAG or Artemis deficient individuals (Hendrickson et al., 1991; Schuler & 
Bosma, 1989; van der Burg et al., 2009). The fact that most mutations in D-NHEJ genes are 
hypomorphic suggests that complete deletion of their activities is not compatible with 
human survival. 
At the biochemical level, it is well documented that one of the most abundant cellular 
proteins, Ku, initiates NHEJ by binding to the ends generated at the DSBs (Lieber, 2010) (Fig. 
4). Ku consists of two subunits, Ku70 and Ku86 (Ku80), which form a toroidal shaped 
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Fig. 4. Repair of DSBs by DNA-PKcs-dependent non homologous end joining. Major 
enzymatic activities involved in the repair of DSBs by the simple joining of the free DNA 
ends are depicted. 

structure binding dsDNA with a variety of configurations at the ends. Once bound to DNA 
ends, Ku heterodimer changes its conformation and slides inward the DNA, thus attracting 
the catalytic subunit of DNA-PKcs to form an active DNA-PK holoenzyme (Meek, 2009; 
Meek et al., 2004). The activity of DNA-PKcs increases at least 10 fold upon interaction with 
the Ku-DNA complex (Lees-Miller & Meek, 2003). Therefore, D-NHEJ is greatly 
compromised in the absence of DNA-PKcs and, interestingly, under such conditions HRR is 
enhanced (Delacote et al., 2002; Shrivastav et al., 2009). However, more recent work points 
to inhibition of HRR in cells with altered or inhibited DNA-PKcs (Neal et al., 2011).  



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 152 

3. When effectiveness is chosen over accuracy: DNA-PKcs dependent non-
homologous end joining (D-NHEJ) 
Perhaps surprisingly the above described high fidelity pathway of DSB repair, HRR, is 
utilized preferentially by prokaryotes and lower eukaryotes. Higher eukaryotes appear to 
preferentially utilize end joining to remove DSBs from their genome despite its error-prone 
nature. However, the reason for this preference remain hypothetical. Moreover, it is notable 
that vertebrates have extended their arsenal of end joining activities with a unique protein, 
the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) (Fig. 2), which is likely 
to play a role in this shift from HRR to NHEJ (Chen et al., 2011; Shibata et al., 2011). For this 
reason and in order to discriminate this pathway of NHEJ from other pathways of NHEJ 
that have recently surfaced (see below), we will refer to it in the remainder of this chapter as 
D-NHEJ. Other designations that can be found in the literature include “classical” or 
“canonical” NHEJ. 
In principle, rejoining of DNA ends by NHEJ can be accomplished by standard ligation 
reactions, when ligatable DNA ends are present (Fig. 4). As pointed out above, simple end 
joining is not possible for IR induced DSBs, which therefore required end processing before 
ligation. In general, DSB repair by NHEJ is associated with limited or extensive additions or 
deletions of nucleotides at the generated junction, which alters the original DNA sequence 
at the damaged site (Marshall, 2011; van Gent & van der Burg, 2007). As a result, NHEJ is an 
error-prone repair pathway, which may be considered disadvantageous for higher 
eukaryotes, frequently opt for this repair mechanism. It is frequently reasoned that this risk 
may be mitigated by the excess of non-coding DNA in these organisms, which allows 
flexibility in terms of nucleotide substitutions, deletions or additions. 
However, since DSBs are also generated randomly throughout the genome, they will also be 
induced in coding regions where changes in the nucleotide sequence are bound to have 
serious consequences.  
Notably, there are also instances where the error prone nature of NHEJ is exploited to 
generate a specific biological result that requires sequence modification. Thus, addition or 
deletion of nucleotides during NHEJ associated with V(D)J recombination, increases the 
diversity of the antibodies generated (Lieber et al., 2006).  
The importance of D-NHEJ factors in higher eukaryotes is indicated by diseases resulting 
from mutations in Artemis, LIGIV and Cernunnos/XLF genes. Thus, hypomorphic mutations 
in the LIGIV gene lead to severe immunodeficiency, radiosensitivity and developmental 
delay and account for the development of the LigIV syndrome (Chistiakov et al., 2009; 
Girard et al., 2004). Mutations in Artemis are associated with progressive radiosensitive 
severe combined immunodeficiency (RS-SCID) and patients with dysfunctional Artemis are 
characterized by increased radiosensitivity and impaired V(D)J recombination. DNA-PKcs 
deficient patients develop a classical SCID syndrome and show slight differences in their 
symptoms from RAG or Artemis deficient individuals (Hendrickson et al., 1991; Schuler & 
Bosma, 1989; van der Burg et al., 2009). The fact that most mutations in D-NHEJ genes are 
hypomorphic suggests that complete deletion of their activities is not compatible with 
human survival. 
At the biochemical level, it is well documented that one of the most abundant cellular 
proteins, Ku, initiates NHEJ by binding to the ends generated at the DSBs (Lieber, 2010) (Fig. 
4). Ku consists of two subunits, Ku70 and Ku86 (Ku80), which form a toroidal shaped 
 

 
The Pathways of Double-Strand Break Repair 153 

 
Fig. 4. Repair of DSBs by DNA-PKcs-dependent non homologous end joining. Major 
enzymatic activities involved in the repair of DSBs by the simple joining of the free DNA 
ends are depicted. 

structure binding dsDNA with a variety of configurations at the ends. Once bound to DNA 
ends, Ku heterodimer changes its conformation and slides inward the DNA, thus attracting 
the catalytic subunit of DNA-PKcs to form an active DNA-PK holoenzyme (Meek, 2009; 
Meek et al., 2004). The activity of DNA-PKcs increases at least 10 fold upon interaction with 
the Ku-DNA complex (Lees-Miller & Meek, 2003). Therefore, D-NHEJ is greatly 
compromised in the absence of DNA-PKcs and, interestingly, under such conditions HRR is 
enhanced (Delacote et al., 2002; Shrivastav et al., 2009). However, more recent work points 
to inhibition of HRR in cells with altered or inhibited DNA-PKcs (Neal et al., 2011).  
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With its molecular weight of about 470 kDa, DNA-PKcs is by far the largest enzyme found 
to operate in D-NHEJ (Hill & Lee, 2010; Kirwan et al., 2011; Weterings & Chen, 2007). The 
enormous size of DNA-PKcs accommodates many important domains that may be involved 
in the regulation of its enzymatic activity and the interaction with other proteins (Fig. 2). 
DNA-PKcs is a serine/threonine kinase with specificity for S/TQ sites (Marshall, 2011) that 
regulates its activity through autophosphorylation. It targets, RPA2, WRN, Cernunnos/XLF, 
LigIV, and XRCC4 (Chen et al., 2000; Cruet-Hennequart et al., 2008; Otsuki et al., 2007; 
Soubeyrand et al., 2006; Yu et al., 2008). In addition to its catalytic function at the DSB ends, 
DNA-PKcs may also tether the broken DNA ends to facilitate rejoining (Meek et al., 2004). 
Although the DNA-PKcs kinase activity catalyzes the phosphorylation of many NHEJ 
related substrates, the phosphorylation of the DNA-PKcs itself is the only physiologically 
relevant event identified so far (Chen et al., 2000; Cruet-Hennequart et al., 2008; Otsuki et al., 
2007; Soubeyrand et al., 2006; Yu et al., 2008). DNA-PKcs autophosphorylation appears to be 
important for DSB repair as DNA-PKcs mutated at key phosphorylation sites (T2609 and 
S2056 at ABCDE and PQR clusters respectively) is impaired in its function in D-NHEJ (Cui 
et al., 2005; Meek et al., 2007).  
Elegant experiments demonstrate that DNA-PKcs autophosphorylation facilitates structural 
shifts, which allow other D-NHEJ end processing or ligation factors (polynucleotide kinase 
phosphatase, PNKP, terminal deoxynucleotidyl transferase, TDT, DNA polymerases  and 
, LigIV/XRCC4/XLF complex) to be recruited to DNA ends (Kirwan et al., 2011). After end 
processing, two locally available DNA ends are joined through the coordinated action of the 
LigIV/XRCC4/XLF and the DNA-PK complexes and if the two sealed DNA ends originate 
from one DSB the integrity of the DNA molecule is restored (Ahnesorg et al., 2006; Wu et al., 
2007; Yano et al., 2009) (Fig. 4). At present, it is not known whether as of yet uncharacterized 
functions incorporated into the NHEJ machinery have means of ensuring rejoining of the 
original ends. Available evidence is compatible with efficiently D-NHEJ joining any DNA 
ends, irrespectively of whether they belong to the same or to different DSBs. Such DNA end-
promiscuity is considered the main cause of chromosomal translocations in repair proficient 
cells and may also contribute to the formation of chromosome aberrations in irradiated 
repair proficient cells (Iliakis et al., 2007). 

4. An alternative pathway of non-homologous end joining with putative 
backup function (B-NHEJ) 
Until relatively recently, D-NHEJ and HRR were considered as the only available pathways 
for removing DSBs from the genome. This raised the question of their coordination and 
labor separation under circumstances where both were active, as well as the function of each 
of them when the other was chemically or genetically compromised. The rationale was that 
when components of the one pathway were compromised residual DSB repair activity could 
be attributed to the function of the remaining active pathway. However, experiments testing 
this hypothesis failed to yield the expected results. Thus, although cells with mutations in 
genes encoding proteins involved in D-NHEJ exhibit a severe DSB repair defect, substantial 
residual rejoining is still detectable. Intriguingly, this rejoining activity does not rely on 
HRR, since cells with defects in this repair pathway show normal DSB repair as assayed by 
pulsed-field gel electrophoresis (PFGE) and HRR defects in D-NHEJ mutants fail to 
exacerbate their DSB repair phenotype. We speculated, therefore, the function of an 
additional DSB repair pathway based on end joining and functioning as backup (Fig. 5) 
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(DiBiase et al., 2000; Wang et al., 2003; Wang et al., 2001). This pathway is considered 
distinct and normally suppressed by D-NHEJ (Perrault et al., 2004), only coming to the fore 
whenever D-NHEJ is inactivated. We have proposed to term this form of end joining 
backup-NHEJ (B-NHEJ) in order to differentiate it from D-NHEJ and to indicate its putative 
backup function (Fig. 5) (Iliakis et al., 2004). 
Extensive biochemical studies have provided evidence for the operation of B-NHEJ activities 
in in vitro end joining reactions. Thus, extracts of cells lacking DNA-PKcs showed normal 
end joining activity. However, the possible function of B-NHEJ to the repair of IR-induced 
DSBs received only limited attention until the demonstration that such pathways robustly 
substitute for D-NHEJ in class switch recombination in LIG4 deficient mice (Soulas-Sprauel 
et al., 2007; Yan et al., 2007). Alternative pathways were also found to operate in V(D)J 
recombination in D-NHEJ deficient cells when mutations in RAG1 and RAG2 generate 
proteins forming DSBs without holding the DNA ends, which could then be processed by 
alternative repair pathways (Corneo et al., 2007; Jones & Simkus, 2009; Lee et al., 2004). 
Other reports subsequently showed near wild type CSR activity in XRCC4 and LIG4-
deficient mice associated with chromosome abnormalities at the IgH locus that hinted to the 
error prone nature of B-NHEJ (Soulas-Sprauel et al., 2007; Yan et al., 2007) (see below). 
 

 
Fig. 5. Backup pathway of non homologous end joining. 
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(DiBiase et al., 2000; Wang et al., 2003; Wang et al., 2001). This pathway is considered 
distinct and normally suppressed by D-NHEJ (Perrault et al., 2004), only coming to the fore 
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backup-NHEJ (B-NHEJ) in order to differentiate it from D-NHEJ and to indicate its putative 
backup function (Fig. 5) (Iliakis et al., 2004). 
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in in vitro end joining reactions. Thus, extracts of cells lacking DNA-PKcs showed normal 
end joining activity. However, the possible function of B-NHEJ to the repair of IR-induced 
DSBs received only limited attention until the demonstration that such pathways robustly 
substitute for D-NHEJ in class switch recombination in LIG4 deficient mice (Soulas-Sprauel 
et al., 2007; Yan et al., 2007). Alternative pathways were also found to operate in V(D)J 
recombination in D-NHEJ deficient cells when mutations in RAG1 and RAG2 generate 
proteins forming DSBs without holding the DNA ends, which could then be processed by 
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Fig. 5. Backup pathway of non homologous end joining. 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 156 

These observations placed B-NHEJ not only at the forefront of DSB repair research but also 
at the center of carcinogenesis and led to an avalanche of studies describing its various 
characteristics. Various names were also proposed by different investigators including 
alternative NHEJ (A-NHEJ, or alt-NHEJ), microhomology-mediated end-joining (MMEJ), 
KU-independent end-joining, or LigIV-independent NHEJ (Corneo et al., 2007; Haber, 2008; 
Iliakis, 2009; Liang et al., 2008; Ma et al., 2003). We prefer to use the term B-NHEJ to 
emphasize its putative backup function. We anticipate that as the characterization of B-
NHEJ proceeds and mechanistic information becomes available, better terms will develop 
reflecting important mechanistic properties of this repair pathway rather than arbitrarily 
selected phenomenological manifestations of the same. 
A breakthrough in the characterization of factors involved in B-NHEJ was the identification 
of LigIII/XRCC1 complex as a key component (Wang et al., 2001a; Wang et al., 2001b). It is 
interesting that LigIII is only presented in vertebrates, where it also functions in the 
mitochondria (Ellenberger & Tomkinson, 2008; Tomkinson et al., 2006). Recent reports 
demonstrate that the essential functions of LigIII derive exclusively from its role in this 
organelle (Gao et al., 2011; Simsek et al., 2011). However, it remains open what contribution 
LigI might have on B-NHEJ and what kind of hierarchy exists between LigI and LigIII 
regarding to their functionality. LigIII has a broad substrate specificity and could participate 
in B-NHEJ via enzymatic activities outlined in the recently proposed “jackknife model” 
(Ellenberger & Tomkinson, 2008). According to this model the Zn-finger domain and the 
DNA-binding domain of LigIII act in a cooperative way to facilitate the ligation of DNA 
substrates with discontinuities in the sugar-phosphate backbone of the DNA. 
As primary function of LigIII is considered the involvement in the repair of single-strand 
DNA breaks and base damages, where it operates with other proteins partners, it is 
therefore possible that the same interacting partners contribute to B-NHEJ. Principal 
candidate for promoting LigIII action during B-NHEJ, together with XRCC1, is Poly (ADP-
ribose) polymerase 1 (PARP1). Indeed, we and others demonstrated that PARP1 operates in 
B-NHEJ (Audebert & Calsou, 2008; Audebert et al., 2006; Wang et al., 2006). It has also been 
demonstrated that PARP1 binds to DNA ends in direct competition with Ku heterodimer 
and may serve as a loading platform and coordinator of a subsequent steps of B-NHEJ 
(Wang et al., 2006). It is interesting in this regard that PARP1 and PARP2 are utilized in an 
AID-dependent manner during CSR in D-NHEJ deficient cells, suggesting that these 
proteins play a role in the processing of switch regions. However, it is not clear whether this 
function occurs as part of B-NHEJ (Robert et al., 2009). It is also notable that only PARP1 
facilitates alternative end-joining mechanisms, while PARP2 actually suppresses 
translocations between IgH and c-Myc loci in D-NHEJ deficient B-lymphocytes (Robert et al., 
2009). 
Recently, histone H1 surfaced as an interesting factor involved in B-NHEJ (Rosidi et al., 
2008). Although, histone H1 enhances the DNA end joining activities of both LigIV and 
LigIII, the enhancement of LigIII activity is significantly stronger. Further putative factors of 
B-NHEJ include the BCR/ABL protein. This protein is mutated in chronic myeloid 
leukaemia (CML), which results in stimulation of cellular proliferation, inhibition of 
apoptosis and altered cell adhesion. BCR/ABL may down-regulate D-NHEJ allowing thus 
the function of B-NHEJ. The latter would explain the genomic instability of leukemic cells 
(Poplawski & Blasiak, 2009). Other studies report a decrease in the level of key D-NHEJ 
proteins, Artemis and DNA LigIV and up-regulation of LigIII and Werner’s syndrome 
protein (WRN) in CML cells (Sallmyr et al., 2008). 
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The frequent generation of non-ligatable DNA ends after IR suggests that resection might be 
involved in B-NHEJ. This function may be provided by end-processing factors like Mre11 
and CtIP. Indeed, silencing of MRE11 in human broblasts decreases the frequency of global 
end-joining (Rass et al., 2009). Also, inhibition of MRE11 by mirin in XRCC4 and KU-
deficient cells compromises B-NHEJ (Rass et al., 2009). Furthermore, mice lacking the entire 
MRN complex in their B cells are compromised in CSR mediated by both D-NHEJ and B-
NHEJ (Dinkelmann et al., 2009). Recent reports also show that depletion of CtIP decreases 
the frequency of chromosomal translocations (Zhang & Jasin, 2011). Despite the above 
insights, the molecular mechanisms underpinning B-NHEJ are not fully understood and are 
at present under intensive investigation. Models have been proposed invoking 
microhomology (McVey & Lee, 2008). However, it is likely that the presence of 
microhomology at DNA ends is not a prerequisite for B-NHEJ; rather microhomology use 
may be a random event, determined by the nucleotide distribution along the dissected ends 
of the DSB (Simsek & Jasin, 2010). The level of dissection achieved is also likely to play a 
decisive role and the mechanisms regulating this dissection step deserve intensive 
investigation. 
The accumulated data in the field allow the conclusion that deficiencies in the error-prone 
D-NHEJ pathway are associated with an increase in chromosomal translocations. Thus, B-
NHEJ surfaces as a major determinant of chromosomal translocation formation in 
mammalian cells with potential contributions to carcinogenesis (Iliakis et al., 2007). Thus, B-
cells deficient in D-NHEJ show frequent translocations between IgH and c-Myc loci (Boboila 
et al., 2010; Yan et al., 2007; Wang et al., 2009).  
Notably, B-NHEJ appears to also be involved in telomere maintenance. Thus, depletion of 
TRF2, a known component of the shelterin complex, results in end-to-end chromosome 
fusions mediated by D-NHEJ, whereas depletion of TPP1–POT1a/b, another member of the 
shelterin complex, initiates robust chromosome fusions that are mediated by B-NHEJ (Rai et 
al., 2010).  
In summary, B-NHEJ surfaces as an important pathway for the maintenance of the genome 
in higher eukaryotes. However, it exercises this function at the expense of fidelity. If 
modification of the sequence in the vicinity of the DSB is a weakness of D-NHEJ, hyper-
recombination might be added as weakness of B-NHEJ.  

5. Sharing the responsibility: coordination of DNA DSBs repair pathways and 
their cell cycle control and growth state dependencies 
The fundamental differences between HRR and NHEJ and the error prone nature of the 
latter raise questions regarding their relative utilization and the principles applied to select 
one of them to repair a given DSB - beyond the obvious cell cycle specificity. This is because 
although HRR deficiency is not associated with a detectable defect in DSB repair as 
measured by PFGE, it is associated with increased radiosensitivity to killing, in many cases 
at magnitude similar to that observed with D-NHEJ mutants. This implies that HRR is a 
significant contributor to DSB repair. The following questions arise from the synthesis of 
these observations: 
1.  Why do cells opt for D-NHEJ for removing DSBs from their genome and how do they 

cope with induced changes in DNA sequence? 
2.  If HRR is involved in DSB repair, why is PFGE unable to detect a defect? Is it because it 

only processes a very small fraction (less than 10%) of the induced DSBs? Or is it 
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because unknown factors limit its contribution to low doses? Indeed, HRR mutants 
show a small defect in DSB repair when analyzed by scoring -H2AX foci (Rothkamm et 
al., 2003). 

3. A frequently formulated hypothesis in the field is that D-NHEJ and HRR compete for 
DSBs and that pathway choice reflects the outcome of this competition. In line with this 
postulate, inactivation of NHEJ through mutations in the participating factors enhances 
some of the functions of HRR (Shrivastav et al., 2009). However competition between 
two so different repair mechanisms is difficult to rationalize. Are we missing something 
here? Notably, a situation reflecting competition between HRR and NHEJ is not 
detectable when the repair of IR induced DSBs is followed in different mutants (DiBiase 
et al., 2000; Wang et al., 2001) 

4. The situation is now more complicated with the identification of B-NHEJ. How is B-
NHEJ fitting in this overall picture and what does it really backs-up. Aspects of 
regulation of pathway selection and coordination are essential for our understanding of 
DSB repair and further investigations are warranted. 

6. Conclusions 
The importance of processing of DSBs generated in a programmed or accidental manner has 
been clearly demonstrated. Recent evidence emphasizes the role of a less known repair 
pathway, mechanistically and genetically distinct from the dominant DSB repair pathways, 
HRR and NHEJ. This pathway is capable of substituting almost entirely for D-NHEJ, but 
exhibits an increased propensity in rejoining wrong ends and in causing thus chromosome 
translocations. The characterization of factors involved in B-NHEJ and its integration to 
other pathways of DSB repair, as well as with DNA damage signaling and checkpoint 
activation, is expected to be vigorously pursued in the coming years. The fact that the 
function of B-NHEJ is associated with increased genomic instability leading to 
carcinogenesis is certain to provoke further investigations on the mechanisms of cancer 
development.  
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1. Introduction 
Double-strand breaks (DSBs) are among the most serious forms of DNA damage and thus 
must be efficiently repaired. In order for effective repair to take place, cells must employ the 
following steps: 1) recognition of the DSBs, 2) cell-cycle arrest via checkpoint activation, and 
3) repair of the breaks. In the repair step, DSB ends are nucleolytically processed, which 
leads to the subsequent recruitment of appropriate repair proteins. Several proteins, 
including the Mre11 nuclease, are known to be involved in the processing of DSB ends. 
Additionally, recent studies have identified human CtIP and its orthologs as novel 
components required for DNA end processing among eukaryotes. This protein is involved 
not only in repair via homologous recombination (HR) but also in several important 
biological processes, such as transcriptional regulation and checkpoint control. Importantly, 
CtIP acts as a tumor suppressor in mammals. In this chapter, we will summarize the existing 
knowledge on this multi-functional molecule. 

2. Identification of CtIP 
2.1 DSB repair pathways 
DSBs could lead to chromosomal aberrations, the disruption of genome integrity, and 
tumorigenesis in higher eukaryotes. DSBs are generated either by exogenous sources such as 
gamma-irradiation or by endogenous factors such as replication fork collapse. In addition, 
programmed DSBs are induced during meiosis at several loci, known as recombination hot 
spots. While such programmed DSBs are repaired by error-free HR, incidentally-generated 
DSBs are repaired by one of two major DNA repair pathways: HR or error-prone non-
homologous end-joining (NHEJ), both of which are highly conserved from yeast to humans. 
NHEJ and HR function predominantly in cell cycle phases G1 and S/G2, respectively. DSBs 
are repaired using intact homologous sequences (sister-chromatids or homologs) as a 
template in HR, whereas in NHEJ, the broken ends are directly rejoined.  
When DSBs occur, a protein complex called MRN(X) (see below for details) is recruited at 
the DSB ends and activates the DNA damage checkpoint. The Ku70-Ku80 heterodimer, 
involved in the NHEJ pathway, is also recruited. The ends are then nucleolytically 
processed by the MRN(X) complex in a process called “DNA end resection” or simply 
“resection”, leading to the conversion of “dirty ends” to repairable “clean ends”. Human 
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CtIP and its orthologs, together with the MRN(X) complex, play a critical role in this DNA 
end processing.  

2.2 Several Y2H screenings with different ‘baits’ identified CtIP 
Human CtIP was first identified by a yeast two-hybrid (Y2H) assay as one of the interacting 
proteins of CtBP (C terminus-binding protein), which is a transcriptional corepressor 
(Schaeper et al., 1998). CtBP binds to the C-terminal PLDLS motif of adenovirus E1A, resulting 
in anti-tumorigenic activity (Schaeper et al., 1995; Boyd et al., 1993). CtIP was also identified as 
RBBP8 in another Y2H screen in which the retinoblastoma (Rb) protein, a tumor suppressor 
with a protein-binding “pocket” domain, was applied as a bait (Fusco et al., 1998). 
CtIP/RBBP8 contains the LECEE sequence, known as an Rb-binding domain, which is 
required for interaction with Rb in a Y2H system (Fusco et al., 1998). CtIP was also found to 
associate with Rb-related protein p130 in a different Y2H screening (Meloni et al., 1999).  
The breast and ovarian tumor suppressor BRCA1 has important functions in cell cycle 
checkpoint control and DNA repair. Two tandem BRCA1 C-terminal (BRCT) motifs are 
essential for the tumor suppression activity of BRCA1. The BRCT motifs of BRCA1 have also 
been shown to interact with CtIP both in vivo and in vitro (Li et al., 1999; Wong et al., 1998; 
Yu et al., 1998).  
CtIP has also been isolated in two independent Y2H assays with Ikaros and LMO4 used as 
bait proteins (Koipally and Georgopoulos, 2002; Sum et al., 2002). Ikaros is a zinc finger 
protein that plays key roles in hemolymphoid development and homeostasis (Koipally and 
Georgopoulos, 2002). LMO4 belongs to the LIM-only (LMO) group of transcriptional 
regulators (Sum et al., 2002).  

2.3 Identification of CtIP homologs 
Sae2/Com1 was identified in the budding yeast Saccharomyces cerevisiae (Sc) from two 
independent genetic screens for mutants showing sporulation in the absence of Spo11 
(McKee and Kleckner, 1997b; 1997a; Prinz et al., 1997). However, in ten years, no structurally 
or functionally similar Sae2/Com1 homologs have been reported in any organism other 
than Saccharomyces. In 2007, Russell and colleagues identified the ctp1+ gene when 
investigating a subclass of cell-cycle-regulated genes in Schizosaccharomyces pombe (Sp) 
(Limbo et al., 2007). A database search revealed that SpCtp1 is homologous to proteins that 
have previously been characterized in several species such as ScSae2/Com1, COM-1 in 
Caenorhabditis elegans (Ce), GR1 from Arabidopsis thaliana (At), and human CtIP (Limbo et al., 
2007) (Fig. 1A). 
SpCtp1 was also found to be coded by an slr (synthetically lethal with rad2∆) gene and 
interacts genetically with the Nbs1 protein. Thus, it was originally termed as Nip1 (Nbs1 
interacting protein 1) (Akamatsu et al., 2008). 
CeCom-1 was originally identified from a mutagenesis screen for mutants causing maternal-
effect embryonic lethality (Penkner et al., 2007; Gönczy et al., 1999). AtGR1 was isolated 
from a screen for mRNAs that accumulate after DNA damage induced by ionizing radiation 
(Deveaux et al., 2000). 

2.4 CtIP is conserved protein from yeast to humans 
As previously mentioned, S. cerevisiae Sae2/Com1 was first identified as a CtIP homolog 
(McKee and Kleckner, 1997b; 1997a; Prinz et al., 1997), but clear Sae2/Com1 homologs have 
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Fig. 1. (A) Schematic diagram of CtIP homologs. (B) Sequence alignment of the RHR motif 
and conserved CDK phosphorylation site. (C) Sequence alignment of the RxxL (D-box) and 
CxxC motifs. Kl, Kluyveromyces lactis; An, Aspergillus nidulans; Um, Ustilago maydis; Os, Oryza 
sativa; Xl, Xenopus laevis; Mm, Mus musculus; Hs, Homo sapiens. 

not since been reported in any organism due to limited sequence similarity. The recent 
identification of SpCtp1 has led to the insight that it is homologous to proteins that have 
previously been characterized in several species such as ScSae2/Com1, CeCOM-1, AtGR1, 
and human CtIP (Limbo et al., 2007). In parallel, Jackson’s group suggested that human CtIP 
shares some sequence homology with ScSae2 (Sartori et al., 2007). CtIP family proteins share 
several domains with highly conserved sequences but also demonstrate highly diverse 
sequences in other regions and show variety in protein length.  These features might clarify 
why the orthologs were not recognized for a long time. 

2.5 Domain structure of CtIP and its homologs 
CtIP homologs retain C-terminal core domains, including RHR and CxxC motifs (Fig. 1A). 
The RHR motif is proposed to be the representative signature of Sae2/Com1 homologs 
(Limbo et al., 2007) and the limited 30 aa-region containing the RHR motif is well-conserved 
from ScSae2/Com1 to human CtIP (Fig. 1B). The CxxC motif is generally found in proteins 
with a D-box (RxxL) motif, which is representative among APC/C substrates, and the CxxC 
motif in some proteins is known to be involved in zinc chelation (Hopfner et al., 2002). The 
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and human CtIP (Limbo et al., 2007). In parallel, Jackson’s group suggested that human CtIP 
shares some sequence homology with ScSae2 (Sartori et al., 2007). CtIP family proteins share 
several domains with highly conserved sequences but also demonstrate highly diverse 
sequences in other regions and show variety in protein length.  These features might clarify 
why the orthologs were not recognized for a long time. 

2.5 Domain structure of CtIP and its homologs 
CtIP homologs retain C-terminal core domains, including RHR and CxxC motifs (Fig. 1A). 
The RHR motif is proposed to be the representative signature of Sae2/Com1 homologs 
(Limbo et al., 2007) and the limited 30 aa-region containing the RHR motif is well-conserved 
from ScSae2/Com1 to human CtIP (Fig. 1B). The CxxC motif is generally found in proteins 
with a D-box (RxxL) motif, which is representative among APC/C substrates, and the CxxC 
motif in some proteins is known to be involved in zinc chelation (Hopfner et al., 2002). The 
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CxxC and D-box motifs are conserved among CtIP homologs from fission yeast to humans 
with the exception of some other fungi, including Saccharomyces and Aspergillus (Fig. 1C). 
One or two coiled-coil motifs are also found in human CtIP and homologs from S. pombe 
and A. thaliana, but not in homologs from C. elegans or S. cerevisiae (Akamatsu et al., 2008; 
Limbo et al., 2007). The coiled-coil, LECEE and PLDLS motifs in human CtIP are required 
for dimerization (Dubin et al., 2004), Rb binding (Fusco et al., 1998) and CtBP binding 
(Schaeper et al., 1998), respectively. However, neither LECEE nor PLDLS motifs are found in 
the other homologs. 

2.6 Posttranslational modifications of CtIP and its homologs 
Several post-translational modification sites have been identified in CtIP homologs. Human 
CtIP has two CDK-dependent and two ATM-dependent phosphorylation sites. 
Phosphorylation at Ser-327 of CtIP by CDK increases around S/G2 phases in unperturbed cells 
and might be responsible for CtIP-BRCA1 complex formation, which occurs in G2 phase (Yu 
and Chen, 2004). Although this phosphorylation site does not seem to be conserved among 
species, another CDK-dependent site, Thr-847, which is likely to be conserved from yeast to 
humans, has been identified (Huertas and Jackson, 2009). Two ATM-target sites, Ser-664 and 
Ser-745, are phosphorylated in response to DNA damage, leading to Chk1 phosphorylation 
and the G2/M transition checkpoint (Li et al., 2000). In addition to these phosphorylation 
events, CtIP is ubiquitinylated by the BRCA1-BARD1 heterodimer in vivo and in vitro. This 
ubiquitination is dependent on the RING domain of BRCA1 and phosphorylated Ser-327 of 
CtIP. Interestingly, the BRCA1-mediated ubiquitination does not target CtIP for degradation 
but for damage-induced foci formation (Yu et al., 2006). On the other hand, ubiquitin E3 ligase 
family protein, SIAH-1, is shown to interact with CtIP and promote its degradation (Germani 
et al., 2003). Therefore, ubiquitination of CtIP by SIAH-1 might be functionally different from 
that by BRCA1. Furthermore, it has been reported that CtIP is acetylated at Lys-432, Lys-526 
and Lys-604 in vivo, and these acetylations are proposed to be important for the regulation of 
CtIP activity (Kaidi et al., 2010). 
Similar to what has been observed in human CtIP, ScSae2 is phosphorylated periodically 
during the unperturbed cell cycle and in response to DNA damage (Baroni et al., 2004). Both 
cell cycle- and DNA damage-dependent Sae2 phosphorylation require the checkpoint kinase 
Mec1. Another pathway, involving Tel1 and MRX complex, is also required for full DNA 
damage-induced Sae2 phosphorylation (Baroni et al., 2004). Sae2 contains three potential CDK 
phosphorylation sites, Ser-134, Ser-179 and Ser-267, the last of which is a well-conserved 
residue that maps to the C-terminal region most highly conserved among organisms (Fig. 1C). 
Mutation of Ser-267 to an Ala residue causes phenotypes comparable to those observed in the 
sae2∆ null mutant (Huertas et al., 2008). Sae2 phosphorylation also occurs at the onset of 
premeiotic S phase, is maximal at the time of meiotic DSB generation and decreases when 
DSBs are repaired by homologous recombination, and is shown to be important to support the 
protein’s meiotic recombination functions (Cartagena-Lirola et al., 2006).  Recently, Sae2 was 
found to be acetylated and deacetylated, as seen in human CtIP (Robert et al., 2011). 
In S. pombe, the CDK phosphorylation site corresponding to Ser-267 of ScSae2 has not been 
found, but Ctp1 contains two putative CDK-dependent phosphorylation sites and two 
putative Rad3/Tel1-dependent phosphorylation sites.  Some of these sites have been 
suggested to be phosphorylated in vivo, whereas cells containing mutations in all of these 
sites show no obvious phenotype (Akamatsu et al., 2008). In addition, two putative Casein 
kinase 2 (CK2) phosphorylation sites (SXT motifs) are found in Ctp1 (Fig. 1C). It is still 
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unknown whether or not CK2 directly phosphorylates SXT motifs of Ctp1, though the 
phosphorylation of these motifs is essential for DNA damage repair in vivo and for binding 
with Nbs1 (Williams et al., 2009; Lloyd et al., 2009; Dodson et al., 2010) (See later). 
Phosphorylation by CK2 has not reported in other CtIP homologs to date. 

3. CtIP and its homologs are involved in several biological processes 
3.1 CtIP is involved in transcriptional regulation 
As mentioned above, CtIP interacts with several proteins involved in transcriptional 
regulation, one of which is CtBP. CtBP acts as a transcriptional corepressor of several tumor 
suppressors such as E-cadherin, p16Ink4a, p15Ink4b, and PTEN, indicating a strong 
association with tumorigenesis and tumor progression (Chinnadurai, 2009). Complete 
transcriptional repression by CtIP requires binding to CtBP through its PLDLS domain 
(Meloni et al., 1999). The PLDLS motif of adenovirus E1A disrupts the CtBP-CtIP complex in 
vitro, which might potentiate the tumorigenesis-restraining activity of E1A exon 2 (Schaeper 
et al., 1998). 
CtIP is also suggested to be a corepressor with Rb and p130 (Meloni et al., 1999). In contrast, 
CtIP has also been shown to bind Rb, allowing CtIP to bind its own promoter and an E2F 
target such as cyclin D1 during the G1/S transition (Liu and Lee, 2006). This releases Rb-
mediated transcriptional repression and increases the expression of genes required for S-
phase entry. Furthermore, other groups have  shown that CtIP can interact with the general 
transcription factors, TATA binding protein (TBP) and transcription factor IIB (Koipally and 
Georgopoulos, 2002).  However, the functions of CtIP in transcriptional regulation might be 
limited to vertebrates and its orthologs might not play an important role in transcription.  

3.2 Meiotic recombination and HR repair 
In meiosis of S. cerevisiae, programmed DSBs are formed by a topoisomerase-like protein 
Spo11. Spo11 covalently attaches to the 5′ ends of the break, and a subsequent 
endonucleolytic step, dependent on the MRX complex, releases Spo11 bound to a short 
oligonucleotide (Neale et al., 2005). The MRX protein complex consists of Mre11, Rad50 and 
Xrs2 (Table 1) and is required for the formation of meiotic DSB and the processing of the 
DNA ends. Mre11 contains the phosphodiesterase motif responsible for nuclease activity. 
Rad50 contains Walker A and B motifs separated by a coiled-coil region and belongs to the 
SMC family proteins. The amino acid sequences of Mre11 and Rad50 are conserved among 
eukaryotes, while the amino acid sequence of Xrs2 is much less conserved. Its functional 
counterpart is called as Nbs1, exists among other eukaryotes, such as vertebrates, plants, 
nematodes and fission yeast (Rupnik et al., 2010). The degree of overall sequence similarity 
between Xrs2 and Nbs proteins is generally poor and homology is limited to an N-terminal 
forkhead-associated (FHA) domain and a small C-terminal region. Nbs1, but not Xrs2, 
contains a BRCT domain in the N-terminal region. It also forms a protein complex, MRN, 
similar to the MRX complex, which will henceforth be referred to as MRX(N). 
S. cerevisiae rad50S mutations, separation-of-function mutations of RAD50, are defective in 
the processing of Spo11-induced DSBs and cause the accumulation of unprocessed DSBs 
with covalently attached Spo11 (Alani et al., 1990). The deletion mutants of the sae2/com1 
gene exhibit a meiotic-defective phenotype very similar to that of rad50S mutants, and 
Spo11-oligonucleotide complexes are not produced in either rad50S or sae2∆/com1∆ mutants 
(Neale et al., 2002; Keeney and Kleckner, 1995). Similar observations were also made in S. 
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CxxC and D-box motifs are conserved among CtIP homologs from fission yeast to humans 
with the exception of some other fungi, including Saccharomyces and Aspergillus (Fig. 1C). 
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(Schaeper et al., 1998), respectively. However, neither LECEE nor PLDLS motifs are found in 
the other homologs. 
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Several post-translational modification sites have been identified in CtIP homologs. Human 
CtIP has two CDK-dependent and two ATM-dependent phosphorylation sites. 
Phosphorylation at Ser-327 of CtIP by CDK increases around S/G2 phases in unperturbed cells 
and might be responsible for CtIP-BRCA1 complex formation, which occurs in G2 phase (Yu 
and Chen, 2004). Although this phosphorylation site does not seem to be conserved among 
species, another CDK-dependent site, Thr-847, which is likely to be conserved from yeast to 
humans, has been identified (Huertas and Jackson, 2009). Two ATM-target sites, Ser-664 and 
Ser-745, are phosphorylated in response to DNA damage, leading to Chk1 phosphorylation 
and the G2/M transition checkpoint (Li et al., 2000). In addition to these phosphorylation 
events, CtIP is ubiquitinylated by the BRCA1-BARD1 heterodimer in vivo and in vitro. This 
ubiquitination is dependent on the RING domain of BRCA1 and phosphorylated Ser-327 of 
CtIP. Interestingly, the BRCA1-mediated ubiquitination does not target CtIP for degradation 
but for damage-induced foci formation (Yu et al., 2006). On the other hand, ubiquitin E3 ligase 
family protein, SIAH-1, is shown to interact with CtIP and promote its degradation (Germani 
et al., 2003). Therefore, ubiquitination of CtIP by SIAH-1 might be functionally different from 
that by BRCA1. Furthermore, it has been reported that CtIP is acetylated at Lys-432, Lys-526 
and Lys-604 in vivo, and these acetylations are proposed to be important for the regulation of 
CtIP activity (Kaidi et al., 2010). 
Similar to what has been observed in human CtIP, ScSae2 is phosphorylated periodically 
during the unperturbed cell cycle and in response to DNA damage (Baroni et al., 2004). Both 
cell cycle- and DNA damage-dependent Sae2 phosphorylation require the checkpoint kinase 
Mec1. Another pathway, involving Tel1 and MRX complex, is also required for full DNA 
damage-induced Sae2 phosphorylation (Baroni et al., 2004). Sae2 contains three potential CDK 
phosphorylation sites, Ser-134, Ser-179 and Ser-267, the last of which is a well-conserved 
residue that maps to the C-terminal region most highly conserved among organisms (Fig. 1C). 
Mutation of Ser-267 to an Ala residue causes phenotypes comparable to those observed in the 
sae2∆ null mutant (Huertas et al., 2008). Sae2 phosphorylation also occurs at the onset of 
premeiotic S phase, is maximal at the time of meiotic DSB generation and decreases when 
DSBs are repaired by homologous recombination, and is shown to be important to support the 
protein’s meiotic recombination functions (Cartagena-Lirola et al., 2006).  Recently, Sae2 was 
found to be acetylated and deacetylated, as seen in human CtIP (Robert et al., 2011). 
In S. pombe, the CDK phosphorylation site corresponding to Ser-267 of ScSae2 has not been 
found, but Ctp1 contains two putative CDK-dependent phosphorylation sites and two 
putative Rad3/Tel1-dependent phosphorylation sites.  Some of these sites have been 
suggested to be phosphorylated in vivo, whereas cells containing mutations in all of these 
sites show no obvious phenotype (Akamatsu et al., 2008). In addition, two putative Casein 
kinase 2 (CK2) phosphorylation sites (SXT motifs) are found in Ctp1 (Fig. 1C). It is still 
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unknown whether or not CK2 directly phosphorylates SXT motifs of Ctp1, though the 
phosphorylation of these motifs is essential for DNA damage repair in vivo and for binding 
with Nbs1 (Williams et al., 2009; Lloyd et al., 2009; Dodson et al., 2010) (See later). 
Phosphorylation by CK2 has not reported in other CtIP homologs to date. 
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As mentioned above, CtIP interacts with several proteins involved in transcriptional 
regulation, one of which is CtBP. CtBP acts as a transcriptional corepressor of several tumor 
suppressors such as E-cadherin, p16Ink4a, p15Ink4b, and PTEN, indicating a strong 
association with tumorigenesis and tumor progression (Chinnadurai, 2009). Complete 
transcriptional repression by CtIP requires binding to CtBP through its PLDLS domain 
(Meloni et al., 1999). The PLDLS motif of adenovirus E1A disrupts the CtBP-CtIP complex in 
vitro, which might potentiate the tumorigenesis-restraining activity of E1A exon 2 (Schaeper 
et al., 1998). 
CtIP is also suggested to be a corepressor with Rb and p130 (Meloni et al., 1999). In contrast, 
CtIP has also been shown to bind Rb, allowing CtIP to bind its own promoter and an E2F 
target such as cyclin D1 during the G1/S transition (Liu and Lee, 2006). This releases Rb-
mediated transcriptional repression and increases the expression of genes required for S-
phase entry. Furthermore, other groups have  shown that CtIP can interact with the general 
transcription factors, TATA binding protein (TBP) and transcription factor IIB (Koipally and 
Georgopoulos, 2002).  However, the functions of CtIP in transcriptional regulation might be 
limited to vertebrates and its orthologs might not play an important role in transcription.  

3.2 Meiotic recombination and HR repair 
In meiosis of S. cerevisiae, programmed DSBs are formed by a topoisomerase-like protein 
Spo11. Spo11 covalently attaches to the 5′ ends of the break, and a subsequent 
endonucleolytic step, dependent on the MRX complex, releases Spo11 bound to a short 
oligonucleotide (Neale et al., 2005). The MRX protein complex consists of Mre11, Rad50 and 
Xrs2 (Table 1) and is required for the formation of meiotic DSB and the processing of the 
DNA ends. Mre11 contains the phosphodiesterase motif responsible for nuclease activity. 
Rad50 contains Walker A and B motifs separated by a coiled-coil region and belongs to the 
SMC family proteins. The amino acid sequences of Mre11 and Rad50 are conserved among 
eukaryotes, while the amino acid sequence of Xrs2 is much less conserved. Its functional 
counterpart is called as Nbs1, exists among other eukaryotes, such as vertebrates, plants, 
nematodes and fission yeast (Rupnik et al., 2010). The degree of overall sequence similarity 
between Xrs2 and Nbs proteins is generally poor and homology is limited to an N-terminal 
forkhead-associated (FHA) domain and a small C-terminal region. Nbs1, but not Xrs2, 
contains a BRCT domain in the N-terminal region. It also forms a protein complex, MRN, 
similar to the MRX complex, which will henceforth be referred to as MRX(N). 
S. cerevisiae rad50S mutations, separation-of-function mutations of RAD50, are defective in 
the processing of Spo11-induced DSBs and cause the accumulation of unprocessed DSBs 
with covalently attached Spo11 (Alani et al., 1990). The deletion mutants of the sae2/com1 
gene exhibit a meiotic-defective phenotype very similar to that of rad50S mutants, and 
Spo11-oligonucleotide complexes are not produced in either rad50S or sae2∆/com1∆ mutants 
(Neale et al., 2002; Keeney and Kleckner, 1995). Similar observations were also made in S. 
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pombe ctp1∆/nip1∆ cells (Hartsuiker et al., 2009a; Milman et al., 2009; Rothenberg et al., 2009; 
Akamatsu et al., 2008). Taken together with other results (Farah et al., 2009; Neale et al., 
2002), yeast CtIP homologs are thought to be involved in DSB end resection in cooperation 
with the MRX(N) complex in meiosis. 
During mitosis, S. cerevisiae mutants lacking either a component of the MRX complex or Sae2 
exhibit sensitivity toward DNA-damaging agents and are defective in strand resection of DSB 
ends (McKee and Kleckner, 1997b; Clerici et al., 2005; Neale et al., 2005). In S. pombe, Ctp1 has 
been shown to function in an MRN-dependent HR repair pathway, but not in NHEJ 
(Akamatsu et al., 2008; Limbo et al., 2007). Chromatin immunoprecipitation (ChIP) assay of 
RPA at an HO-induced DSB site revealed that Ctp1, as well as Mre11, is required for DSB end 
resection (Limbo et al., 2007). These results are consistent with those from the Sae2 analysis. 
Additionally, ChIP assay showed that Ctp1 localizes to an HO-induced DSB site in a Mre11-
dependent manner (Limbo et al., 2007). Thus, at least in fungi, the MRX(N) complex and CtIP 
homologs are implicated as cooperating in DSB end-processing during both mitotic and 
meiotic cell cycles. Furthermore, Ctp1 is required for the resection of the Top2-DNA complex, 
whereas Rad50 resects the Top1-DNA complex (Hartsuiker et al., 2009b). Recent analyses in S. 
cerevisiae revealed the requirement of Exo1, Sgs1, Top3, Rmi1 and Dna2 for processive DSB end 
resection (Mimitou and Symington, 2008; Zhu et al., 2008). The proteins involved in DSB end 
resection are listed in Table 1. One of these, Exo1, is a 5’-3’ exonuclease/flap endonuclease and 
another, Dna2, is an endonuclease with 5’-3’ helicase activity. 
 

Sc Sp Hs Note 

Mre11 Rad32 MRE11 
 single-strand endonuclease 
 3’-5’ double-strand exonuclease 
 weak hairpin-opening activity 

Rad50 Rad50 RAD50 

 split ABC-type ATPase containing two 
heptad repeats  

 stimulates the 3’-5’ exonuclease and 
hairpin-opening activities of Mre11 

Xrs2 Nbs1 NBS1 

 contains an N-terminal FHA domain and 
a small C-terminal conserved domain 

 Nbs1, but not Xrs2, contains a BRCT 
domain in the N-terminal region 

 overall sequence similarity between Xrs2 
and Nbs1 is weak and limited to an N-
terminal FHA domain and a small C-
terminal conserved domain 

Sae2 Ctp1 CtIP 

 endonuclease activity on single stranded 
DNA (Sae2) 

 stimulates nuclease activity of MR 
complex (Sae2 and CtIP) 

Exo1 Exo1 EXO1  5’-3’ exonuclease, flap endonuclease 
Sgs1 Rqh1 BLM  RecQ family DNA helicase 

Rmi1 Rmi1 RMI1 
(BLAP75) 

 RecQ-mediated genome instability 
protein 

 forms a complex with Sgs1 and Top3 
Top3 Top3 TOPOIII  type 1A topoisomerase 
Dna2 Dna2 DNA2  5’-3’ helicase/endonuclease 

Table 1. Proteins involved in DSB end resection. 

 
Human CtIP and its Homologs: Team Players in DSB Resection Games 

 

175 

Sgs1, a RecQ family helicase, forms a protein complex called RTR with Top3 and Rmi1. The 
RTR complex has multiple functions in DSB repair, including double Holliday junction 
dissolution (for review see (Ashton and Hickson, 2010)). The MRX complex and Sae2 in S. 
cerevisiae initiate 5’ degradation, leading to a subsequent step in which Exo1 and/or the RTR 
complex with Dna2 extensively degrade 5’ strands to generate long 3’ strands (Mimitou and 
Symington, 2008; Zhu et al., 2008). SpExo1 can substitute for Ctp1 on a pku80∆ background, 
suggesting that a similar mechanism may exist in S. pombe (Limbo et al., 2007). 
 

 
Fig. 2. Roles of CtIP/Sae2/Ctp1 in DSB repair. 

Biochemically, Mre11 retains 3’->5’ exonuclease and ssDNA endonuclease and hairpin 
opening activities, all of which require Mn2+ as a metal cofactor (Trujillo and Sung, 2001; 
Sigurdsson et al., 2001). Both ATP and Rad50 stimulate the 3’->5’ exonuclease and hairpin 
opening activities of Mre11, where ATP is thought to regulate the DNA binding of the 
Mre11 complex via Rad50 (Trujillo and Sung, 2001). Remarkably, the ATP-dependent DNA 
end-resection reaction including the MRX complex, the RTR complex, Dna2 and the 
heterotrimeric ssDNA-binding protein RPA has been reconstituted (Cejka et al., 2010; Niu et 
al., 2010). Sae2 itself is shown to stimulate the nuclease activity of Mre11 and, interestingly, 
can cleave hairpin DNA, even in the absence of the MRX complex, at a cleavage site on the 
3’ overhang adjacent to the hairpin (Lengsfeld et al., 2007). Recently, Paull and colleagues 
showed that MRX and Sae2 cooperatively promote Exo1-mediated 5’ strand degradation at 
DNA ends in vitro, but mutations in RAD50, EXO1 or MRE11 abrogate this end processing. 
Furthermore, sae2 mutations reduce the efficiency of Exo1-mediated DSB resection both in 
vitro and in vivo (Nicolette et al., 2010). However, as neither the MRX complex or Sae2 have 
been shown to exhibit 5’->3’ exonuclease activity, it remains unclear how the generation of 
protruding 3’- ssDNA involves these proteins. 
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Sgs1, a RecQ family helicase, forms a protein complex called RTR with Top3 and Rmi1. The 
RTR complex has multiple functions in DSB repair, including double Holliday junction 
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3.3 CtIP is involved in alternative NHEJ (A-NHEJ) 
There are two varieties of NHEJ: classical-NHEJ (C-NHEJ) and alternative-NHEJ (A-NHEJ) 
(Zha et al., 2009). CtIP is required not only for HR repair in S/G2 phase but also for A-NHEJ 
in G1 upon generation of DSBs in human cells. The function of CtIP in A-NHEJ is 
independent of the phosphorylation of Ser-327 and recruitment of BRCA1. Cells expressing 
CtIP protein carrying mutations at Ser-327 are specifically defective in homologous 
recombination and show decreased levels of ssDNA after DNA damage, whereas A-NHEJ 
remains unaffected. Therefore, the phosphorylation of Ser-327 of CtIP is proposed to be a 
molecular switch to shift the balance of DSB repair from error-prone DNA end-joining to 
error-free homologous recombination in humans (Yun and Hiom, 2009). 

3.4 Checkpoint control by CtIP-BRCA1 interaction 
CtIP interacts with the BRCT motifs of BRCA1 in a manner dependent on the 
phosphorylation of Ser-327. The knockdown experiment shows that this interaction is 
required for DNA-damage-induced Chk1 phosphorylation and the G2/M transition 
checkpoint but not the damage-induced G2 accumulation checkpoint, for which BRCA1-
BACH1 interaction is required. Therefore, the BRCA1 checkpoint pathway is divided into 
the BACH1-dependent pathway and the CtIP pathway (Yu and Chen, 2004). A crystal 
structure of the BRCT repeats in BRCA1 with a phosphopeptide corresponding to 322–333 
residues of human CtIP has been solved (Varma et al., 2005). The BRCA1-CtIP interaction is 
ablated by several tumor-associated mutations affecting the BRCT motifs, suggesting that 
the interaction may be required for tumor suppression by BRCA1 (Liu et al., 1999; Wong et 
al., 1998; Yu et al., 1998). On the other hand, a sequence-based screen for mutations in the 
CtIP coding region in a panel of 89 tumor cell line cDNAs identified five missense variants 
(Wong et al., 1998). Therefore, CtIP itself may act as a tumor suppressor in human cells. 
The MRN complex senses DSBs and activates the ataxia-telangiectasia mutated (ATM) 
kinase, resulting in a DNA damage response in human cells (Lee and Paull, 2004; Uziel et 
al., 2003). Similarly, the MRN(X) complex is required for the activation of the ATM ortholog, 
Tel1, in both S. cerevisiae and S. pombe  (You et al., 2005; D'Amours and Jackson, 2001). Upon 
activation, ATM and its orthologs phosphorylate downstream substrates such as Mre11, 
Nbs1/Xrs2 and CtIP/Sae2 (Rupnik et al., 2010) (and see above). In contrast to the MRN(X) 
complex, CtIP and its homologs seem not to be involved in checkpoint activation (Limbo et 
al., 2007).  
Interestingly, Sae2 has been shown to be required for proper recovery from checkpoint-
mediated cell cycle arrest after DNA damage in S. cerevisiae (Clerici et al., 2006). However, 
the phenomenon of recovery from cell cycle arrest or the involvement of Sae2 homologs in 
this phenomenon has not been reported in organisms other than S. cerevisiae. 

4. Functional regulation of CtIP and its homologs 
4.1 Interaction with Nbs1 regulates CtIP 
The N-terminal region of Nbs1 contains FHA and BRCT motifs, both of which are known to 
be phosphopeptide-binding protein modules. Recently, the crystal structure of SpNbs1 has 
revealed that the FHA domain of Nbs1 is fused directly to the tandem BRCT domain, 
leading to consideration of the functional interactions of CtIP with Mre11-Rad50 through 
Nbs1 (Lloyd et al., 2009; Williams et al., 2008).  
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SpCtp1 was shown to genetically interact with SpNbs1 in S. pombe and the FHA domain of 
SpNbs1 was implicated to play an important role in this interaction (Akamatsu et al., 2008). 
CtIP was also reported to interact with the MRN complex (Sartori et al., 2007) and, 
subsequently, it was demonstrated that recombinant CtIP prepared from insect cells binds 
directly to hNBS1 (Chen et al., 2008). 
The FHA domain of hNBS1 interacts with phosphorylated SDT sites on hMDC1, whose 
sequence is a recognition motif for CK2 (Chapman and Jackson, 2008; Melander et al., 2008; 
Spycher et al., 2008). The FHA domain of SpNbs1, which is also important for cellular 
survival upon treatment with DNA damaging agents, is essential for Ctp1-binding in vivo 
(Lloyd et al., 2009; Williams et al., 2008). Interestingly, mutations in the SXT sites in Ctp1 
sensitize cells to DNA damage and disrupt interactions with Nbs1, indicating that the 
interaction of Nbs1 and the phosphorylated SDT sites of Ctp1 through FHA is essential for 
DNA damage repair (Dodson et al., 2010). Although it has yet to be addressed whether or 
not CK2 directly phosphorylates the SXT sites of Ctp1, the crystal structure of the SpNbs1 
bound to the phosphopeptide at a SXT site on Ctp1 has shown that the phosphorylation of 
the SXT sites is a prerequisite for the complex formation (Lloyd et al., 2009; Williams et al., 
2008).  
The interface of the association of Nbs1 with Mre11 maps to the C-terminal region in Nbs1 
(You et al., 2005; Falck et al., 2005) and the interface of Mre11 dimerization is located away 
from the DNA-binding cleft (Williams et al., 2008).  
 

 
Fig. 3. Model of the MRN-Ctp1 complex bound at a bridging DNA DSB as proposed by 
(Williams et al., 2008). The flexible Nbs1 C-terminus links FHA-bound Ctp1 to an Mre11-
Rad50 heterotetrameric core complex bridging a DSB.  

The distance from the Mre11 binding domain to the N-terminal FHA domain was 
determined to be ~175 Å, as assessed by SAXS and X-ray crystallography (Lloyd et al., 2009; 
Williams et al., 2008). The MRN complex and Ctp1 colocalize to within ~200 bp (<700 Å) of a 
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single DSB site cleaved by a defined endonuclease in vivo. Based on this geometry and other 
evidence, a model has been proposed in which the flexible Nbs1 C-terminus links the FHA-
bound Ctp1 to an Mre11-Rad50 heterotetrameric core complex, bridging two ends of a DSB 
(Williams et al., 2008) (Fig. 3). The model effectively accounts for recent insights into the 
roles of the Mre11-Rad50 heterotetrameric core at a DSB end (Williams et al., 2008; Chen et 
al., 2001; Hopfner et al., 2002; 2001; Moreno-Herrero et al., 2005). 

4.2 CtIP homologs are highly regulated in the cell cycle 
Gene expression of human and mouse CtIP proteins increases during G1 to S phase (Liu 
and Lee, 2006). SpCtp1 is periodically transcribed in S phase and is regarded as one of 
the putative MBF-regulated genes (Limbo et al., 2007). This role in transcriptional 
regulation and the other functions of CtIP and its homologs seem to be regulated 
posttranslationally. As previously mentioned, the mechanism regulating homologous 
recombination by CDK is conserved between human and budding yeast cells; however, the 
corresponding CDK phosphorylation site has not been found in SpCtp1. The regulation of 
Ctp1 by CDK might not be absolutely necessary as G1 phase is relatively short in S. pombe.  
Recently, it has been found that CtIP and Sae2 are also modified by acetylation. Jackson’s 
group found that CtIP is constitutively acetylated but is deacetylated by SIRT6 upon 
treatment with a DNA damaging agent (Kaidi et al., 2010). SIRT6 is an NAD+ 
(nicotinamide adenine dinucleotide)-dependent sirtuin (class III), a member of the family 
of protein lysin deacetylases (KDACs). CtIP was identified as a target protein of SIRT6 
and it was shown that deacetylation of CtIP by SIRT6 is an important regulatory event in 
DSB end processing. 
 On the other hand, Foiani‘s group revealed that treatment with the HDAC inhibitor, 
valproic acid (VPA), causes DSB processing defects in S. cerevisiae (Robert et al., 2011). Upon 
VPA treatment, acetylation levels of Sae2 increased and Sae2 was degraded. Rapamycin 
treatment induced Sae2 degradation through autophagy, and mutations in the genes 
involved in autophagy rescued Sae2 levels. Furthermore, two HDACs (Rpd3 and Hda1) and 
one HAT (Gcn5) influenced Sae2 turnover. It is not known whether Sae2 is directly 
acetylated/deacetylated by these HAT and HDACs. However, it is indisputable that the 
acetylation of CtIP homologs plays an important role in the regulation of DSB end resection 
in both human and yeast cells.   

5. Conclusion 
As DSBs can ultimately have toxic effects on cells, such as chromosome translocation, 
deletion, or duplication, they must be repaired appropriately. Cells utilize several damage 
responses depending on the cell-cycle phase. CtIP (and its orthologs) is one of the most 
important key players in the initial steps of DSB repair, in which cells determine the 
appropriate repair pathway and process the DSB ends.  In addition, the importance of 
posttranslational modifications of CtIP is now being elucidated. However, the precise 
molecular mechanism of the generation of the recombinogenic 3’ ssDNA overhang by the 
combined actions of CtIP/Ctp1/Sae2 and the MRN(X) complex still remains unclear. 
CtIP and many of its binding partners, such as BRCA1, CtBP and Rb, are classified as tumor 
suppressors. Furthermore, NBS1 and MRE11 are associated with Nijmegen breakage 
syndrome (NBS) and ataxia-telangiectasia-like disorder (ATLD), respectively, both of which 
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are chromosome instability syndromes. Cells carrying mutations in either of these genes 
show DNA damage hyper-sensitivity (Carney et al., 1998; Stewart et al., 1999). Taken 
together, these facts illustrate not only the scientific interest but also the clinical importance 
of understanding the molecular mechanism of DSB end resection mediated by MRN(X) and 
CtIP (or its orthologs).    
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1. Introduction 
DNA is the carrier of genetic information, but is constantly assaulted by endogenous and 
exogenous genotoxic attacks in all living organisms. If left unrepaired damaged or 
structurally altered DNA can impede pathways of DNA metabolism and maintenance of 
genomic stability and lead to cell death or uncontrolled proliferation. Archaea comprise 
diverse microorganisms that can thrive in harsh environments like hydrothermal vents and 
acidic hot springs. They can live without sunlight or organic carbon as food, and instead 
survive on sulfur hydrogen, and other materials that most bacteria and eukaryotes can not 
metabolize. Considering the extreme environmental niches inhabited by archaeal species, 
DNA lesions could be massively induced by exposure to hazardous environmental factors, 
(e.g., ultraviolet, X- and -rays, elevated temperatures and endogenous mutagens, e.g., 
reactive oxygen/nitrogen species, alkylating agents and toxic metals), and very high rates of 
potentially mutagenic DNA lesions (deamination, depurination, oxidation by hydrolytic 
mechanisms, alkylations and subsequent strand breakage) are expected to arise. However, 
and interestingly, it was demonstrated that the hyperthermophilic crenarchaeota Sulfolobus 
Acidocaldarius exhibited a modest rate of spontaneous mutations nearly close to that of the 
mesophilic bacteria, Escherichia Coli (E. coli) (Grogan et al., 2001). Similarly, the 
euryarchaeota Pyrococcus abyssi can survive high doses of ionizing gamma irradiation 
(Jolivet et al., 2003b) and abasic sites formation in the hyperthermophilic chromosome was 
found to occur at a rate moderately higher than in E. coli (Palud et al., 2008). Thus, archaeal 
organisms seem to evolve efficient strategies for repairing DNA damage and thus avoiding 
mutations. 
Like bacteria and eukaryotes, archaeal repair mechanisms seem to include nucleolytic 
processing of DNA. Consequently, this article sets out to review archaeal DNA nucleases 
based on current knowledge of sequence, structure and mechanism. We have focused on 
recent work on several DNA repair nucleases, with a detailed description of substrate 
preference and cleavage specificity of these archaeal enzymes. Crystal structures, when 
available, are discussed in the context of biochemical data to outline mechanistic features, 
such as enzymatic DNA cleavage, DNA binding, and sometimes, although not always, 
functions. This review stresses the molecular mechanisms which have been conserved 
throughout evolution with reference to eukaryotic DNA nucleases and, in some cases, to 
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recent work on several DNA repair nucleases, with a detailed description of substrate 
preference and cleavage specificity of these archaeal enzymes. Crystal structures, when 
available, are discussed in the context of biochemical data to outline mechanistic features, 
such as enzymatic DNA cleavage, DNA binding, and sometimes, although not always, 
functions. This review stresses the molecular mechanisms which have been conserved 
throughout evolution with reference to eukaryotic DNA nucleases and, in some cases, to 
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bacterial counterparts. On the other hand, DNA nucleases which appears unique to archaea 
are emphasized with the aim to describe novel aspects of repair mechanisms. 

2. Type 2 Ribonuclease H, a structure-specific DNA repair nuclease 
2.1 RNase HII/2: a ubiquitous enzyme 
Ribonucleases H (RNases H) catalyse the cleavage of the RNA portion of RNA/DNA hybrid 
molecules that are ubiquitously present in cells (Stein and Hausen, 1969). RNases H are 
classified into two major families, type 1 and type 2, based on amino acid sequence identities 
and distinct biochemical properties. Genes encoding RNases H are found in viruses, 
archaea, bacteria and eukaryotes and, at least, one RNase H is present within a single cell. 
Furthermore, type 2 RNases H are more widely distributed than type 1 RNases H in 
prokaryotic and eukaryotic genomes (Ohtani et al., 1999b). Biological roles, including DNA 
replication, DNA repair, and transcription have been assigned for these RNases H, as 
recently reviewed (Cerritelli and Crouch, 2009; Tadokoro and Kanaya, 2009). Here, we 
report recent progress in the structural and functional characterization of type 2 
ribonucleases H (RNase HII/2) presumed to be involved in an excision repair system for the 
removal of ribose residues with a particular accent on archaeal enzymes. 

2.2 RNases HII/2 orthologs 
2.2.1 Distribution and amino acid sequence identities 
In the process of analysing the 95 sequenced archaeal genomes, type 2 RNases H (RNases 
HII) have been detected among the five archaeal phyla: Euryarchaeota, Crenarchaeota, 
Korarchaeota, Thaumarchaeota and Nanoarchaeota. In contrast to the type 1 enzymes, 
archaeal RNases HII appear universally distributed, and most organisms only contain 
RNase HII, with the exception of few archaea, such as Sulfolobus tokodaii, Haloferax volcanii, 
Halobacterium sp. NRC-1 and Pyrobaculum aerophilum which possess both types. Despite the 
multiplicity of rnh genes within a single cell, the ubiquitous occurrence of RNase HII 
suggests that type 2 may provide the major RNase H activity in archaea cells, as recently 
proposed for eukaryotes (Bubeck et al., 2011; Frank et al., 1998b).  
Sequence comparison within archaeal RNases HII has revealed a high degree of amino acid 
sequence identity (Chai et al., 2001; Haruki et al., 1998; Le Laz et al. 2010; Muroya et al., 
2001). For instance, Pyrococcus abyssi (PabRNase HII) shows amino acid sequence identities 
of 64% to Thermococcus kodakaraensis RNase HII (TkoRNase HII), 49% to Archaeoglobus 
fulgidus RNase HII (AfuRNase HII) and 40% to Methanocaldococcus jannaschii RNase HII 
(MjaRNase HII). Likewise, archaeal RNases HII have highly sequence similar orthologs in 
bacteria and eukaryotes. AfuRNase HII shows amino acid sequence identities of 31% to 
Thermotoga maritima RNase HII (TmaRNase HII) and 30% to the catalytical subunit of Mus 
musculus RNase H2A (MmuRNase H2A), the latter composed of three distinct subunits 
(Shaban et al., 2010).  

2.2.2 Biochemical characterization 
The apparent sequence conservation among RNases HII/2 orthologs would indicate that 
these enzymes have biochemical properties in common. Interestingly, archaeal RNases HII 
display activity at alkaline pH (Chai et al., 2001; Haruki et al., 1998; Le Laz et al., 2010), and 
this property seems to be a hallmark of type 2 RNases H (Chon et al., 2009; Rohman et al., 
2008; Rychlik et al., 2010). As first reported by Haruki, et al., the archaeal TkoRNase HII 
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activity was not salt-dependent, but was greatly attenuated by salt-concentrations higher 
than 100 mM (Haruki et al., 1998). More recent biochemical characterizations, however, 
seem to indicate that most of type 2 RNase H activities are salt-dependent (Chon et al., 2009; 
Ohtani et al., 2000; Rohman et al., 2008; Rychlik et al., 2010). All archaeal RNases HII studied 
to date have been shown to be strictly metal-dependent nucleases. PabRNase HII prefers 
Mg2+ to Mn2+ or Co2+ for activity, TkoRNase HII shows preference for Co2+ over Mg2+, Mn2+ 
or Ni2+, and AfuRNase HII mostly prefers Mg2+ and Mn2+ to other metals (Chai et al., 2001; 
Haruki et al., 1998; Le Laz et al., 2010). Thus, metal ion usage by archaeal RNases HII may be 
a consequence of the environmental conditions under which they thrive. It may also dictate 
the substrate requirement for hydrolysis and confer a specialized function on the enzyme in 
the maintenance of genome integrity. This concern is nicely exemplified by bacterial RNases 
HII, for which Mg2+- or Mn2+- dependent activities are imposed by the nature of the 
substrate. This is in contrast to the eukaryotic RNases HII which appear more active in the 
presence of Mg2+ (Chon et al., 2009; Frank et al., 1994; Rohman et al., 2008).  
Cleavage specificities for substrates containing single or few ribonucleotides embedded in 
double-stranded DNA (dsDNA) of type 2 RNases H are now well documented. Such 
structural substrates can arise in vivo during Okazaki fragment processing from intrinsic 
RNA ligation activity (Rumbaugh et al., 1997) or erroneous nucleotide incorporation by 
DNA polymerases (Nick McElhinny et al., 2010a; Nick McElhinny et al., 2010b), and during 
exposure to external damaging agents (Von Sonntag and Schulte-Frohlinde, 1978). Initial 
studies revealed that the archaeal TkoRNase HII was active on four ribonucleotides 
embedded in dsDNA (DNA-RNA4-DNA/DNA). In the presence of Co2+ and 50 mM NaCl, 
the enzyme specifically cleaves at the phosphodiester bond between the third and fourth 
ribonucleotides, which is one ribonucleotide upstream of the RNA.DNA junction (Haruki et 
al., 1998). This cleavage specificity is consistent with what has been recently reported using 
the same substrate, but Mg2+ instead of Co2+ (Rohman et al., 2008). Similarly, TkoRNase HII 
exhibited a unique cleavage site on single ribonucleotides embedded in dsDNA (DNA-
RNA1-DNA/DNA) and specifically cut at the 5’ side of the ribonucleotide. When kinetic 
parameters of TkoRNase HII were determined in the presence of both DNA-RNA1-
DNA/DNA and DNA-RNA4-DNA/DNA, substrate binding and turnover number of 
proteins were found to be comparable. Thus, one or few ribonucleotides embedded in 
dsDNA must be uniformly recognised and hydrolysed with similar efficiency in this 
archaeal organism. AfuRNase HII also possesses such catalytic specificities. In the presence 
of Mg2+ and 50 mM KCl, AfuRNase HII is shown to be active on DNA-RNA1-DNA/DNA, 
unless the ribonucleotide is positioned<4 bases from the 5’ end or <2 bases from the 3’ end, 
and cleavage occurs at the phosphodiester bond 5’ of the junctional ribonucleotide (Bubeck 
et al., 2011). In addition, PCNA (Proliferating Cell Nuclear Antigen), described as a scaffold 
for DNA repair and replication enzymes (Maga and Hubscher, 2003; Meslet-Cladiere et al., 
2007), enhances cleavage activity of AfuRNase HII on DNA-RNA1-DNA/DNA, with the 
exception of ribonucleotide located within the first ten 5’-bases of the strand containing it. 
Interestingly, this result is consistent with that observed previously for PabRNase HII 
(Meslet-Cladiere et al., 2007). AfuRNase HII also shows cleavage specificity on DNA-RNA4-
DNA/DNA, cutting 5’ of the last ribonucleotide of the junction in the presence of Mg2+ 

(Chai et al., 2001). Similarly, the archaeal PabRNase HII acts as a specific nuclease on single 
embedded ribonucleotides, exhibiting cleavage activity in the presence of Mg2+ (Le Laz et 
al., 2010). Bacterial and eukaryotic type 2 RNase H enzymes share comparable substrate 
specificity for single or few ribonucleotides embedded in dsDNA. Substrate and cleavage 
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specificities for bacterial RNases HII, e.g. Escherichia coli RNase HII (EcoRNase HII) and 
TmaRNase HII, on DNA-RNA1-DNA/DNA were found to be identical in the presence of 
Mg2+ and 50 mM NaCl (Chon et al., 2009; Ohtani et al., 2008; Rychlik et al., 2010). All 
bacterial enzymes specifically cleaved at the 5’ side of the ribonucleotide of the RNA.DNA 
junction. Similar cleavage specificities of few ribonucleotides embedded in dsDNA were 
also observed, leaving a mono-ribonucleotide at the 5’ terminus of the RNA.DNA junction 
(Ohtani et al., 2008; Rychlik et al., 2010). Thus, bacterial RNases HII share common features 
on junction substrates, in which Mg-dependent cleavage likely dominates over Mn-
dependent hydrolysis. This statement can also be applicable to the eukaryotic RNases H2. 
Indeed, both mammalian and yeast enzymes displayed a unique cleavage site on DNA-
RNA1-DNA/DNA, cutting at the 5’-deoxyribonucleotide–ribonucleotide bond at the 
RNA.DNA junction in the presence of Mg2+ (Bubeck et al., 2011; Chon et al., 2009; Jeong et 
al., 2004; Rohman et al., 2008; Shaban et al., 2010). In contrast to AfuRNase HII, cleavage 
efficiency of Human sapiens RNase H2 (HsaRNase H2) was not stimulated by its cognate 
PCNA, although they have been shown to co-localize and to interact in vivo (Bubeck et al., 
2011; Chon et al., 2009). Under the same reaction conditions than those described for 
hydrolysis of single embedded ribonucleotides, cleavage specificity of Saccharomyces 
cerevisiae RNase H2 (SceRNase H2) on DNA-RNA4-DNA/DNA took place at the 
phosphodiester bond between the third and fourth ribonucleotides (Chai et al., 2001; Jeong 
et al., 2004; Rohman et al., 2008). Moreover, kinetic parameters indicated that substrate 
binding and turnover number of proteins were found equivalent for both DNA-RNA1-
DNA/DNA and DNA-RNA4-DNA/DNA, as also observed for TkoRNase HII (Rohman et 
al., 2008). 
Overall, it appears that Mg-dependent hydrolysis of single or few ribonucleotides 
embedded in dsDNA along with the unique substrate specificity are a hallmark of type 2 
RNases H, implying that key structural elements necessary for activity must be conserved 
among eukaryotes and prokaryotes. 

2.3 Structure and catalysis by RNases HII/2 
2.3.1 Overall topology 
Structural comparison of three type 2 RNases H from archaea (AfuRNase HII: PDB code 
1I39), bacteria (TmaRNase HII: PDB code 3O3F) and eukaryotes (MmuRNase H2A: PDB 
code 3KIO) identifies a conserved catalytic core, termed RNase H fold, consisting of a five-
stranded β sheet with three antiparallel and two parallel strands (54123, ↑↑↑↓↑) surrounded 
by α-helices (Fig. 1a)(Nowotny and Yang, 2009; Yang and Steitz, 1995). Concomitant with 
high sequence similarity, the three-dimensional structures of single polypeptide archaeal 
RNases HII from A. fulgidus, M. jannaschii and T. kodakaraensis share analogous topology and 
fold (Chapados et al., 2001; Lai et al., 2000; Muroya et al., 2001). They are composed of two 
distinct domains. The N-terminal domain comprises the central catalytic core flanked by 
seven α-helices (α1- α7). The C-terminal domain mainly consists of two parallel α-helices 
(α8- α9). Unlike TkoRNase HII, the helix α9 is incomplete in AfuRNase HII, MjaRNase HII 
and PabRNase HII, as recently reported (Le Laz et al., 2010). This secondary structure 
element is important for TkoRNase HII to bind substrate (Muroya et al., 2001). On the other 
hand, a flexible hinge region (residues 195SNLR198 in helix α9) in AfuRNase HII allows a wide 
range of motion when bound to its cognate PCNA (Bubeck et al., 2011)(Fig. 1a). Likewise, 
the structures of archaeal RNases HII are very similar to the bacterial ortholog, TmaRNase 
HII. For instance, the structures of AfuRNase HII and TmaRNase HII are superimposable 
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with root-mean-square deviations (RMSD) of 2.6 Å over 128 Cα atoms (SuperPose V1.0 
server (Maiti et al., 2004)). TmaRNase HII consists of the N-terminal domain with the five-
stranded β sheet flanked by two helices on one side and three helices on the other side. The 
C-terminal domain contains two helices constituting a helix-loop-helix motif (Rychlik et al., 
2010)(Fig. 1b). Additionally, TmaRNase HII possesses approximate 39-amino acids C-
terminal and 12-amino acids N-terminal extensions that are not found in the archaeal RNase 
HII (Fig. 1b). Recently, the crystal structure of the heterotrimeric mouse RNase H2 
(MmuRNase H2) has been solved, consisting of the RNase H2B-RNase H2C subcomplex that 
interfaces with the catalytic RNase H2A protein (Shaban et al., 2010). The RNase H2B-RNase 
H2C dimer is reported to provide a structural support for RNase H2A to become active and 
also acts as a platform for interactions with other proteins, such as PCNA (Bubeck et al., 
2011; Chon et al., 2009). MmuRNase H2A shares significant structural similarity to the 
archaeal AfuRNase HII and the bacterial TmaRNase HII. For example, the structures of 
AfuRNase HII and MmuRNase H2A are superimposable with RMSD of 3.6 Å over 196 Cα 
atoms (SuperPose V1.0 server (Maiti et al., 2004)). MmuRNase H2A contains the conserved 
RNase H fold surrounded by α-helices (Shaban et al., 2010). Moreover, it comprises 
approximate 30-amino acids N-terminal and 50-amino acids C-terminal extensions that are 
absent in AfuRNase HII (Fig. 1b). Unlike TmaRNase HII that contains a helix-loop-helix 
motif at its extended C-terminal domain (Rychlik et al., 2010), this region appears 
disordered in the MmuRNase H2A structure (Fig. 1b) (Shaban et al., 2010). MmuRNase H2A 
N-terminal extension is structurally organised and forms a β-strand (called β1 or exposed β-
strand) held rigidly by a disulfide bond (Fig. 1). This exposed β-strand is thought to act as 
an additional protein-protein interface (Shaban et al., 2010).  

2.3.2 Active site, substrate binding and catalytic mechanism 
Because the structures of type 2 RNases H contain a common RNase H fold, the catalytic 
center may be similar among archaea, bacteria and eukaryotes. Comparison of secondary 
structure among AfuRNase HII, MmuRNase H2A and TmaRNase HII for which crystal 
structures have been solved (Bubeck et al., 2011; Chapados et al., 2001; Shaban et al., 2010) 
points out that these three enzymes have remarkably similar active sites, consisting of four 
highly conserved carboxylates (DEDD motif) (Fig. 1b). The spatial clustering of these 
carboxylates is preserved among archaeal enzymes (Chapados et al., 2001; Lai et al., 2000; 
Muroya et al., 2001), and forms a small catalytic pocket composed of strands β1, β4 and helix 
α6. This active site geometry has been functionally analysed in AfuRNase HII and TkoRNase 
HII (Chapados et al., 2001; Muroya et al., 2001). Mutations of D6, E7, and D101 abolished the 
nucleolytic activity, while mutation of D129 showed 50% reduced activity in AfuRNase HII. 
Corresponding residues (D34, E35, D142, and D170) have been mutated in MmuRNase H2A, 
and the resulting heterotrimeric mutant RNase H2 exhibited no detectable activity (Shaban 
et al., 2010). Similarly, conservative mutations and subsequent functional analyses of three 
potential active site carboxylates in yeast RNase H2A led to a loss of substrate cleavage 
(Jeong et al., 2004). The four carboxylates are positionally conserved in MmuRNase H2A, 
and form a catalytic pocket composed of strands β2 and β5, and helices α4 and α5 (Shaban 
et al., 2010). The active site of TmaRNase HII is also composed of four conserved 
carboxylates that are structurally similar to AfuRNase HII, MmuRNase H2A. These residues 
(D18, E19, D107, and D124) are located in the catalytic cleft that is lined by strands β1 and 
β4, and a loop before the last helix of the RNase H fold (Rychlik et al., 2010). Thus, the 
similar active site geometry observed in eukaryotes and prokaryotes suggests a conserved 
two-metal ion catalytic mechanism in type 2 RNases H. 
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specificities for bacterial RNases HII, e.g. Escherichia coli RNase HII (EcoRNase HII) and 
TmaRNase HII, on DNA-RNA1-DNA/DNA were found to be identical in the presence of 
Mg2+ and 50 mM NaCl (Chon et al., 2009; Ohtani et al., 2008; Rychlik et al., 2010). All 
bacterial enzymes specifically cleaved at the 5’ side of the ribonucleotide of the RNA.DNA 
junction. Similar cleavage specificities of few ribonucleotides embedded in dsDNA were 
also observed, leaving a mono-ribonucleotide at the 5’ terminus of the RNA.DNA junction 
(Ohtani et al., 2008; Rychlik et al., 2010). Thus, bacterial RNases HII share common features 
on junction substrates, in which Mg-dependent cleavage likely dominates over Mn-
dependent hydrolysis. This statement can also be applicable to the eukaryotic RNases H2. 
Indeed, both mammalian and yeast enzymes displayed a unique cleavage site on DNA-
RNA1-DNA/DNA, cutting at the 5’-deoxyribonucleotide–ribonucleotide bond at the 
RNA.DNA junction in the presence of Mg2+ (Bubeck et al., 2011; Chon et al., 2009; Jeong et 
al., 2004; Rohman et al., 2008; Shaban et al., 2010). In contrast to AfuRNase HII, cleavage 
efficiency of Human sapiens RNase H2 (HsaRNase H2) was not stimulated by its cognate 
PCNA, although they have been shown to co-localize and to interact in vivo (Bubeck et al., 
2011; Chon et al., 2009). Under the same reaction conditions than those described for 
hydrolysis of single embedded ribonucleotides, cleavage specificity of Saccharomyces 
cerevisiae RNase H2 (SceRNase H2) on DNA-RNA4-DNA/DNA took place at the 
phosphodiester bond between the third and fourth ribonucleotides (Chai et al., 2001; Jeong 
et al., 2004; Rohman et al., 2008). Moreover, kinetic parameters indicated that substrate 
binding and turnover number of proteins were found equivalent for both DNA-RNA1-
DNA/DNA and DNA-RNA4-DNA/DNA, as also observed for TkoRNase HII (Rohman et 
al., 2008). 
Overall, it appears that Mg-dependent hydrolysis of single or few ribonucleotides 
embedded in dsDNA along with the unique substrate specificity are a hallmark of type 2 
RNases H, implying that key structural elements necessary for activity must be conserved 
among eukaryotes and prokaryotes. 

2.3 Structure and catalysis by RNases HII/2 
2.3.1 Overall topology 
Structural comparison of three type 2 RNases H from archaea (AfuRNase HII: PDB code 
1I39), bacteria (TmaRNase HII: PDB code 3O3F) and eukaryotes (MmuRNase H2A: PDB 
code 3KIO) identifies a conserved catalytic core, termed RNase H fold, consisting of a five-
stranded β sheet with three antiparallel and two parallel strands (54123, ↑↑↑↓↑) surrounded 
by α-helices (Fig. 1a)(Nowotny and Yang, 2009; Yang and Steitz, 1995). Concomitant with 
high sequence similarity, the three-dimensional structures of single polypeptide archaeal 
RNases HII from A. fulgidus, M. jannaschii and T. kodakaraensis share analogous topology and 
fold (Chapados et al., 2001; Lai et al., 2000; Muroya et al., 2001). They are composed of two 
distinct domains. The N-terminal domain comprises the central catalytic core flanked by 
seven α-helices (α1- α7). The C-terminal domain mainly consists of two parallel α-helices 
(α8- α9). Unlike TkoRNase HII, the helix α9 is incomplete in AfuRNase HII, MjaRNase HII 
and PabRNase HII, as recently reported (Le Laz et al., 2010). This secondary structure 
element is important for TkoRNase HII to bind substrate (Muroya et al., 2001). On the other 
hand, a flexible hinge region (residues 195SNLR198 in helix α9) in AfuRNase HII allows a wide 
range of motion when bound to its cognate PCNA (Bubeck et al., 2011)(Fig. 1a). Likewise, 
the structures of archaeal RNases HII are very similar to the bacterial ortholog, TmaRNase 
HII. For instance, the structures of AfuRNase HII and TmaRNase HII are superimposable 

 
Archaeal DNA Repair Nucleases 

 

189 

with root-mean-square deviations (RMSD) of 2.6 Å over 128 Cα atoms (SuperPose V1.0 
server (Maiti et al., 2004)). TmaRNase HII consists of the N-terminal domain with the five-
stranded β sheet flanked by two helices on one side and three helices on the other side. The 
C-terminal domain contains two helices constituting a helix-loop-helix motif (Rychlik et al., 
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terminal and 12-amino acids N-terminal extensions that are not found in the archaeal RNase 
HII (Fig. 1b). Recently, the crystal structure of the heterotrimeric mouse RNase H2 
(MmuRNase H2) has been solved, consisting of the RNase H2B-RNase H2C subcomplex that 
interfaces with the catalytic RNase H2A protein (Shaban et al., 2010). The RNase H2B-RNase 
H2C dimer is reported to provide a structural support for RNase H2A to become active and 
also acts as a platform for interactions with other proteins, such as PCNA (Bubeck et al., 
2011; Chon et al., 2009). MmuRNase H2A shares significant structural similarity to the 
archaeal AfuRNase HII and the bacterial TmaRNase HII. For example, the structures of 
AfuRNase HII and MmuRNase H2A are superimposable with RMSD of 3.6 Å over 196 Cα 
atoms (SuperPose V1.0 server (Maiti et al., 2004)). MmuRNase H2A contains the conserved 
RNase H fold surrounded by α-helices (Shaban et al., 2010). Moreover, it comprises 
approximate 30-amino acids N-terminal and 50-amino acids C-terminal extensions that are 
absent in AfuRNase HII (Fig. 1b). Unlike TmaRNase HII that contains a helix-loop-helix 
motif at its extended C-terminal domain (Rychlik et al., 2010), this region appears 
disordered in the MmuRNase H2A structure (Fig. 1b) (Shaban et al., 2010). MmuRNase H2A 
N-terminal extension is structurally organised and forms a β-strand (called β1 or exposed β-
strand) held rigidly by a disulfide bond (Fig. 1). This exposed β-strand is thought to act as 
an additional protein-protein interface (Shaban et al., 2010).  

2.3.2 Active site, substrate binding and catalytic mechanism 
Because the structures of type 2 RNases H contain a common RNase H fold, the catalytic 
center may be similar among archaea, bacteria and eukaryotes. Comparison of secondary 
structure among AfuRNase HII, MmuRNase H2A and TmaRNase HII for which crystal 
structures have been solved (Bubeck et al., 2011; Chapados et al., 2001; Shaban et al., 2010) 
points out that these three enzymes have remarkably similar active sites, consisting of four 
highly conserved carboxylates (DEDD motif) (Fig. 1b). The spatial clustering of these 
carboxylates is preserved among archaeal enzymes (Chapados et al., 2001; Lai et al., 2000; 
Muroya et al., 2001), and forms a small catalytic pocket composed of strands β1, β4 and helix 
α6. This active site geometry has been functionally analysed in AfuRNase HII and TkoRNase 
HII (Chapados et al., 2001; Muroya et al., 2001). Mutations of D6, E7, and D101 abolished the 
nucleolytic activity, while mutation of D129 showed 50% reduced activity in AfuRNase HII. 
Corresponding residues (D34, E35, D142, and D170) have been mutated in MmuRNase H2A, 
and the resulting heterotrimeric mutant RNase H2 exhibited no detectable activity (Shaban 
et al., 2010). Similarly, conservative mutations and subsequent functional analyses of three 
potential active site carboxylates in yeast RNase H2A led to a loss of substrate cleavage 
(Jeong et al., 2004). The four carboxylates are positionally conserved in MmuRNase H2A, 
and form a catalytic pocket composed of strands β2 and β5, and helices α4 and α5 (Shaban 
et al., 2010). The active site of TmaRNase HII is also composed of four conserved 
carboxylates that are structurally similar to AfuRNase HII, MmuRNase H2A. These residues 
(D18, E19, D107, and D124) are located in the catalytic cleft that is lined by strands β1 and 
β4, and a loop before the last helix of the RNase H fold (Rychlik et al., 2010). Thus, the 
similar active site geometry observed in eukaryotes and prokaryotes suggests a conserved 
two-metal ion catalytic mechanism in type 2 RNases H. 
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Fig. 1. Structure and structure-based sequence alignment of Archaeoglobus fulgidus (Afu), 
Mus Musculus (Mmu) and Thermotoga maritima (Tma) type 2 RNases H. (a) Ribbon diagrams 
of RNaseHII_Afu (PDB ID: 1I39), RNaseH2A_Mmu (PDB: 3KIO) and RNaseHII_Tma (PDB: 
3O3F). The active-site carboxylates are shown as magenta ball-and-stick models. Exposed β-
sheet and disulfide bonds are shown in yellow in RNaseH2A_Mmu. The flexible hinge is 
highlighting (195SNLR198). The two magnesium ions are shown as green spheres in 
RNaseHII_Tma complexed with the DNA-RNA1-DNA/DNA substrate, (b) Sequence 
alignment of the three type 2 RNases H based on the three-dimensional structure of 
RNaseHII_Afu. Conserved active site residues are highlighted in blue. Conserved residues 
that contact the nucleic acid backbone in the co-crystal structure of RNaseHII_Tma are 
highlighted in green. Conserved GRG motif and tyrosine residue involved in junction 
sensing coupled to catalysis in RNaseHII_Tma are highlighted in red. Cysteine residues 
forming a disulfide bond in RNaseH2A_Mmu are highlighted in yellow. 

In the crystal structure of TmaRNase HII in complex with single embedded ribonucleotide, 
the substrate is bound to the protein, such that the noncleaved strand fits in a groove on the 
protein surface at the C-terminal domain, and the cleaved strand containing the single 
ribonucleotide interacts with the catalytic site (Rychlik et al., 2010). Several basic residues, 
e.g., K47, K122, and K138, are involved in substrate binding, and contact with the phosphate 
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groups of the nucleic acid backbone in TmaRNase HII. These three lysines are strictly 
conserved in AfuRNase HII and MmuRNase H2A (Fig. 1b), which strongly supports a 
putative role for these residues in substrate binding. In fact, mutational studies indicated 
that K138 equivalent in AfuRNase HII is important for nucleic acid binding (Chapados et al., 
2001). Furthermore, a substrate recognition motif (G21, R22, and G23) and Y163 have been 
identified as key structural elements responsible for the detection and cleavage of single 
embedded ribonucleotides in TmaRNase HII (Rychlik et al., 2010). Accordingly, mutational 
analyses of Y163 equivalent in AfuRNase HII suggested that this residue may intercalate 
into the duplex to stabilize a bent conformation required for substrate recognition and 
catalysis (Chapados et al., 2001). The highly conserved GRG motif and tyrosine residue (Fig. 
1b) convincingly suggests that the specific recognition mechanism for single embedded 
ribonucleotides must be similar among type 2 RNases H. Besides, it has been recently 
described that the four conserved carboxylates of the DEDD motif were directly involved in 
coordinating the metal ions in TmaRNase HII, the distance between the two metal ions (A 
and B) imposed by the geometry of the active site carboxylates and substrate (Rychlik et al., 
2010). The influence of nucleic acid on the metal-ion coordination ensures the catalytic 
specificity of TmaRNase HII. One of the most important features observed in the co-crystal 
structure of TmaRNase HII is that the tyrosine required for 2’-OH detection of single 
embedded ribonucleotides also participates in metal ion positioning, because it induces a 
slight deformation of the nucleic backbone at the RNA.DNA junction, and renders possible 
the coordination of metal ion A by the phosphate group. Moreover, a conserved DSK motif 
(D45, S46, and K47) located in the vicinity of the catalytic pocket has been proposed to 
participate in the active site formation of TmaRNase HII (Rychlik et al., 2010). Based on 
strictly conserved key structural elements responsible for substrate binding, metal ion 
coordination, and formation of the catalytic center in TmaRNase HII, the cleavage 
mechanism of single ribonucleotides embedded in dsDNA likely proceeds in a similar 
fashion in archaeal, bacterial and eukaryotic type 2 RNases H. 

2.4 Physiological roles for RNases HII/2 
Type 2 RNases H are represented in organisms across domains and exhibit a conserved core 
structure. Moreover, they have been identified as the sole enzymes able to recognise and 
cleave a single ribonucleotide embedded in dsDNA (Eder and Walder, 1991), thereby 
contrasting to type 1 RNases H that requires at least four ribonucleotides for cleavage 
(Ohtani et al., 1999a). As mentioned earlier, single ribonucleotides embedded in dsDNA can 
arise from external damaging agents (Von Sonntag and Schulte-Frohlinde, 1978), and can 
occur by intrinsic RNA ligation (Rumbaugh et al., 1997) or erroneous nucleotide 
incorporation during DNA replication (Nick McElhinny et al., 2010a; Nick McElhinny et al., 
2010b). The presence of riboses in DNA has been shown to induce a helical alteration, 
promoting a B- to A-form transition in DNA (Horton and Finzel, 1996). This result is 
consistent with the local DNA backbone distortion recently observed in the structure of 
TmaRNase HII bound to single embedded ribonucleotide substrates (Rychlik et al., 2010). If 
left unrepaired, such structural alterations could be mutagenic for the cells, given that 
accurate DNA synthesis by replicative DNA polymerases depends on DNA helix geometry. 
Since type 2 RNases H specifically cleave single embedded ribonucleotides, they can be 
considered to be involved in DNA repair. However, as the enzymes cut the phosphodiester 
bond 5’ of the junctional ribonucleotide, other components are required to eliminate the 
remaining ribonucleotide. To clarify the physiological role of type 2 RNases H in bacteria, 
archaea and eukaryotes, mutant strains containing one or two RNases H-encoding genes 
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of RNaseHII_Afu (PDB ID: 1I39), RNaseH2A_Mmu (PDB: 3KIO) and RNaseHII_Tma (PDB: 
3O3F). The active-site carboxylates are shown as magenta ball-and-stick models. Exposed β-
sheet and disulfide bonds are shown in yellow in RNaseH2A_Mmu. The flexible hinge is 
highlighting (195SNLR198). The two magnesium ions are shown as green spheres in 
RNaseHII_Tma complexed with the DNA-RNA1-DNA/DNA substrate, (b) Sequence 
alignment of the three type 2 RNases H based on the three-dimensional structure of 
RNaseHII_Afu. Conserved active site residues are highlighted in blue. Conserved residues 
that contact the nucleic acid backbone in the co-crystal structure of RNaseHII_Tma are 
highlighted in green. Conserved GRG motif and tyrosine residue involved in junction 
sensing coupled to catalysis in RNaseHII_Tma are highlighted in red. Cysteine residues 
forming a disulfide bond in RNaseH2A_Mmu are highlighted in yellow. 

In the crystal structure of TmaRNase HII in complex with single embedded ribonucleotide, 
the substrate is bound to the protein, such that the noncleaved strand fits in a groove on the 
protein surface at the C-terminal domain, and the cleaved strand containing the single 
ribonucleotide interacts with the catalytic site (Rychlik et al., 2010). Several basic residues, 
e.g., K47, K122, and K138, are involved in substrate binding, and contact with the phosphate 
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groups of the nucleic acid backbone in TmaRNase HII. These three lysines are strictly 
conserved in AfuRNase HII and MmuRNase H2A (Fig. 1b), which strongly supports a 
putative role for these residues in substrate binding. In fact, mutational studies indicated 
that K138 equivalent in AfuRNase HII is important for nucleic acid binding (Chapados et al., 
2001). Furthermore, a substrate recognition motif (G21, R22, and G23) and Y163 have been 
identified as key structural elements responsible for the detection and cleavage of single 
embedded ribonucleotides in TmaRNase HII (Rychlik et al., 2010). Accordingly, mutational 
analyses of Y163 equivalent in AfuRNase HII suggested that this residue may intercalate 
into the duplex to stabilize a bent conformation required for substrate recognition and 
catalysis (Chapados et al., 2001). The highly conserved GRG motif and tyrosine residue (Fig. 
1b) convincingly suggests that the specific recognition mechanism for single embedded 
ribonucleotides must be similar among type 2 RNases H. Besides, it has been recently 
described that the four conserved carboxylates of the DEDD motif were directly involved in 
coordinating the metal ions in TmaRNase HII, the distance between the two metal ions (A 
and B) imposed by the geometry of the active site carboxylates and substrate (Rychlik et al., 
2010). The influence of nucleic acid on the metal-ion coordination ensures the catalytic 
specificity of TmaRNase HII. One of the most important features observed in the co-crystal 
structure of TmaRNase HII is that the tyrosine required for 2’-OH detection of single 
embedded ribonucleotides also participates in metal ion positioning, because it induces a 
slight deformation of the nucleic backbone at the RNA.DNA junction, and renders possible 
the coordination of metal ion A by the phosphate group. Moreover, a conserved DSK motif 
(D45, S46, and K47) located in the vicinity of the catalytic pocket has been proposed to 
participate in the active site formation of TmaRNase HII (Rychlik et al., 2010). Based on 
strictly conserved key structural elements responsible for substrate binding, metal ion 
coordination, and formation of the catalytic center in TmaRNase HII, the cleavage 
mechanism of single ribonucleotides embedded in dsDNA likely proceeds in a similar 
fashion in archaeal, bacterial and eukaryotic type 2 RNases H. 

2.4 Physiological roles for RNases HII/2 
Type 2 RNases H are represented in organisms across domains and exhibit a conserved core 
structure. Moreover, they have been identified as the sole enzymes able to recognise and 
cleave a single ribonucleotide embedded in dsDNA (Eder and Walder, 1991), thereby 
contrasting to type 1 RNases H that requires at least four ribonucleotides for cleavage 
(Ohtani et al., 1999a). As mentioned earlier, single ribonucleotides embedded in dsDNA can 
arise from external damaging agents (Von Sonntag and Schulte-Frohlinde, 1978), and can 
occur by intrinsic RNA ligation (Rumbaugh et al., 1997) or erroneous nucleotide 
incorporation during DNA replication (Nick McElhinny et al., 2010a; Nick McElhinny et al., 
2010b). The presence of riboses in DNA has been shown to induce a helical alteration, 
promoting a B- to A-form transition in DNA (Horton and Finzel, 1996). This result is 
consistent with the local DNA backbone distortion recently observed in the structure of 
TmaRNase HII bound to single embedded ribonucleotide substrates (Rychlik et al., 2010). If 
left unrepaired, such structural alterations could be mutagenic for the cells, given that 
accurate DNA synthesis by replicative DNA polymerases depends on DNA helix geometry. 
Since type 2 RNases H specifically cleave single embedded ribonucleotides, they can be 
considered to be involved in DNA repair. However, as the enzymes cut the phosphodiester 
bond 5’ of the junctional ribonucleotide, other components are required to eliminate the 
remaining ribonucleotide. To clarify the physiological role of type 2 RNases H in bacteria, 
archaea and eukaryotes, mutant strains containing one or two RNases H-encoding genes 
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have been constructed. In single-celled species, deletions of all RNase H genes were not 
lethal, but showed modest sensitivity to DNA-damaging agents, indicating their 
requirement in DNA repair (Arudchandran et al., 2000; Fukushima et al., 2007; Itaya et al., 
1999; Meslet-Cladiere et al., 2007). Conversely, in a multicellular organism, both type 1 and 
type 2 RNases H were shown to be essential. Deletion of type 1 RNases H causes embryonic 
lethality in mouse and Drosophila Melanogaster (Cerritelli et al., 2003; Filippov et al., 2001), 
the former impairing mitochondrial DNA replication (Cerritelli et al., 2003). On the other 
hand, type 2 RNases H have been described as the major source of RNase H activity in 
eukaryotes (Eder and Walder, 1991; Frank et al., 1998a), and mutations in human RNase H2 
can cause the neurological disorder, Aicardi-Goutières Syndrome (AGS). The pathogenesis 
of AGS is linked to the activation of innate immune system, likely because of accumulation 
of normally degraded RNA/DNA nucleic acids (Crow et al., 2006). Likewise, defect of the 
catalytic mutant MmuRNase H2 to hydrolyse single embedded ribonucleotides pointed 
toward a role for eukaryotic RNase H2 in DNA repair (Shaban et al., 2010). Furthermore, 
based on genetic and biochemical results, removal of single embedded ribonucleotides 
seems to involve at least type 2 RNases H, Fen1 (Flap Endonuclease 1) and PCNA (Bubeck 
et al., 2011; Meslet-Cladiere et al., 2007; Nick McElhinny et al., 2010a; Rumbaugh et al., 1997; 
Rydberg and Game, 2002), with PCNA:RNase HII/2 complex acting as a sensor of 
erroneous ribonucleotides. The association of such protein components likely suggests a role 
of type 2 RNases H in base excision repair (BER) to accomplish the removal of mutagenic 
ribonucleotides. In this pathway, type 2 RNase H would act initially by recognising and 
incising the damaged strand at the 5’ side of the ribonucleotide. However, further studies 
are now required to identify and reconstitute the sequential enzymatic steps involved in this 
repair process. 

3. Endonucleases of the XPF/MUS81 family 
DNA repair and replication restart pathways generate a variety of branched structures such 
as four-way DNA junctions (Holliday junctions, HJs), fork structures and 5'- or 3'-flaps, all 
of which are substrates for structure-specific endonucleases. Many nucleases that act upon 
3'-flap structures belong to the XPF/MUS81 family of proteins, which are present 
throughout eukarya and archaea but are not found in bacteria. Defects in XPF/MUS81-
family members are associated with human disease such as Xeroderma pigmentosum (XPF-
ERCC1) (Sijbers et al., 1996) or Fanconi anemia (FANCM) (Meetei et al., 2005).  

3.1 Eucaryal members of the XPF/MUS81 family of endonucleases 
The human XPF-ERCC1 complex and its counterpart RAD1-RAD10 in Saccharomyces cerevisiae 
have been thoroughly characterized for their role in nucleotide excision repair (NER), cleaving 
damaged DNA 5’ to the lesion (Bardwell et al., 1994; Sijbers et al., 1996). Moreover RAD1-
RAD10 acts in DNA double-strand break repair (Ma et al., 2003; Schiestl and Prakash, 1988), a 
role also conserved in mammalian cells (Ahmad et al., 2008; Al-Minawi et al., 2008). Notably, 
the XPF-ERCC complex has been directly observed in living cells using fluorescence resonance 
energy and spectral imaging techniques (Dinant et al., 2008).  
MUS81 complexes are distinct to XPF, and initial work in Schizosaccharomyces pombe led to 
the proposal that Mus81-Eme1 is a Holliday junction resolvase (Boddy et al., 2001). 
However, in vitro work has shown that recombination intermediates such as D-loops and 
nicked HJs are cleaved by Mus81-Eme1, and are likely to represent its main substrates in 
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vivo (Gaillard et al., 2003; Gaskell et al., 2007; Osman et al., 2003). By contrast the S. cerevisiae 
ortholog Mus81-Mms4, which displays similar substrate specificity in vitro (Ehmsen and 
Heyer, 2008; Gaskell et al., 2007; Whitby et al., 2003), is not the principal HJ resolvase (de los 
Santos et al., 2003) but instead resolves aberrant joint molecules in meiosis (Jessop and 
Lichten, 2008; Oh et al., 2008). The recent discovery in humans and S. cerevisiae of the 
Hen1/Yen1 Holliday junction resolvase, which is absent from S. pombe, suggests that this 
enzyme is a meiotic HJ resolvase, and that in its absence Mus81 can fulfill that role (Ip et al., 
2008). Nevertheless, in both S. cerevisiae and S. pombe, the primary function of Mus81 
appears to be the restart of collapsed-replication forks by homologous recombination (Doe 
et al., 2004; Froget et al., 2008; Kai et al., 2005; Matulova et al., 2009; Roseaulin et al., 2008), a 
role that is functionally redundant with the Sgs1-Top3 and the Rqh1-Top3 complexes, 
respectively (Doe et al., 2004; Kaliraman et al., 2001). The MUS81 complex is also found in 
humans (Chen et al., 2001), and appears to promote replication fork restart by homologous 
recombination (Ciccia et al., 2003; Franchitto et al., 2008; Hanada et al., 2007; Shimura et al., 
2008). 
Human FANCM was identified thanks to the archaeal ortholog Hef, an XPF/MUS81 family 
protein featuring a helicase:nuclease fusion (Meetei et al., 2005; Mosedale et al., 2005). The 
FANCM-FAAP24 complex is a XPF/MUS81 member found in humans (Ciccia et al., 2007) 
that possesses two separate functions: (i) to recruit the Fanconi anemia core complex to the 
repair of DNA interstrand crosslinks (Ciccia et al., 2007; Kim et al., 2008; Meetei et al., 2005; 
Mosedale et al., 2005), and (ii) to facilitate the response to replication stress by the ATR 
pathway, via its ATP-dependent translocase activity (Collis et al., 2008; Gari et al., 2008; Xue 
et al., 2008). Since FANCM promotes fork reversal in vitro, it has been proposed that 
FANCM ATP-dependent activity at stalled forks is needed to allow processing for 
replication restart (Gari et al., 2008; Xue et al., 2008). The recently-identified S. pombe 
FANCM ortholog Fml1 appears to promote homologous recombination at stalled forks, 
suggesting that the ATP-dependent helicase activity of FANCM at DNA replication forks is 
conserved in S. pombe (Sun et al., 2008). 

3.2 Archaeal members of the XPF/MUS81 family of endonucleases 
All archaea encode a protein of the XPF/MUS81/FANCM family of endonucleases except 
the Thermoplasmatales. Archaeal XPF exists in two forms: the long form consisting of an N-
terminal helicase domain fused to a C-terminal nuclease domain, specific to the 
euryarchaea, and a short form lacking the helicase domain found in the crenarchaea and 
thaumarchaea. 

3.2.1 Hef 
Hef (helicase-associated endonuclease fork-structure DNA) is present only in euryarchaeota 
and was identified in Pyrococcus furiosus due to its activity on branched DNA structures 
(Komori et al., 2002). Similarly to for instance eukaryotic FANCM proteins, Hef has both an 
active helicase domain and an active nuclease domain. The C-terminal fragment of 
Pyrococcus furiosus Hef adopts a similar domain organization to those in the XPF/MUS81 
proteins, corresponding to the nuclease domain containing the ERKX3D signature sequence 
involved in nuclease activity and the helix-hairpin-helix motifs of the HhH domain (Nishino 
et al., 2003). Mutational analyses showed that residues in the ERKX3D motif are indeed 
involved in the cleavage of Hef endonuclease. The Hef nuclease domain adopts a type II 
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have been constructed. In single-celled species, deletions of all RNase H genes were not 
lethal, but showed modest sensitivity to DNA-damaging agents, indicating their 
requirement in DNA repair (Arudchandran et al., 2000; Fukushima et al., 2007; Itaya et al., 
1999; Meslet-Cladiere et al., 2007). Conversely, in a multicellular organism, both type 1 and 
type 2 RNases H were shown to be essential. Deletion of type 1 RNases H causes embryonic 
lethality in mouse and Drosophila Melanogaster (Cerritelli et al., 2003; Filippov et al., 2001), 
the former impairing mitochondrial DNA replication (Cerritelli et al., 2003). On the other 
hand, type 2 RNases H have been described as the major source of RNase H activity in 
eukaryotes (Eder and Walder, 1991; Frank et al., 1998a), and mutations in human RNase H2 
can cause the neurological disorder, Aicardi-Goutières Syndrome (AGS). The pathogenesis 
of AGS is linked to the activation of innate immune system, likely because of accumulation 
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3. Endonucleases of the XPF/MUS81 family 
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3.1 Eucaryal members of the XPF/MUS81 family of endonucleases 
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vivo (Gaillard et al., 2003; Gaskell et al., 2007; Osman et al., 2003). By contrast the S. cerevisiae 
ortholog Mus81-Mms4, which displays similar substrate specificity in vitro (Ehmsen and 
Heyer, 2008; Gaskell et al., 2007; Whitby et al., 2003), is not the principal HJ resolvase (de los 
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enzyme is a meiotic HJ resolvase, and that in its absence Mus81 can fulfill that role (Ip et al., 
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et al., 2004; Froget et al., 2008; Kai et al., 2005; Matulova et al., 2009; Roseaulin et al., 2008), a 
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Mosedale et al., 2005), and (ii) to facilitate the response to replication stress by the ATR 
pathway, via its ATP-dependent translocase activity (Collis et al., 2008; Gari et al., 2008; Xue 
et al., 2008). Since FANCM promotes fork reversal in vitro, it has been proposed that 
FANCM ATP-dependent activity at stalled forks is needed to allow processing for 
replication restart (Gari et al., 2008; Xue et al., 2008). The recently-identified S. pombe 
FANCM ortholog Fml1 appears to promote homologous recombination at stalled forks, 
suggesting that the ATP-dependent helicase activity of FANCM at DNA replication forks is 
conserved in S. pombe (Sun et al., 2008). 

3.2 Archaeal members of the XPF/MUS81 family of endonucleases 
All archaea encode a protein of the XPF/MUS81/FANCM family of endonucleases except 
the Thermoplasmatales. Archaeal XPF exists in two forms: the long form consisting of an N-
terminal helicase domain fused to a C-terminal nuclease domain, specific to the 
euryarchaea, and a short form lacking the helicase domain found in the crenarchaea and 
thaumarchaea. 

3.2.1 Hef 
Hef (helicase-associated endonuclease fork-structure DNA) is present only in euryarchaeota 
and was identified in Pyrococcus furiosus due to its activity on branched DNA structures 
(Komori et al., 2002). Similarly to for instance eukaryotic FANCM proteins, Hef has both an 
active helicase domain and an active nuclease domain. The C-terminal fragment of 
Pyrococcus furiosus Hef adopts a similar domain organization to those in the XPF/MUS81 
proteins, corresponding to the nuclease domain containing the ERKX3D signature sequence 
involved in nuclease activity and the helix-hairpin-helix motifs of the HhH domain (Nishino 
et al., 2003). Mutational analyses showed that residues in the ERKX3D motif are indeed 
involved in the cleavage of Hef endonuclease. The Hef nuclease domain adopts a type II 
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Abbreviations: HJ, Holliday junction; NER, Nucleotide excision repair; S. cerevisae, Saccharomyces 
cerevisae; H. sapiens, Homo sapiens; P. furiosus, Pyrococcus furiosus; S. solfataricus, Sulfolobus solfataricus. 

Table 1. Substrate specificities and functions of members of the XPF/MUS81 family. 
Schematic representation of the various substrates that are cleaved in vitro by various 
XPF/MUS81 family proteins. A red arrow indicates the approximate sites of cleavage within 
each DNA structure. Black circle indicates 5’ termini. 

restriction endonuclease fold, indicating that Hef nuclease belongs to this restriction 
endonuclease family (Nishino et al., 2003). Accordingly, the Hef nuclease activity is strictly 
dependent on Mg2+ or Mn2+ whereas Ca2+ cannot substitute. 
The C-terminal fragment of Pyrococcus furiosus Hef and the entire Hef protein form dimers 
through a combination of two interfaces, one in the nuclease domain and one in the HhH 
domain, which function independently with each other. It appears that simultaneous dimer 
formation in both the nuclease and the HhH domains is crucial to substrate recognition 
specificity (Nishino et al., 2003). In the homodimer, both HhH domains are equally 
important for substrate recognition while at least one of the nuclease active site is required 
for cleavage of the fork-structured DNA. The active site of the catalytic domain is positioned 
near the cleavage site, two to three bases away from the junction, and has the potential to 
introduce unpairing near the junction center. The HhH region is bound to duplex regions 
and is not directly involved in the recognition of the fork structure but dramatically 
enhanced the catalytic site unpairing. 
The substrate specificity for the cleavage activity of the Hef protein is contained in the C-
terminal domain as both the C-terminal fragment and the entire Hef protein recognize and 

 
Archaeal DNA Repair Nucleases 

 

195 

cleave nicked, flapped and fork-structured DNAs at the 5’ side of the nicked position. P. 
furiosus Hef thus displays XPF/Mus81-like specificity, suggesting that Hef is involved in 
NER (Nishino et al., 2005a; Nishino et al., 2005b).  
The N-terminal fragment of P. furiosus Hef containing all the conserved helicase motifs 
consist of three structural subdomains. Domains 1 and 3 are each folded into the RecA-like 
architectures with the conserved helicase motifs. Domain 2 is a relatively mobile domain 
with a positively charged surface inserted into domain 3 (Nishino et al., 2005b). Hef domain 
2 exhibits architectural similarity with the thumb domain of Taq DNA polymerase being 
involved in double-stranded DNA binding. Mutational analyses show that the domain 2 
dictates the recognition of specific DNA structures, especially fork-structured DNA, while 
domains 1 and 3 are crucial for the structure-specific helicase activity. Interestingly, two 
other SF2 helicase members recognizing branched structures, RecQ and RecG, contain an 
insertion, after and before the helicase core respectively.  It remains unclear how Hef 
domain 2 participates in branched structure recognition. 
The N-terminal domain of Hef displays a DNA structure-specific helicase activity as the 
most prominent enhancement of the ATPase activity is observed with fork-structured 
DNAs. Interestingly in vitro experiments suggest that the N-terminal domain binds to the 
fork-structured DNA and process the DNA to increase cleavage of the substrate by the 
endonuclease domain. These observations have led to the proposal that Hef also acts at 
stalled replication forks, both the helicase and the nuclease activities being required for the 
rearrangement of forked-structure DNA (Komori et al., 2004). 
The genetic study of Hef mutant in the euryarchaea Haloferax volcanii suggest that Hef is 
involved in the restart of arrested replication forks as an alternative pathway to homologous 
recombination-dependent pathway (Lestini et al., 2010). In this organism Hef is not involved 
in nucleotide excision repair but Haloferax volcanii possesses bacterial homologs of NER 
proteins which may have displaced the original archaeal NER proteins. Therefore the 
absence of an NER function of Hef cannot be generalized to all euryarchaea. In support to 
this, a recent genetic analysis of hef mutants in the hyperthermophilic archaeon, 
Thermococcus Kodakaraensis, has demonstrated that Hef is involved in the repair of a wide 
variety of DNA damages. In addition, the higher sensitivity of hef mutants to methyl 
sulfonate and mitomycin C, suggests a central role for Hef protein in the archaeal NER 
and/or ICL repair pathways (Fujikane et al., 2010). 

3.2.2 XPF in Crenarcheota 
By contrast, the XPF ortholog found in crenarchaeota contains only the C-terminal nuclease 
domain. The structure of XPF from the crenarchaea Aeropyrum pernix reveals two domains, a 
N-terminal nuclease domain and a (HhH)2 domain (Newman et al., 2005). As expected by 
analogy with Hef, dimers are formed by interaction of the two nuclease domains and by the 
interaction of the two (HhH)2 domains from each monomer. Comparaison of the structure of 
the protein in the presence and absence of dsDNA reveals that the (HhH)2 domain plays a 
major role in interacting with DNA. Upon binding to DNA a domain movement allow the 
coupling between the (HhH)2 domain and the nuclease domain to recognize and cleave the 
DNA thanks to the flexibility of the connecting linker sequence between the two domains. It 
seems that dimer interaction with DNA involves two binding sites that can only both 
interact with DNA if the substrate is bent by around 90°, suggesting that XPF may recognize 
ds/ssDNA junctions by their susceptibility to distorsion. The structural data suggest that 
only one monomer is catalytically active at a time in a dimer bound to DNA. 
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The C-terminal fragment of Pyrococcus furiosus Hef and the entire Hef protein form dimers 
through a combination of two interfaces, one in the nuclease domain and one in the HhH 
domain, which function independently with each other. It appears that simultaneous dimer 
formation in both the nuclease and the HhH domains is crucial to substrate recognition 
specificity (Nishino et al., 2003). In the homodimer, both HhH domains are equally 
important for substrate recognition while at least one of the nuclease active site is required 
for cleavage of the fork-structured DNA. The active site of the catalytic domain is positioned 
near the cleavage site, two to three bases away from the junction, and has the potential to 
introduce unpairing near the junction center. The HhH region is bound to duplex regions 
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The substrate specificity for the cleavage activity of the Hef protein is contained in the C-
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cleave nicked, flapped and fork-structured DNAs at the 5’ side of the nicked position. P. 
furiosus Hef thus displays XPF/Mus81-like specificity, suggesting that Hef is involved in 
NER (Nishino et al., 2005a; Nishino et al., 2005b).  
The N-terminal fragment of P. furiosus Hef containing all the conserved helicase motifs 
consist of three structural subdomains. Domains 1 and 3 are each folded into the RecA-like 
architectures with the conserved helicase motifs. Domain 2 is a relatively mobile domain 
with a positively charged surface inserted into domain 3 (Nishino et al., 2005b). Hef domain 
2 exhibits architectural similarity with the thumb domain of Taq DNA polymerase being 
involved in double-stranded DNA binding. Mutational analyses show that the domain 2 
dictates the recognition of specific DNA structures, especially fork-structured DNA, while 
domains 1 and 3 are crucial for the structure-specific helicase activity. Interestingly, two 
other SF2 helicase members recognizing branched structures, RecQ and RecG, contain an 
insertion, after and before the helicase core respectively.  It remains unclear how Hef 
domain 2 participates in branched structure recognition. 
The N-terminal domain of Hef displays a DNA structure-specific helicase activity as the 
most prominent enhancement of the ATPase activity is observed with fork-structured 
DNAs. Interestingly in vitro experiments suggest that the N-terminal domain binds to the 
fork-structured DNA and process the DNA to increase cleavage of the substrate by the 
endonuclease domain. These observations have led to the proposal that Hef also acts at 
stalled replication forks, both the helicase and the nuclease activities being required for the 
rearrangement of forked-structure DNA (Komori et al., 2004). 
The genetic study of Hef mutant in the euryarchaea Haloferax volcanii suggest that Hef is 
involved in the restart of arrested replication forks as an alternative pathway to homologous 
recombination-dependent pathway (Lestini et al., 2010). In this organism Hef is not involved 
in nucleotide excision repair but Haloferax volcanii possesses bacterial homologs of NER 
proteins which may have displaced the original archaeal NER proteins. Therefore the 
absence of an NER function of Hef cannot be generalized to all euryarchaea. In support to 
this, a recent genetic analysis of hef mutants in the hyperthermophilic archaeon, 
Thermococcus Kodakaraensis, has demonstrated that Hef is involved in the repair of a wide 
variety of DNA damages. In addition, the higher sensitivity of hef mutants to methyl 
sulfonate and mitomycin C, suggests a central role for Hef protein in the archaeal NER 
and/or ICL repair pathways (Fujikane et al., 2010). 

3.2.2 XPF in Crenarcheota 
By contrast, the XPF ortholog found in crenarchaeota contains only the C-terminal nuclease 
domain. The structure of XPF from the crenarchaea Aeropyrum pernix reveals two domains, a 
N-terminal nuclease domain and a (HhH)2 domain (Newman et al., 2005). As expected by 
analogy with Hef, dimers are formed by interaction of the two nuclease domains and by the 
interaction of the two (HhH)2 domains from each monomer. Comparaison of the structure of 
the protein in the presence and absence of dsDNA reveals that the (HhH)2 domain plays a 
major role in interacting with DNA. Upon binding to DNA a domain movement allow the 
coupling between the (HhH)2 domain and the nuclease domain to recognize and cleave the 
DNA thanks to the flexibility of the connecting linker sequence between the two domains. It 
seems that dimer interaction with DNA involves two binding sites that can only both 
interact with DNA if the substrate is bent by around 90°, suggesting that XPF may recognize 
ds/ssDNA junctions by their susceptibility to distorsion. The structural data suggest that 
only one monomer is catalytically active at a time in a dimer bound to DNA. 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

196 

The studies of XPF from Sulfolobus solfataricus have shown that XPF strickly requires 
interaction with PCNA to show any nuclease activity and it has been suggested that PCNA 
directly stimulates the nuclease activity without changing the binding affinity of XPF for its 
substrate (Hutton et al., 2008). XPF preferentially cleaves 3’-flap but the presence of 
downstream duplex influences the choice of position cleavage, SsoXPF appearing to act as a 
processive nuclease in vitro by processing 3’-flap into gapped duplex products. In this 
respect, it is noteworthy that recent fluorescence quenching and FRET studies have 
indicated that PCNA and XPF cooperate to distort DNA substrates (Hutton et al., 2009). It 
has also been observed that SsoXPF can act on substrates containing a variety of types of 
DNA damage or modification, suggesting a role in the removal of these lesions in vivo 
(Roberts and White, 2005). Altogether these data suggest that crenarchaeal XPF is recruited 
by PCNA to act in NER and replication fork restart, but to date this scenario has not yet 
been addressed using in vivo data. 

4. The Mre11-Rad50 complex in Archaea 
The processing of DNA double strand breaks (DSBs) is a crucial mechanism for genomic 
integrity. DNA breaks can arise during replication as intermediates in programmed DNA 
rearrangements including meiosis and immune system development or can be caused by 
oxidative damages and exposure to ionizing radiations. Double strand break repair (DSBR) 
is an essential repair pathway in the three domains of life, and plays a major role in the 
rescue of stalled or collapsed replication forks. In bacteria, DSBs are processed via 
homologous recombination, whereas, in eukarya, they are repaired by homologous or non-
homologous recombination (Kowalczykowski et al., 1994; Sonoda et al., 2006). In archaea, 
the picture is not clear. Homologous recombination (HR) is presumably the preferred 
process of DSBR as proteins involved in HR have been identified whereas Ku homologs 
have not (White, 2011); yet a recent genetic study on Haloferax volcanii demonstrate that 
DSBR by HR is restrained, likely because this species is highly polyploid (Delmas et al., 
2009). Nevertheless, the study of such processes in hyperthermophilic archaea is of 
importance, given that they are exposed to DNA damaging temperatures and are among the 
most radioresistant organisms, repairing fragmented chromosomes efficiently (DiRuggiero 
et al., 1997; Gerard et al., 2001; Jolivet et al., 2003a; Jolivet et al., 2003b). The core component 
in charge of the early steps of this critical event in eukaryotic cells is the Mre11-Rad50 (MR) 
complex, associated with a third component, Xrs2 in yeast and Nbs1 in higher eukaryotes. 
Homologs of the Mre11-Rad50 complex have been found in the three domains of life; 
however, Xrs2/Nbs1 additional component has not been found in bacteria and archaea, it 
appears thus that Mre11 and Rad50 comprise the core enzymatic members of this conserved 
multiprotein machine.  

4.1 Catalytic activities and DSB ends processing 
The archaeal homologs of Mre11 and Rad50 were initially identified in Pyrococcus furiosus 
(Hopfner et al., 2000a). PfuMre11 shares significant similarities with eukaryotic 
counterparts, particularly in the N-terminal region, which contains five phosphoesterase 
motifs that form the nuclease domain of the protein (Williams et al., 2008). The enzyme is 
endowed with ssDNA endonuclease and manganese-dependent 3’-5’exonuclease activities 
(Hopfner et al., 2000a). However, at temperature closer to physiological conditions (55°C), 
PfuMre11 displays an ATP dependent nuclease activity in magnesium. This activity consists 
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of both a weak 3’-5’ exonuclease activity as well as endonucleolytic cleavage activity on the 
5’ strand at a break (Hopkins and Paull, 2008). PfuRad50 is related to the Structural 
Maintenance of Chromosomes (SMC) family and displays the classical modular structure 
composed of N- and C- terminal head domains, each bearing the Walker A and B motifs, 
respectively, separated by a coiled-coil region with a zinc hook. Rad50 has ATPase and 
adenylate kinase activities (Bhaskara et al., 2007; Hopfner et al., 2000b). Consistent with the 
model based on the crystallographic structure of PfuRad50 catalytic domain, the MR 
complex of P. furiosus likely exhibits ATP-dependent DNA binding activity. Thus, Rad50 
may regulate DNA binding and release after proper DNA end processing in conjunction 
with Mre11 (Hopfner et al., 2000b). All the archaeal genomes sequenced to date contain clear 
homologs of eukaryal Mre11 and Rad50 and the initial biochemical characterization of the P. 
furiosus homologs indicate that the archaeal MR complex is functionally similar to those 
from Bacteria and Eukarya. However, the 3’-5’ exonuclease activity described for the 
complex is opposite to the polarity required for the 5’-3’ resection of DSB ends necessary for 
the initiation of HR, suggesting the involvement of additional components to catalyse 
efficient DSB resection. As in the other thermophilic archaea, Mre11 and Rad50 are 
commonly found in an operon that frequently includes the herA and nurA genes and the 
four genes are co-transribed in the crenarchaeon Sulfolobus acidocaldarius (Constantinesco et 
al., 2002; Constantinesco et al., 2004). HerA is an ATP-dependent helicase, which is 
strikingly bidirectional and can thus unwind DNA from both 3’ and 5’ single-stranded 
overhangs. NurA defines a new nuclease family exhibiting both a single strand 
endonuclease activity and a 5'-3' exonuclease activity on single and double stranded DNA 
(Constantinesco et al., 2002; Constantinesco et al., 2004; Manzan et al., 2004). The 
cooperation of the four proteins for the 5’ strand resection at DSB has been demonstrated by 
Hopkins and Paull (Hopkins and Paull, 2008). This process depends on the enzymatic 
activities of HerA, NurA and Rad50, Mre11 activity being partially dispensable. The P. 
furiosus MR complex generates short 3’ single stranded overhangs through limited 
degradation of the 5’ strand at a DSB. This specific structure allows the entry of the complex 
HerA-NurA and the NurA nuclease together with HerA helicase activities generate the long 
3’ single strand suitable for RadA-catalysed strand exchange. The role of Mre11 nuclease 
activity may be confined to the removal of short 5‘ terminal oligonucleotides, which could 
be essential for the clearance of covalently attached proteins at the 5’ strand. HerA and 
NurA have not been detected in eukaryotes, however, recent studies in budding yeast 
demonstrate that while MRX complex is involved in DSBs processing initiation, the 
functional homologs Sgs1 and Exo1 nucleases and Dna2 nuclease/helicase, are necessary for 
the extensive 5’ strand resection (Mimitou and Symington, 2008; Zhu et al., 2008). In 
bacteria, the DSB recognition and 5’strand resection to produce the 3’-OH overhang for 
RecA mediated strand exchange is performed by a single RecBCD complex 
(Kowalczykowski et al., 1994). SbcCD, the bacterial homolog of MR complex, has been 
shown to cleave hairpin DNA, which can block stalled replication fork, prior to homologous 
recombination rescue of the fork (Connelly et al., 1998) and to be implicated in the removal 
of covalently attached protein to promote repair (Connelly et al., 2003). 

4.2 Structural insight into the Mre11-Rad50 complex 
The archaeal MR complex is structurally very similar to their eukaryal counterparts, and has 
proven very useful for crystallographic and biophysical studies (Arthur et al., 2004; Hopfner 
et al., 2002a; Hopfner et al., 2001; Hopfner et al., 2000a; Hopfner et al., 2000b; Hopfner et al., 
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The studies of XPF from Sulfolobus solfataricus have shown that XPF strickly requires 
interaction with PCNA to show any nuclease activity and it has been suggested that PCNA 
directly stimulates the nuclease activity without changing the binding affinity of XPF for its 
substrate (Hutton et al., 2008). XPF preferentially cleaves 3’-flap but the presence of 
downstream duplex influences the choice of position cleavage, SsoXPF appearing to act as a 
processive nuclease in vitro by processing 3’-flap into gapped duplex products. In this 
respect, it is noteworthy that recent fluorescence quenching and FRET studies have 
indicated that PCNA and XPF cooperate to distort DNA substrates (Hutton et al., 2009). It 
has also been observed that SsoXPF can act on substrates containing a variety of types of 
DNA damage or modification, suggesting a role in the removal of these lesions in vivo 
(Roberts and White, 2005). Altogether these data suggest that crenarchaeal XPF is recruited 
by PCNA to act in NER and replication fork restart, but to date this scenario has not yet 
been addressed using in vivo data. 

4. The Mre11-Rad50 complex in Archaea 
The processing of DNA double strand breaks (DSBs) is a crucial mechanism for genomic 
integrity. DNA breaks can arise during replication as intermediates in programmed DNA 
rearrangements including meiosis and immune system development or can be caused by 
oxidative damages and exposure to ionizing radiations. Double strand break repair (DSBR) 
is an essential repair pathway in the three domains of life, and plays a major role in the 
rescue of stalled or collapsed replication forks. In bacteria, DSBs are processed via 
homologous recombination, whereas, in eukarya, they are repaired by homologous or non-
homologous recombination (Kowalczykowski et al., 1994; Sonoda et al., 2006). In archaea, 
the picture is not clear. Homologous recombination (HR) is presumably the preferred 
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of both a weak 3’-5’ exonuclease activity as well as endonucleolytic cleavage activity on the 
5’ strand at a break (Hopkins and Paull, 2008). PfuRad50 is related to the Structural 
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adenylate kinase activities (Bhaskara et al., 2007; Hopfner et al., 2000b). Consistent with the 
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commonly found in an operon that frequently includes the herA and nurA genes and the 
four genes are co-transribed in the crenarchaeon Sulfolobus acidocaldarius (Constantinesco et 
al., 2002; Constantinesco et al., 2004). HerA is an ATP-dependent helicase, which is 
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4.2 Structural insight into the Mre11-Rad50 complex 
The archaeal MR complex is structurally very similar to their eukaryal counterparts, and has 
proven very useful for crystallographic and biophysical studies (Arthur et al., 2004; Hopfner 
et al., 2002a; Hopfner et al., 2001; Hopfner et al., 2000a; Hopfner et al., 2000b; Hopfner et al., 
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2002b; Williams et al., 2008). Indeed, with the exception of the recent description of the first 
eubacterial Mre11 nuclease, the bulk of structural data have been obtained from analysis of 
P. furiosus Mre11-Rad50 complex (Das et al., 2010).  
The core Mre11-Rad50 complex forms a large globular complex at the root of an elongated 
coiled-coil structure. The complex exists as a heterotetrameric assembly (M2R2) and the 
globular head is composed of two Mre11 and two Rad50 ATPase domains, both of which 
bind DNA (Hopfner et al., 2001). This bipolar structure of the MR complex is consistent with 
both the enzymatic role in DNA end processing and structural function in DNA end joining. 
Indeed the M2R2 heterotetramer contains two DNA binding/processing active sites, which 
could be important in the alignment of DNA ends in NHEJ or of DNA ends and sister 
chromatids in HR (Hopfner et al., 2002a). X-ray crystallographic data from the P. furiosus 
Rad50 coiled-coil region reveals a hook structure that caps the distal end of the coiled-coils 
with a conserved Cys-X-X-Cys motifs that mediates Rad50-Rad50 dimerization through this 
motif by coordinated binding of a zinc atom (Hopfner et al., 2002b). The ability to interact 
through coiled coil ends in supra-molecular complexes is proposed to be necessary for the 
mechanistic role of MR complex (de Jager et al., 2004).  The crystallographic structure of 
PfuMre11 reveals a two-domain architecture consisting of a protein-phosphatase-like 
domain and a small capping domain that interact at the active site (Fig.2). 
 

 
Fig. 2. Crystal structure of PfuMre11. Ribbon diagram of the two domain fold of P. furiosus 
Mre11 (1-342, PDB_1II7). Two Mn2+ ions (purple spheres) are coordinated by seven 
conserved residues of the phosphodiesterase motifs (Hopfner et al., 2001). 

The first domain contains the five phosphoesterase motifs which form the nuclease active 
site. This domain is composed of two parallel mixed  sheets that are flanked by seven  
helices. The capping domain consists of a 5-stranded  sheet and two helices and partially 
caps the nuclease catalytic motifs of the N-terminal domain, suggesting that the capping 
domain might be involved in DNA-binding specificity (Hopfner et al., 2001). X-ray structure 
of PfuMre11 bound to DNA reveals that Mre11 dimerization is critical for efficient DNA 
binding and is mediated by N-terminal conserved domains (Williams et al., 2008). Six DNA 
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recognition loops promote DNA binding and assemble into a contiguous DNA interaction 
surface. The interaction with DNA is mediated by contacts to the sugar-phosphate 
backbone, which is consistent with the lack of sequence specificity for Mre11 in DNA 
binding. The structure of the archaeal Mre11 was used to map eukaryotic Mre11 mutations 
linked to human disease and yeast DSBR defect and helped define a large surface area 
outside the nuclease motif, which may be an important protein-protein or protein-DNA 
interface (Hopfner et al., 2001). 

4.3 Physiological roles of Mre11-Rad50 complex 
Genetic studies in eukaryotes indicate that the MR complex is required for genomic stability 
and is involved in a large variety of different functions in response to DSBs (Stracker and 
Petrini, 2011). In vivo studies, in budding and fission yeast, have demonstrated a critical role 
for Mre11 and the other subunits of the MRX complex, for survival of DSBs caused by 
ionizing radiations and genotoxins (Chahwan et al., 2003; D'Amours and Jackson, 2002). In 
addition, hypomorphic mutations in the human mre11 and nsb1 genes lead to ataxia 
telangiectasia-like disorder and Nijmegen Breakage syndrome, respectively. The cellular 
features resulting from these mutations include hypersensitivity to ionizing radiation, 
radioresistant DNA synthesis, and abrogation of ATM-dependent events (Stewart et al., 
1999; Williams et al., 2007). These phenotypes emphasize the importance of the eucaryotic 
Mre11 complex in a large variety of DNA metabolic pathways. The bacterial homologue of 
Mre11-Rad50 is SbcCD, and it has been shown that sbcCD mutants of Deinococcus radiodurans 
display reduced survival and present a delay in kinetics of DSB repair (Bentchikou et al., 
2007). In Bacillus subtilis and D. radiodurans, the deletion of sbcC results in an increased 
sensitivity of the cells to ionizing radiation (Mascarenhas et al., 2006). 
In archaea, the first evidence of the involvement of Mre11 in DNA repair process was 
demonstrated by Quaiser et al. (Quaiser et al., 2008), using an immunodetection approach to 
determine the roles of Mre11, Rad50, NurA and HerA proteins, in post-irradiation DNA 
repair in S. acidocaldarius. They observe that a complex of the three proteins HerA, Mre11 
and Rad50 is formed constitutively in vivo. Rad50 is constitutively associated with DNA and 
upon chromosome fragmentation, Mre11 proteins is recruited to the DNA or to Rad50 
DNA-bound proteins, suggesting that Mre11 is actively involved in DNA repair processes 
and/or acts as an inducible damage sensor. The analyses of mre11 rad50 deletion mutants of 
the halophilic Halobacterium sp. strain NRC1 also suggest that Mre11 and Rad50 may have 
independent functions outside the MR complex in archaea, since the absence of Rad50 has 
no effect on the repair of DSBs, whereas the loss of Mre11 results in a decrease rate of DSBR, 
due to the loss of either nuclease activity or the DNA damage-sensing activity of Mre11 
(Kish and DiRuggiero, 2008). Surprinsingly, the mre11 rad50 deletion mutant of Haloferax 
volcanii displays an enhanced resistance to DNA damage that correlates with a higher level 
of homologous recombination in the mutant, suggesting that Mre11-Rad50 restrains the use 
of HR for repair (Delmas et al., 2009). The unrestrained use of HR in mre11 red50 mutant 
enhances cells survival but leads to a slower recovery presumably due to difficulties in the 
resolution of repair intermediates. Two non-exclusive hypotheses are proposed to account 
for that increased resistance observed in mre11 rad50 mutants: (i) Mre11-Rad50 binds to 
double-strand breaks and prevents HR, and/or (ii) Mre11-Rad50 stimulates an alternative 
pathway of double-strand breaks repair. To add some complexity, a recent genetic analysis 
in the hyperthermophilic archaeon Thermococcus kodakaraensis, has shown that the mre11, 
rad50, herA, nurA and radA genes are essential for T. kodakaraensis, which is in contradiction 
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recognition loops promote DNA binding and assemble into a contiguous DNA interaction 
surface. The interaction with DNA is mediated by contacts to the sugar-phosphate 
backbone, which is consistent with the lack of sequence specificity for Mre11 in DNA 
binding. The structure of the archaeal Mre11 was used to map eukaryotic Mre11 mutations 
linked to human disease and yeast DSBR defect and helped define a large surface area 
outside the nuclease motif, which may be an important protein-protein or protein-DNA 
interface (Hopfner et al., 2001). 
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and is involved in a large variety of different functions in response to DSBs (Stracker and 
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for Mre11 and the other subunits of the MRX complex, for survival of DSBs caused by 
ionizing radiations and genotoxins (Chahwan et al., 2003; D'Amours and Jackson, 2002). In 
addition, hypomorphic mutations in the human mre11 and nsb1 genes lead to ataxia 
telangiectasia-like disorder and Nijmegen Breakage syndrome, respectively. The cellular 
features resulting from these mutations include hypersensitivity to ionizing radiation, 
radioresistant DNA synthesis, and abrogation of ATM-dependent events (Stewart et al., 
1999; Williams et al., 2007). These phenotypes emphasize the importance of the eucaryotic 
Mre11 complex in a large variety of DNA metabolic pathways. The bacterial homologue of 
Mre11-Rad50 is SbcCD, and it has been shown that sbcCD mutants of Deinococcus radiodurans 
display reduced survival and present a delay in kinetics of DSB repair (Bentchikou et al., 
2007). In Bacillus subtilis and D. radiodurans, the deletion of sbcC results in an increased 
sensitivity of the cells to ionizing radiation (Mascarenhas et al., 2006). 
In archaea, the first evidence of the involvement of Mre11 in DNA repair process was 
demonstrated by Quaiser et al. (Quaiser et al., 2008), using an immunodetection approach to 
determine the roles of Mre11, Rad50, NurA and HerA proteins, in post-irradiation DNA 
repair in S. acidocaldarius. They observe that a complex of the three proteins HerA, Mre11 
and Rad50 is formed constitutively in vivo. Rad50 is constitutively associated with DNA and 
upon chromosome fragmentation, Mre11 proteins is recruited to the DNA or to Rad50 
DNA-bound proteins, suggesting that Mre11 is actively involved in DNA repair processes 
and/or acts as an inducible damage sensor. The analyses of mre11 rad50 deletion mutants of 
the halophilic Halobacterium sp. strain NRC1 also suggest that Mre11 and Rad50 may have 
independent functions outside the MR complex in archaea, since the absence of Rad50 has 
no effect on the repair of DSBs, whereas the loss of Mre11 results in a decrease rate of DSBR, 
due to the loss of either nuclease activity or the DNA damage-sensing activity of Mre11 
(Kish and DiRuggiero, 2008). Surprinsingly, the mre11 rad50 deletion mutant of Haloferax 
volcanii displays an enhanced resistance to DNA damage that correlates with a higher level 
of homologous recombination in the mutant, suggesting that Mre11-Rad50 restrains the use 
of HR for repair (Delmas et al., 2009). The unrestrained use of HR in mre11 red50 mutant 
enhances cells survival but leads to a slower recovery presumably due to difficulties in the 
resolution of repair intermediates. Two non-exclusive hypotheses are proposed to account 
for that increased resistance observed in mre11 rad50 mutants: (i) Mre11-Rad50 binds to 
double-strand breaks and prevents HR, and/or (ii) Mre11-Rad50 stimulates an alternative 
pathway of double-strand breaks repair. To add some complexity, a recent genetic analysis 
in the hyperthermophilic archaeon Thermococcus kodakaraensis, has shown that the mre11, 
rad50, herA, nurA and radA genes are essential for T. kodakaraensis, which is in contradiction 
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with the previous genetic analyses in archaea, yeast and bacteria. This result could reflect 
the importance of HR to repair DNA damage caused by the high temperature required for 
T. kodakaraensis for viability (Fujikane et al., 2010). 
Contrasting with the wealth of structural and biochemical data gained from the study of 
archaeal MR complex, the paucity and the conflicting nature of the genetic analyses 
underscore the importance to develop more effective genetic tools, for hyperthermophilic 
archaea in particular, to improve our knowledge on the functions of the complex in 
response to DSBs. Biochemical and in vivo investigations of the functions of HerA, NurA 
and the single stranded DNA binding proteins, RadA and SSB/RPA, required for strand 
exchange, should also improve our knowledge of the HR/DSBR in archaea and potentially 
shed light on the eukaryal pathway.  

5. The Pab2263-NucS protein 
5.1 Identification of a novel nuclease 
Many nucleases are highly regulated by the sliding clamp PCNA (Proliferating Cell Nuclear 
Antigen). For instance, PCNA increases the affinity of Fen-1 for its substrate (Hutton et al., 
2008) as well as catalytic rate of SsoXPF (Hutton et al., 2009). Interaction of Fen-1 and other 
proteins with PCNA is mediated by the so-called PIP-motif (PCNA Interacting Motif), a 
relatively short peptide motif found in a large number of PCNA-interacting proteins 
(Vivona and Kelman, 2003; Warbrick, 1998). The sequence motif in Pyrococcus abyssi species 
has been experimentally defined and corresponds to the peptide motif QX2LX2[WLFT][LFT] 
(Meslet-Cladiere et al., 2007). Among others, previously uncharacterized protein encoded by 
the pab2263 gene was shown to carry this peptide motif at its carboxy-terminus. 
Pab2263 belongs to the DUF91 family (Domain of Unknown Function 91) and, as many 
members of this family, contains the C-terminal domain that carries the characteristic 
residues forming the active site of the RecB family nucleases. This nuclease domain is found 
in many enzymes with potential functions in DNA replication and/or repair (Aravind et al., 
2000). For instance, the DUF91 family members are found in euryarchaeota (59 homologues 
annotated in 2011), crenarchaeota (33 homologues), actinobacteria (259 homologues), and 
proteobacteria (41 homologues). Up to date, no eukaryotic member of the DUF91 family has 
been identified. 

5.2 Structure of Pab2263-NucS 
Crystallographic structure of Pab2263 has been solved (Ren et al., 2009; Ren et al., 2007) and 
is the first representative of the DUF91 family. Pab2263 is composed of two independent 
domains, separated by a long and flexible linker (~28Å). This multi-domain organisation is 
common for many nuclease domains which are often associated with helicase domains  
(Rouillon and White, 2010). 
The C-terminal domain of this protein family displays the minimal endonuclease fold 
(Pingoud et al., 2005): an α/β structure composed of a five-stranded β-sheet and four 
flanking α helices. Active site is represented by a sequence motif conserved in the RecB-like 
nucleases (Aravind et al., 2000): E----[Gh]xxD----hxhh[ED]hK---QhxxY, where ‘h’ refers to 
hydrophobic residues (YFWLIVMA) and ‘---‘ indicates that the characteristic residues are 
not consecutive in the sequence. A conserved patch of four basic residues flanks one side of 
the cleft of the active site and might be involved in the binding of nucleic acids. 
Strikingly, the N-terminal domain of Pab2263 displays a half-closed β-barrel, composed of 
height β-strands arranged in two antiparallel β-sheets. This fold was never previously 
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described, but can remotely be seen as a structural homologue of the OB- or the Sm-folds, 
two folds that are involved in the binding of nucleic acid (Kambach et al., 1999; Theobald et 
al., 2003). In Pab2263, the potential binding site involves two patches of three consecutive 
basic residues, two conserved aromatic residues and a conserved arginine. High affinity 
ssDNA binding activity of the N-terminal domain was desmonstrated using site-directed 
mutagenesis and EMSA experiments (Ren et al., 2009). 
The N-terminal domain displays a large hydrophobic patch exposed to the C-terminal 
domain, and is involved in the dimerisation of the protein. Dimer formation brings one 
extra residue of one monomer to the active site of the second monomer and the flexible 
linker cap the active site. As a result, the active site becomes a ‘closed’ channel, which 
indicates that the substrate for the enzyme must have a free end. 
 

 
Fig. 3. The structure of Pab2263-NucS. Up: overall organisation of the NucS dimer, one 
protein is depicted in grey, the other in shades of blue. Down: comparison of the fold of each 
domain with the RecB one and the RPA one. Structural features of RecB are numbered in the 
same scheme as NucS. Residues of RPA and NucS involved in the binding of the nucleic 
acids are detailed; orange and red are respectively basic and aromatic residues. Inlet: range 
of substrates processed by NucS, cleaved part is indicated in red. 

5.3 Activity of the Pab2263-NucS protein 
Tests of various substrates on Pab2263 reveal its surprisingly broad range of substrate 
specificity. In agreement with the structural data indicating that the active site of the 
Pab2263 is located in the closed channel, this protein preferentially cleaves single stranded 
DNA, and was thus renamed ‘NucS’, for ‘NUClease specific for single-stranded DNA’. 
Under stoechiometric binding conditions, single-stranded regions of splayed arms, 3’ flaps 
and 5’ flaps are all cleaved by NucS, leaving only double-stranded products. Long single 
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with the previous genetic analyses in archaea, yeast and bacteria. This result could reflect 
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T. kodakaraensis for viability (Fujikane et al., 2010). 
Contrasting with the wealth of structural and biochemical data gained from the study of 
archaeal MR complex, the paucity and the conflicting nature of the genetic analyses 
underscore the importance to develop more effective genetic tools, for hyperthermophilic 
archaea in particular, to improve our knowledge on the functions of the complex in 
response to DSBs. Biochemical and in vivo investigations of the functions of HerA, NurA 
and the single stranded DNA binding proteins, RadA and SSB/RPA, required for strand 
exchange, should also improve our knowledge of the HR/DSBR in archaea and potentially 
shed light on the eukaryal pathway.  

5. The Pab2263-NucS protein 
5.1 Identification of a novel nuclease 
Many nucleases are highly regulated by the sliding clamp PCNA (Proliferating Cell Nuclear 
Antigen). For instance, PCNA increases the affinity of Fen-1 for its substrate (Hutton et al., 
2008) as well as catalytic rate of SsoXPF (Hutton et al., 2009). Interaction of Fen-1 and other 
proteins with PCNA is mediated by the so-called PIP-motif (PCNA Interacting Motif), a 
relatively short peptide motif found in a large number of PCNA-interacting proteins 
(Vivona and Kelman, 2003; Warbrick, 1998). The sequence motif in Pyrococcus abyssi species 
has been experimentally defined and corresponds to the peptide motif QX2LX2[WLFT][LFT] 
(Meslet-Cladiere et al., 2007). Among others, previously uncharacterized protein encoded by 
the pab2263 gene was shown to carry this peptide motif at its carboxy-terminus. 
Pab2263 belongs to the DUF91 family (Domain of Unknown Function 91) and, as many 
members of this family, contains the C-terminal domain that carries the characteristic 
residues forming the active site of the RecB family nucleases. This nuclease domain is found 
in many enzymes with potential functions in DNA replication and/or repair (Aravind et al., 
2000). For instance, the DUF91 family members are found in euryarchaeota (59 homologues 
annotated in 2011), crenarchaeota (33 homologues), actinobacteria (259 homologues), and 
proteobacteria (41 homologues). Up to date, no eukaryotic member of the DUF91 family has 
been identified. 

5.2 Structure of Pab2263-NucS 
Crystallographic structure of Pab2263 has been solved (Ren et al., 2009; Ren et al., 2007) and 
is the first representative of the DUF91 family. Pab2263 is composed of two independent 
domains, separated by a long and flexible linker (~28Å). This multi-domain organisation is 
common for many nuclease domains which are often associated with helicase domains  
(Rouillon and White, 2010). 
The C-terminal domain of this protein family displays the minimal endonuclease fold 
(Pingoud et al., 2005): an α/β structure composed of a five-stranded β-sheet and four 
flanking α helices. Active site is represented by a sequence motif conserved in the RecB-like 
nucleases (Aravind et al., 2000): E----[Gh]xxD----hxhh[ED]hK---QhxxY, where ‘h’ refers to 
hydrophobic residues (YFWLIVMA) and ‘---‘ indicates that the characteristic residues are 
not consecutive in the sequence. A conserved patch of four basic residues flanks one side of 
the cleft of the active site and might be involved in the binding of nucleic acids. 
Strikingly, the N-terminal domain of Pab2263 displays a half-closed β-barrel, composed of 
height β-strands arranged in two antiparallel β-sheets. This fold was never previously 

 
Archaeal DNA Repair Nucleases 

 

201 

described, but can remotely be seen as a structural homologue of the OB- or the Sm-folds, 
two folds that are involved in the binding of nucleic acid (Kambach et al., 1999; Theobald et 
al., 2003). In Pab2263, the potential binding site involves two patches of three consecutive 
basic residues, two conserved aromatic residues and a conserved arginine. High affinity 
ssDNA binding activity of the N-terminal domain was desmonstrated using site-directed 
mutagenesis and EMSA experiments (Ren et al., 2009). 
The N-terminal domain displays a large hydrophobic patch exposed to the C-terminal 
domain, and is involved in the dimerisation of the protein. Dimer formation brings one 
extra residue of one monomer to the active site of the second monomer and the flexible 
linker cap the active site. As a result, the active site becomes a ‘closed’ channel, which 
indicates that the substrate for the enzyme must have a free end. 
 

 
Fig. 3. The structure of Pab2263-NucS. Up: overall organisation of the NucS dimer, one 
protein is depicted in grey, the other in shades of blue. Down: comparison of the fold of each 
domain with the RecB one and the RPA one. Structural features of RecB are numbered in the 
same scheme as NucS. Residues of RPA and NucS involved in the binding of the nucleic 
acids are detailed; orange and red are respectively basic and aromatic residues. Inlet: range 
of substrates processed by NucS, cleaved part is indicated in red. 

5.3 Activity of the Pab2263-NucS protein 
Tests of various substrates on Pab2263 reveal its surprisingly broad range of substrate 
specificity. In agreement with the structural data indicating that the active site of the 
Pab2263 is located in the closed channel, this protein preferentially cleaves single stranded 
DNA, and was thus renamed ‘NucS’, for ‘NUClease specific for single-stranded DNA’. 
Under stoechiometric binding conditions, single-stranded regions of splayed arms, 3’ flaps 
and 5’ flaps are all cleaved by NucS, leaving only double-stranded products. Long single 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

202 

stranded DNA substrates are cleaved to regularly spaced products, which suggests that the 
protein could somehow measure its distance to the DNA end. 
In high concentration of NucS, nuclease activity can invade to the double stranded DNA 
regions, suggesting that NucS proteins carry a weak helicase and/or unmelting activity of 
dsDNA. Important observation is that addition of PCNA directs the cleavage activity of P. 
abyssi NucS towards the ss/ds DNA junctions, thus increasing the cleavage specificity (Ren 
et al., 2009). 
Pab2263-NucS is a founding member of a new family of structure-specific DNA 
endonuclease. The discovery of this novel nuclease family thus further indicates that archea 
contain many more nucleases than previously expected on the basis of search of 
homologous of ‘conventional’ eukaryotic or bacterial nucleases. For example, the Bax1 and 
GAN (GINS Associated Nuclease) nucleases from the DUF790 and Phosphoesterase RecJ-
like families, respectively, have been identified in a similar manner (Li et al., 2011; Richards 
et al., 2008; Roth et al., 2009; Rouillon and White, 2010). 

6. Conclusion 
DNA repair pathways require the function of nucleases to ensure the removal of damages in 
DNA and thus integrity of the genetic information. The molecular mechanisms of the 
archaeal DNA nucleases reviewed in this work clearly underscore the conservation of the 
genetic information processing in archaea and eukarya. Whereas considerable amount of 
biochemical and structural data are available for archaeal DNA repair nucleases, their 
physiological roles remain less understood. More biochemical and genetic studies to 
investigate physiological functions of classical and recently discovered archaeal nucleases 
have clearly a strong potential to contribute to understanding complexity of eukaryotic 
DNA repair in the cellular context. 
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stranded DNA substrates are cleaved to regularly spaced products, which suggests that the 
protein could somehow measure its distance to the DNA end. 
In high concentration of NucS, nuclease activity can invade to the double stranded DNA 
regions, suggesting that NucS proteins carry a weak helicase and/or unmelting activity of 
dsDNA. Important observation is that addition of PCNA directs the cleavage activity of P. 
abyssi NucS towards the ss/ds DNA junctions, thus increasing the cleavage specificity (Ren 
et al., 2009). 
Pab2263-NucS is a founding member of a new family of structure-specific DNA 
endonuclease. The discovery of this novel nuclease family thus further indicates that archea 
contain many more nucleases than previously expected on the basis of search of 
homologous of ‘conventional’ eukaryotic or bacterial nucleases. For example, the Bax1 and 
GAN (GINS Associated Nuclease) nucleases from the DUF790 and Phosphoesterase RecJ-
like families, respectively, have been identified in a similar manner (Li et al., 2011; Richards 
et al., 2008; Roth et al., 2009; Rouillon and White, 2010). 

6. Conclusion 
DNA repair pathways require the function of nucleases to ensure the removal of damages in 
DNA and thus integrity of the genetic information. The molecular mechanisms of the 
archaeal DNA nucleases reviewed in this work clearly underscore the conservation of the 
genetic information processing in archaea and eukarya. Whereas considerable amount of 
biochemical and structural data are available for archaeal DNA repair nucleases, their 
physiological roles remain less understood. More biochemical and genetic studies to 
investigate physiological functions of classical and recently discovered archaeal nucleases 
have clearly a strong potential to contribute to understanding complexity of eukaryotic 
DNA repair in the cellular context. 
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1. Introduction  
All living organisms must struggle to maintain genomic integrity and long-term stability in 
the face of the lesions that are constantly inflicted upon the genome by environmental 
factors, e.g., genotoxic chemicals, UV light, ionizing radiation (IR), and endogenous factors, 
e.g., during DNA replication. These various DNA lesions (or injuries) encompass a 
bewildering array of chemical and physical modifications to the DNA structure that must be 
repaired to preserve the faithful maintenance of the genome. A prevalent class of DNA 
lesion consists of a break across both DNA strands, termed double strand break (DSB) (Fig. 
1 and Table 1). Only of endogenous origin, about 50 DSBs have been calculated to occur per 
human cell division (Vilenchik and Knudson 2003). Many of these DSBs are generated by IR, 
reactive oxygen species, and DNA replication across a nick (Ma, J.L. et al. 2003). If left 
unrepaired, DSBs can cause dire effects such as gene loss during cell division, chromosomal 
translocations, increased mutation rates, and carcinogenesis (Khanna and Jackson 2001). The 
various cellular mechanisms that are collectively referred to as DNA repair include DNA 
damage detection (or sensing), binding and recruitment of specialized protein complex 
machinery to the site of damage, signaling, initiation of repair, repair, and resolution of the 
lesion (Fig. 1). 
Central to all DNA repair processes are nucleases, enzymes and enzyme complexes that can 
cleave DNA either in a sugar specific fashion (e.g., DNA and RNA nucleases) or in a sugar 
unspecific fashion (Marti and Fleck 2004). Nucleases can be further divided into 
exonucleases, which remove nucleotides from a free 5’ or 3’ end, and endonucleases, which 
hydrolyze internal phosphodiester bonds without the requirement for a free end. DNA 
nucleases, which can cleave single stranded (ss) or double stranded (ds) DNA, cleave a 
phosphodiester bond between a deoxyribose and a phosphate group, thus producing one 
cleavage product with a 5’ terminal phosphate group and another product with a 3’ terminal 
hydroxyl group. 
Two kinds of DNA lesions, double strand breaks (DSBs) and interstrand crosslinks (ICLs) 
(Fig. 1), are significantly dependent on the timely action of DNA nucleases, since the 
initiating step in the repair pathways of DSBs and ICLs often consists of an exonucleolytic or 
endonucleolytic cleavage that exposes the substrate for the next DNA repair activity. 
Without the action of a nuclease, the DNA lesion would stay unrepaired because of 
chemically inaccessible or sterically blocked DNA intermediates. Therefore, nucleases are an 
integral part of the cellular mechanisms that have evolved to handle DNA damage. Indeed, 
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Without the action of a nuclease, the DNA lesion would stay unrepaired because of 
chemically inaccessible or sterically blocked DNA intermediates. Therefore, nucleases are an 
integral part of the cellular mechanisms that have evolved to handle DNA damage. Indeed, 
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quality repair mechanisms that strive to reconstitute the undamaged, original DNA 
structure imply that DNA lesion repair, after the initial nucleolytic processing, requires 
additional factors, minimally DNA synthesis and ligation, but it also can involve a complex 
sequence of molecular events. 
 

 
Fig. 1. Schematic of the DNA repair pathways wherein nucleases of the metallo--lactamase 
and protein phosphatase 2B families have been shown to participate. 

 
DNA lesion DNA Repair Pathway Nucleases Fold 

DSB Non-homologous end joining (NHEJ) Mre11 PP2B 
  Artemis MBL 

DSB Homologous recombination (HR) Mre11 PP2B 
DSB Microhomology-mediated end joining Mre11 PP2B 
ICL Repair of interstrand crosslinks (ICL) SNM1A/B MBL 

Table 1. Nucleases in DNA repair span a growing number of prokaryotic, archeal and 
eukaryotic exo- and endonucleolytic enzymes with specialized roles in different repair 
pathways. DSB, double strand break; ICL, interstrand crosslink; MBL, metallo--lactamase; 
PP2B, protein phosphatase 2B. 
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DSBs are repaired in human cells mainly by two alternative mechanisms, non-homologous 
end joining (NHEJ) and homologous recombination (HR) (Fig. 1). While HR occurs mostly 
in S/G2 phase (Takata et al. 1998), when a sister chromatid is available to provide a template 
to replace the damaged nucleotides, NHEJ, which does not require a template (Ma, J.L. et al. 
2003), is prevalent during G1/early S phase (Takata et al. 1998). The sequential steps 
necessary for NHEJ comprise synapsis (the protein-mediated structure whereby the two 
ends of a DSBs are tethered, or held together in close proximity, to allow successful repair), 
end resection (catalyzed by nucleases), DNA synthesis, and ligation (Fig 1). HR requires too 
an initial exonucleolytic step that consists of the resection of both strands at the DSB end, 
thus preparing them for the invasion of the neighboring, intact chromatid DNA (Fig. 1). 
DNA synthesis, branch migration, Holliday junction resolution, and ligation of remaining 
nicks, are the next steps needed to complete DNA repair by HR. Regardless of the repair 
pathway used, an exonucleolytic step is always required to provide the DNA substrates for 
the subsequent repair processes.  
A second class of DNA lesions, ICL, can be generated exogenously by mono- or bifunctional 
alkylating agents (crosslinkers), IR, and endogenously by the collapse of replication forks. A 
crosslink at a replication fork leads to stalling, since the individual DNA strands can no 
longer be unwound for DNA synthesis. Repair of an ICL-induced stalled replication fork 
can be achieved by the series of steps outlined in Fig. 1. Here again, the initial, critical step is 
an endonucleolytic cleavage catalyzed by DNA nucleases, which helps convert the stalled 
fork to a DSB-like lesion that is susceptible to repair. 
In the following we will survey two families of DNA nucleases that play significant roles in 
one or various processes involved in the repair of DSB and ICL lesions, from the 
indispensable initiation of end resection of broken DNA ends to other specialized DNA 
repair processes such as those in ICL repair. These families, which are structurally and 
functionally related, are the metallo--lactamase (MBL) and the protein phosphatase 2B 
(PP2B) families. Members of those two families, such as Artemis (MBL) and Mre11 (PP2B), 
provide essential activities for DNA repair (Table 1). Here, we will discuss the structural 
and functional properties of the MBL and PP2B nucleases with roles in DNA repair, and will 
draw a comprehensive portrait of the structural, biochemical, cellular, and evolutionary 
framework wherein they function. 

2. Nucleases of the MBL and PP2B families in DNA repair 
Here we summarize current knowledge on two related families of DNA repair nucleases 
that share significant similarity at the topology, fold structure, active site composition and 
metal-ion binding: the metallo--lactamase (MBL) and the protein phosphatase 2B (PP2B) 
families (Tables 1, 2 & 3). Despite some degree of functional redundancy, the two families 
are distinguished by the exact composition and location of the catalytic residues, which 
explain their distinct functional roles. Likewise, differences in the insertion of accessory 
domains have allowed the incorporation of substrate-binding domains that widen, or 
restrict, the range of potential substrates that can be recognized and processed by either 
class of nucleases. 
Both the MBL and PP2B families of nucleases belong to the two-metal-ion-dependent 
nucleases (Yang 2010), an operational class that encompasses the largest variety of tertiary 
folds and the broadest range of biological outcomes among the nucleases. The defining 
feature of these enzymes is the absolute dependence for catalytic competence of an active 
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quality repair mechanisms that strive to reconstitute the undamaged, original DNA 
structure imply that DNA lesion repair, after the initial nucleolytic processing, requires 
additional factors, minimally DNA synthesis and ligation, but it also can involve a complex 
sequence of molecular events. 
 

 
Fig. 1. Schematic of the DNA repair pathways wherein nucleases of the metallo--lactamase 
and protein phosphatase 2B families have been shown to participate. 

 
DNA lesion DNA Repair Pathway Nucleases Fold 

DSB Non-homologous end joining (NHEJ) Mre11 PP2B 
  Artemis MBL 

DSB Homologous recombination (HR) Mre11 PP2B 
DSB Microhomology-mediated end joining Mre11 PP2B 
ICL Repair of interstrand crosslinks (ICL) SNM1A/B MBL 

Table 1. Nucleases in DNA repair span a growing number of prokaryotic, archeal and 
eukaryotic exo- and endonucleolytic enzymes with specialized roles in different repair 
pathways. DSB, double strand break; ICL, interstrand crosslink; MBL, metallo--lactamase; 
PP2B, protein phosphatase 2B. 
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provide essential activities for DNA repair (Table 1). Here, we will discuss the structural 
and functional properties of the MBL and PP2B nucleases with roles in DNA repair, and will 
draw a comprehensive portrait of the structural, biochemical, cellular, and evolutionary 
framework wherein they function. 
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families (Tables 1, 2 & 3). Despite some degree of functional redundancy, the two families 
are distinguished by the exact composition and location of the catalytic residues, which 
explain their distinct functional roles. Likewise, differences in the insertion of accessory 
domains have allowed the incorporation of substrate-binding domains that widen, or 
restrict, the range of potential substrates that can be recognized and processed by either 
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Both the MBL and PP2B families of nucleases belong to the two-metal-ion-dependent 
nucleases (Yang 2010), an operational class that encompasses the largest variety of tertiary 
folds and the broadest range of biological outcomes among the nucleases. The defining 
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center with two metal ions, one of which acts by polarizing the substrate phosphoester 
whereas the second is more commonly associated with the stabilization of the nascent 
negative charge on the leaving group. Given the enormous variety of folds and substrate 
structures, this simple principle (that this class of nucleases are unified by their two-metal-
ion dependence) provides an appropriate framework for discussing their structural and 
mechanistic properties (Yang 2010). Nucleases from the MBL and PP2B families have been 
implicated in two specific repair pathways of DNA lesions, the repair of DSBs by non-
homologous end joining (NHEJ) and the repair of interstrand crosslinks (ICL) (Fig. 1 and 
Table 1).  

2.1 Metallo--lactamase fold nucleases 
The metallo--lactamase (MBL) fold is characterized by a four-layered / fold with a 
wide, shallow active site that is always located on the same side of the fold and that ligands 
one or, usually, two catalytic metal ions (Aravind 1999; Daiyasu et al. 2001; Callebaut et al. 
2002; Dominski 2007). The core of the MBL domain is formed by a -sandwich of eight -
strands with -helices packing on both sides. The degree of sequence conservation between 
MBLs tends to be so low that novel proteins are often only confidently assigned as an MBL 
once the crystal structure is solved. Despite the low sequence identity between its members, 
the MBL family presents five sequence motifs that define the active site and provide a 
signature for the metal binding center (Fig. 2). Motifs 1 and 2 are located in the first -sheet, 
and motif 2 comprises the HXHXDH sequence motif that is nearly absolutely conserved 
among all of the MBLs, and where the first His and Asp residues are completely invariable 
(Fig. 2). The histidine residues belonging to motifs 3 and 4 are located in the second -
strand; and motif 5 is a cysteine or an acidic residue located at the C terminus.  
The MBL family encompasses a large number of enzymes with hydrolytic activities toward 
a variety of different substrates and, less frequently, oxidorreductases. The best-known 
hydrolytic MBLs include the zinc-dependent -lactamases (class B -lactamases) that 
hydrolyze -lactam and non--lactam antibiotics (Wang, Z. et al. 1999). Examples of other 
hydrolytic MBL subfamilies are glyoxylase II, methyl parathion hydrolase, Pce-catalytic 
domain-like, alkylsulfatase, PqsE-like (all of them zinc-dependent enzymes) and L-
ascorbate-6-phosphate lactonase (UlaG) (which is manganese-dependent) (Garces et al. 
2010). The ROO N-terminal domain family represents an MBL with oxidorreductase 
activity. Some MBL families with hydrolase activity act on nucleic acid substrates, 
predominantly on RNA, such as the -CASP, arylsulfatase (or RNAse Z-like) and YhfI-like 
families. Of those, only certain members of the -CASP family have been demonstrated to 
use DNA as a substrate, whereas the remaining enzymes display RNase activity. A common 
trait among the -CASP MBLs is the presence of an additional domain inserted into the MBL 
canonical fold, which itself contains unique sequence and structural features (Fig. 2). 
The -CASP motif was first defined by Callebuet et al. (2002), and the name was inspired by 
the common features that displayed the C termini of certain MBLs that were capable of 
binding nucleic acid substrates [CPSF-73 (Cleavage and Polyadenylation Specificity Factor-
73), Artemis, SNM1 and Pso2]. Interestingly, of the four -CASP founder sequences three 
(Artemis, SNM1, and Pso2) are known to bind DNA and to possess nuclease activity that is 
relevant in DNA repair processes. The -CASP domain is characterized by three motifs (Fig. 
2): (1) motif A, consisting of an acidic residue (D or E) preceded by hydrophobic residues () 
in a pattern typical of -strands (---(D,E)-(T,S)-T); (2) motif B (His); and (3) motif C, 
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which is a His residue in all the proteins with exception of Artemis/SNM1/Pso2 where it is 
a Val (Fig. 2). Since the three motifs are located near the active center, the functions of β-
CASP are associated with the specific recognition and binding of the substrate. Other 
proteins from the -CASP family are CPSF-100, RC-47, RC-68, Snm1B (Apollo) and the 
ribonucleases RNases J1 and J2 from Bacillus spp. (Callebaut et al. 2002; Dominski et al. 2005; 
Even et al. 2005; Dominski 2007). Several recently published crystal structures of members of 
the -CASP family have further confirmed the insertion of the -CASP domain inside the 
MBL fold as a / domain, which resembles a helicase-like / domain without the P-loop 
motif (Table 2 and Fig. 3).  
 

  Metallo--lactamase 
  I II III IV 

Human SNM1A FTVDAF LTHFHSDHYA ANHCP ILHTGDFR 
Yeast SNM1/Pso2 IVVDGF LSHFHSDHYI ANHCP ILHTGDFR 

Human SNM1B/Apollo IAVDFW LSHFHSDHYT ANHCP ILYTGDFR 
Human SNM1C/Artemis ISIDRF LSHCHKDHMK AGHCP VLYTGDFR 
Human CPSF-73 IMLDCG ISHFHLDHCG AGHVL LLYTGDFR 
E. coli UlaG VCVDFW ATHDHNDHID AFDRT LYHSGDSH 

B. cereus BLM VLVDSS ITHAHADRIG KGHTE ILVCGCLV 
      
  -CASP domain 
  A B C 

Human SNM1A LYLDTT EHSSY IPTVN 
Yeast SNM1/Pso2 LYLDTT EHSSF IPTVN 

Human SNM1B/Apollo LYLDNT DHSSY VPIVS 
Human SNM1C/Artemis VYLDTT FHSSY YPNVI 
Human CPSF-73 LIIEST AHTDY ILVHG 

     

Fig. 2. Characteristic sequence motifs of DNA nucleases of the MBL/-CASP family. 

 
 -CASP protein Organism PDB ID (Reference) 

EUKARYA CPSF-73 Human 2I7T (Mandel et al. 2006) 
 CPSF-100 (Ydh1p) Yeast 2I7X (Mandel et al. 2006) 

ARCHEA CPSF subunit 
PH1404 

P. horikoshii 3AF5 (Nishida et al. 2010) 

 CPSF homolog M. mazei 2XR1 (Mir-Montazeri et al. 
2011) 

EUBACTERIA TTHA0252 Th. 
termophilus 2DKF (Ishikawa et al. 2006) 

 EF2904 E. faecalis 2AZ4 (MSDG) 

Table 2. Nucleases of the -CASP family with known crystal structure. PDB ID, Protein Data 
Bank Identification code.  

-CASP nucleases, in contrast to conventional MBL amidohydrolases, which degrade the -
lactam moiety of many antibiotics that inhibit cell wall biosynthesis (Wang, Z. et al. 1999), 
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center with two metal ions, one of which acts by polarizing the substrate phosphoester 
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(Fig. 2). The histidine residues belonging to motifs 3 and 4 are located in the second -
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a variety of different substrates and, less frequently, oxidorreductases. The best-known 
hydrolytic MBLs include the zinc-dependent -lactamases (class B -lactamases) that 
hydrolyze -lactam and non--lactam antibiotics (Wang, Z. et al. 1999). Examples of other 
hydrolytic MBL subfamilies are glyoxylase II, methyl parathion hydrolase, Pce-catalytic 
domain-like, alkylsulfatase, PqsE-like (all of them zinc-dependent enzymes) and L-
ascorbate-6-phosphate lactonase (UlaG) (which is manganese-dependent) (Garces et al. 
2010). The ROO N-terminal domain family represents an MBL with oxidorreductase 
activity. Some MBL families with hydrolase activity act on nucleic acid substrates, 
predominantly on RNA, such as the -CASP, arylsulfatase (or RNAse Z-like) and YhfI-like 
families. Of those, only certain members of the -CASP family have been demonstrated to 
use DNA as a substrate, whereas the remaining enzymes display RNase activity. A common 
trait among the -CASP MBLs is the presence of an additional domain inserted into the MBL 
canonical fold, which itself contains unique sequence and structural features (Fig. 2). 
The -CASP motif was first defined by Callebuet et al. (2002), and the name was inspired by 
the common features that displayed the C termini of certain MBLs that were capable of 
binding nucleic acid substrates [CPSF-73 (Cleavage and Polyadenylation Specificity Factor-
73), Artemis, SNM1 and Pso2]. Interestingly, of the four -CASP founder sequences three 
(Artemis, SNM1, and Pso2) are known to bind DNA and to possess nuclease activity that is 
relevant in DNA repair processes. The -CASP domain is characterized by three motifs (Fig. 
2): (1) motif A, consisting of an acidic residue (D or E) preceded by hydrophobic residues () 
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which is a His residue in all the proteins with exception of Artemis/SNM1/Pso2 where it is 
a Val (Fig. 2). Since the three motifs are located near the active center, the functions of β-
CASP are associated with the specific recognition and binding of the substrate. Other 
proteins from the -CASP family are CPSF-100, RC-47, RC-68, Snm1B (Apollo) and the 
ribonucleases RNases J1 and J2 from Bacillus spp. (Callebaut et al. 2002; Dominski et al. 2005; 
Even et al. 2005; Dominski 2007). Several recently published crystal structures of members of 
the -CASP family have further confirmed the insertion of the -CASP domain inside the 
MBL fold as a / domain, which resembles a helicase-like / domain without the P-loop 
motif (Table 2 and Fig. 3).  
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lactam moiety of many antibiotics that inhibit cell wall biosynthesis (Wang, Z. et al. 1999), 
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are nucleases that hydrolyze the phosphodiester bond in RNA or DNA. The nuclease 
activity can be either endonuclease or 5’- to 3’-exonuclease. Despite the fact that the overall 
-CASP fold is reminiscent of the DNase I fold (Callebaut et al. 2002), the number of -
strands and the relative ordering of them in the central -sheet is different between the -
CASP and the DNase I folds. In keeping with conventional MBLs, -CASP nucleases appear 
to have a strong preference for the tight binding of two Zn2+ ions regardless of substrate, a 
selectivity enhanced by the presence of multiple conserved His residues in the catalytic 
center (Baldwin et al. 1979). As of recent, however, a new MBL has been discovered whose 
preferred catalytic metal ion is Mn2+ rather than Zn2+ and that shows some limited 
phosphodiesterase activity toward cyclic nucleotides (Garces et al. 2010). This raises the 
interesting possibility that other nucleases with the MBL fold may tolerate (or even prefer) 
Mn2+ in their active sites, a well-known metal catalyst in DNA-dependent nucleases such as 
Mre11 (a nuclease with the PP2B fold; Table 1). 
Even though there is no known crystal structure for DNA nucleases of the -CASP family, 
sequence conservation patterns and the accumulated knowledge on structure/function of 
diverse MBL enzymes lend support to the notion that the overall fold and domain 
arrangements of -CASP DNA nucleases will be similar to those of -CASP RNases 
(Callebaut et al. 2002). These shared features would include the presence of a -CASP 
domain inserted into the two-metal-ion MBL fold scaffold, with motifs A and B of the -
CASP domain lying near the canonical motifs I-IV of MBLs, which configure the active site 
(Figs. 2-3 and Table 2). 
In Archea, homologs of the -CASP-containing MBL protein CPSF-73 contain a specific N-
terminal domain that precedes the MBL domain. This extra N-terminal domain, termed 
CPSF-KH domain (Nishida et al. 2010; Mir-Montazeri et al. 2011), is composed of two type-II 
KH-domains (N-KH and C-KH domains) linked by -helices. As in other proteins where the 
type-II KH domains are found, the CPSF-KH domain is involved in RNA binding. In M. 
mazei CPSF-KH domain, the N-KH domain is not canonical and therefore shows very low 
sequence identity to other KH domains (Nishida et al. 2010; Mir-Montazeri et al. 2011); in 
particular, the signature motif in type-II KH domains (VIGXXG) is only fully conserved in 
the C-KH domain but not in N-KH domain (Fig. 3). 
The first -CASP/MBL that was found to be involved in DNA repair pathways was the 
yeast protein Pso2/Snm1 (heretofore Pso2), which was identified using genetic screenings 
designed to specifically isolate mutants hypersensitive to interstrand crosslinking (ICL) 
(Henriques and Moustacchi 1980, 1981; Ruhland et al. 1981a; Ruhland et al. 1981b). The two 
mutant strains found, SNM1 (Sensitivity to Nitrogen Mustard) and PSO2 (sensitivity to 
PSOralen), turned out to be allelic (Cassier-Chauvat and Moustacchi 1988). Several 
homologous proteins to yeast Pso2 have subsequently been found in higher eukaryotes, all 
of which constitute the SNM1 family. Two of these proteins, CPSF-73 and ELAC2, are 
involved in RNA maturation, whereas three additional proteins are known to participate in 
DNA repair pathways and are DNA nucleases: SNM1A, SNM1B (also known as Apollo), 
and SNM1C (also known as Artemis) (Demuth and Digweed 1998; Aravind 1999; Dronkert 
et al. 2000). As evidence accumulates, it points to a functional compartmentalization of 
SNM1A and SNM1B (being involved in ICL resolution), like yeast Snm1/Pso2, whereas 
SNM1C has been involved in certain steps of DSB repair (Cattell et al. 2010).  

2.1.1 SNM1A/Pso2 
In yeast, Pso2 levels are strictly conserved with less than one mRNA molecule per cell; 
however, upon induction of interstrand crosslinks (ICLs) the amount of PSO2 message 
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Fig. 3. A, Crystal structures of representative nucleases of the -CASP family (human CPSF-
73 and two hypothetical proteins, PH1404 and TTHA0252, from Archea and Bacteria, 
respectively), shown in ribbons. Different colors highlight the domains and motifs 
characteristic of the -CASP nucleases. B, Domain organization, including -CASP DNA 
nucleases involved in DNA repair, e.g., SNM1A, Apollo, and Artemis. Color coding as in A. 

becomes dramatically upregulated (Wolter et al. 1996; Lambert et al. 2003). Accordingly, 
pso2 mutants exhibit elevated sensitivity to a wide spectrum of crosslinking agents. The 
nuclease activity most convincingly shown for Pso2 is a 5’- to 3’-exonuclease acting on 
ssDNA and dsDNA with little preference (Li et al. 2005). The MBL domain of Pso2 is crucial 
for this activity, since mutation of D252 in motif II (Fig. 2) completely ablates Pso2 function 
in a manner indistinguishable from the null mutant (Li and Moses 2003). Interestingly, Pso2 
appears to play a role in the repair of DSBs associated with ICLs, which result, e.g., from the 
collapse of stalled replication forks, since pso2 mutants are greatly incapacitated to repair 
ICL-associated DSBs (Li and Moses 2003; Barber et al. 2005; Dudas et al. 2007). Furthermore, 
Pso2, together with two other nucleases, Exo1 and Mre11, have been involved in the 
processing of IR-induced DSBs (Lam et al. 2008), a function that is provided for partially by 
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are nucleases that hydrolyze the phosphodiester bond in RNA or DNA. The nuclease 
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DNA repair pathways and are DNA nucleases: SNM1A, SNM1B (also known as Apollo), 
and SNM1C (also known as Artemis) (Demuth and Digweed 1998; Aravind 1999; Dronkert 
et al. 2000). As evidence accumulates, it points to a functional compartmentalization of 
SNM1A and SNM1B (being involved in ICL resolution), like yeast Snm1/Pso2, whereas 
SNM1C has been involved in certain steps of DSB repair (Cattell et al. 2010).  

2.1.1 SNM1A/Pso2 
In yeast, Pso2 levels are strictly conserved with less than one mRNA molecule per cell; 
however, upon induction of interstrand crosslinks (ICLs) the amount of PSO2 message 
 

 
Nucleases of Metallo--Lactamase and Protein Phosphatase Families in DNA Repair 

 

217 

 
Fig. 3. A, Crystal structures of representative nucleases of the -CASP family (human CPSF-
73 and two hypothetical proteins, PH1404 and TTHA0252, from Archea and Bacteria, 
respectively), shown in ribbons. Different colors highlight the domains and motifs 
characteristic of the -CASP nucleases. B, Domain organization, including -CASP DNA 
nucleases involved in DNA repair, e.g., SNM1A, Apollo, and Artemis. Color coding as in A. 

becomes dramatically upregulated (Wolter et al. 1996; Lambert et al. 2003). Accordingly, 
pso2 mutants exhibit elevated sensitivity to a wide spectrum of crosslinking agents. The 
nuclease activity most convincingly shown for Pso2 is a 5’- to 3’-exonuclease acting on 
ssDNA and dsDNA with little preference (Li et al. 2005). The MBL domain of Pso2 is crucial 
for this activity, since mutation of D252 in motif II (Fig. 2) completely ablates Pso2 function 
in a manner indistinguishable from the null mutant (Li and Moses 2003). Interestingly, Pso2 
appears to play a role in the repair of DSBs associated with ICLs, which result, e.g., from the 
collapse of stalled replication forks, since pso2 mutants are greatly incapacitated to repair 
ICL-associated DSBs (Li and Moses 2003; Barber et al. 2005; Dudas et al. 2007). Furthermore, 
Pso2, together with two other nucleases, Exo1 and Mre11, have been involved in the 
processing of IR-induced DSBs (Lam et al. 2008), a function that is provided for partially by 
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all three nucleases. Since attempts to find potential Pso2 binding partners by two-hybrid 
screen have thus far failed (Dudas et al. 2007), the functional context where Pso2 acts 
remains speculative (Cattell et al. 2010). 
Of the higher eukaryotic homologs of Pso2, the slightly greater sequence identity and 
comparatively longer N terminus of SNM1A makes it the closest in terms of sequence and 
domain structure (Fig. 3). This similarity suggested that SNM1A could be, too, the closest 
vertebrate ortholog to yeast Pso2, and therefore exhibit similar functions in ICL repair. Even 
though current evidence partly supports that proposal, one must caution that ICL 
processing is significantly more complex in vertebrates than in yeast, in part because of the 
concourse of two complexes [XPF-ERCC1 (De Silva et al. 2000, 2002) and Fanconi anemia 
proteins (Niedernhofer et al. 2005; Taniguchi and D'Andrea 2006)] that are lacking in yeast. 
Like yeast Pso2, SNM1A shows 5’- to 3’-exonuclease activity on ssDNA (slightly preferred) 
and dsDNA and importantly can complement pso2 mutants in yeast (Hejna et al. 2007; 
Hazrati et al. 2008). In mammals, the precise role of SNM1A in ICL repair appears to restrict 
to a specific kind of ICL that originates from mytomicin C (MMC) treatment but not other 
ICL-inducing agents. Although currently unknown, this selectivity might arise from the fact 
that these ICLs do not induce large structural distortions of the DNA and could therefore be 
better detected by transcriptional or replicative stalling, which would render SNM1A’s 
function cell cycle phase and checkpoint arrest specific (Cattell et al. 2010). 

2.1.2 SNM1B/APOLLO 
Apollo is termed after Artemis (SNM1C; see section 2.1.3) because of their structural and 
gene sequence similarities (Demuth et al. 2004) (Fig. 2-3). There are two splice variants of 
APOLLO, with the longer Apollo protein sharing 33% sequence identity with yeast Pso2; the 
second, shorter splice variant has so far resisted functional assignment. Full-length Apollo 
has 5’- to 3’-exonuclease activity. Aside from, but connected with, Apollo’s role in DNA 
repair, its best-studied role is in telomere maintenance, mainly by interacting with the 
telomere-associated factor TRF2 (Freibaum and Counter 2006; Lenain et al. 2006; van 
Overbeek and de Lange 2006). TRF2 is responsible for the recruitment of several protective 
factors to the telomeres, and forms part of the six-subunit complex Shelterin (consisting of 
TRF1, TRF2, Rap1, TIN2, TPP1, and POT1), which protects the telomeres from the DNA 
damage response and therefore maintains their length (van Overbeek and de Lange 2006). 
In DNA repair, cells depleted of Apollo show various defects upon exposure to ionizing 
radiation and in the subsequent cellular response to DSBs, including attenuation in the 
autophorphorylation of ATM and in the phosphorylation of downstream ATM target 
proteins (Demuth et al. 2008). Part of this effect has an interesting connection with telomere 
maintenance, since cells depleted of both Apollo and TRF2 suffer increased DNA damage 
response and growth abnormalities than any of the single mutants (Lenain et al. 2006). 
Defects in Apollo are felt mainly during S phase, thereby suggesting a role for Apollo 
principally linked to DNA replication (van Overbeek and de Lange 2006) and associated 
with the repair of fork-stalling ICLs, much as Pso2 and SNM1A.  

2.1.3 SNM1C/ARTEMIS 
Artemis is a third vertebrate -CASP DNA nuclease with roles in DNA repair by the NHEJ 
pathway (Ma, Y. et al. 2002; Rooney et al. 2003) and, in addition, in V(D)J recombination, a 
process indispensable for acquired immunity (Rooney et al. 2002). In contrast to Pso2, 
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SNM1A, and Apollo, Artemis does not appear to be involved in the repair of ICL lesions. As 
Apollo and SNM1A, Artemis has been described as a 5’- to 3’-exonuclease toward ssDNA 
and dsDNA (Ma, Y. et al. 2002) in a DNA PKcs independent manner, as well as an 
endonuclease whose activity is directed toward DNA hairpins and as a 3’- to 5’-exonuclease 
on DNA overhangs (Ma, Y. et al. 2002; Niewolik et al. 2006). The endonuclease activity on 
ssDNA appears to be intrinsic to Artemis (Gu et al. 2010; Pawelczak and Turchi 2010) and 
regulatable by DNA PKcs (Huang et al. 2009; Gu et al. 2010; Pawelczak and Turchi 2010).  
An area that is hotly debated concerns the activation of Artemis upon DNA damage. Early 
studies suggested that the activation of Artemis depended on its phosphorylation by DNA 
PKcs, on the basis that Artemis has eleven Ser and Thr residues that are phosphorylatable in 
vitro (Ma, Y. et al. 2002; Niewolik et al. 2006). More recently, it has been shown that DNA 
cleavage by Artemis could be facilitated by a hypothetical DNA conformational change 
upon DNA PKcs autophosphorylation (Goodarzi et al. 2006; Yannone et al. 2008; Gu et al. 
2010). Another element of discussion is whether Artemis has one single active site that is 
responsible for both the exonucleolytic and the endonucleolytic activity, or there are two 
separate, though partially overlapping, active sites for each of these activities. This question 
is based on the fact that mutants of Artemis impair only the endonuclease activity but have 
no consequences for Artemis exonuclease activity (Ma, Y. et al. 2002; Pannicke et al. 2004); 
strikingly, not even an Asp736 mutant of Artemis, a mutant that losses activity in all other 
SNM1 family members, compromises the 5’- to 3’-exonuclease activity. The latter, and the 
fact that two (even partially) separated active sites could coexist in a -CASP nuclease, 
would make Artemis completely unique in the MBL superfamily. Even more recently, the 
assignment of 5’- to 3’-exonuclease activity has been called into question, as this activity 
could not be detected in further purified samples of Artemis (Pawelczak and Turchi 2010). 
Efforts to clarify which roles does Artemis play in DNA repair have provided two sound 
answers. First, failure of Artemis deficient cells to show defects upon exposure to ICL 
inducing chemicals dispels a potential role for Artemis in the repair of ICL lesions. Instead, 
Artemis nuclease activity has been shown to be involved in the repair of a subgroup of DSBs 
(10–15%) produced by IR that contain covalently modified ends refractory to direct repair by 
other nucleases (Riballo et al. 2004; Wang, J. et al. 2005; Darroudi et al. 2007). The processing 
by Artemis of those ‘blocked’ DSBs so that they become accessible to downstream DNA 
repair machinery would be fitting with the known ability of Artemis-DNA PKcs to process 
5’ or 3’ overhangs, hairpins, loops, gaps, or flaps, within DNA (Ma, Y. et al. 2005), as well as 
oxidation lesions at DNA ends (Povirk et al. 2007). In fact, DNA PKcs has been 
demonstrated to recruit Artemis to DSB sites, especially in heterochromatin, where DNA 
PKcs could modify the DNA structure so as to facilitate cleavage by Artemis (Goodarzi et al. 
2006). At DSBs, Artemis collaborates with ATM to promote DSB repair by two different 
pathways, NHEJ at G0/G1 phase and HR at G2 phase (Goodarzi et al. 2006). 

2.2 Protein phosphatase fold nucleases (Mre11) 
The most prominent DNA nuclease of the protein phosphatase 2B (PP2B) fold is Mre11 
(Meiotic recombination 11) (Gueguen et al. 2001), which is one of the central nucleases for the 
repair of DSBs by the non-homologous end joining (NHEJ) and homologous recombination 
(HR) repair pathways. Phylogenetic analyses show that Mre11 is conserved across the tree of 
life, likely because of its vital functionality in DNA repair. Mre11 contains five conserved 
motifs (shared with some structurally related polymerase small subunits), including a two-
metal-ion-binding site that has a strong preference for manganese (Gueguen et al. 2001) and is 
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all three nucleases. Since attempts to find potential Pso2 binding partners by two-hybrid 
screen have thus far failed (Dudas et al. 2007), the functional context where Pso2 acts 
remains speculative (Cattell et al. 2010). 
Of the higher eukaryotic homologs of Pso2, the slightly greater sequence identity and 
comparatively longer N terminus of SNM1A makes it the closest in terms of sequence and 
domain structure (Fig. 3). This similarity suggested that SNM1A could be, too, the closest 
vertebrate ortholog to yeast Pso2, and therefore exhibit similar functions in ICL repair. Even 
though current evidence partly supports that proposal, one must caution that ICL 
processing is significantly more complex in vertebrates than in yeast, in part because of the 
concourse of two complexes [XPF-ERCC1 (De Silva et al. 2000, 2002) and Fanconi anemia 
proteins (Niedernhofer et al. 2005; Taniguchi and D'Andrea 2006)] that are lacking in yeast. 
Like yeast Pso2, SNM1A shows 5’- to 3’-exonuclease activity on ssDNA (slightly preferred) 
and dsDNA and importantly can complement pso2 mutants in yeast (Hejna et al. 2007; 
Hazrati et al. 2008). In mammals, the precise role of SNM1A in ICL repair appears to restrict 
to a specific kind of ICL that originates from mytomicin C (MMC) treatment but not other 
ICL-inducing agents. Although currently unknown, this selectivity might arise from the fact 
that these ICLs do not induce large structural distortions of the DNA and could therefore be 
better detected by transcriptional or replicative stalling, which would render SNM1A’s 
function cell cycle phase and checkpoint arrest specific (Cattell et al. 2010). 

2.1.2 SNM1B/APOLLO 
Apollo is termed after Artemis (SNM1C; see section 2.1.3) because of their structural and 
gene sequence similarities (Demuth et al. 2004) (Fig. 2-3). There are two splice variants of 
APOLLO, with the longer Apollo protein sharing 33% sequence identity with yeast Pso2; the 
second, shorter splice variant has so far resisted functional assignment. Full-length Apollo 
has 5’- to 3’-exonuclease activity. Aside from, but connected with, Apollo’s role in DNA 
repair, its best-studied role is in telomere maintenance, mainly by interacting with the 
telomere-associated factor TRF2 (Freibaum and Counter 2006; Lenain et al. 2006; van 
Overbeek and de Lange 2006). TRF2 is responsible for the recruitment of several protective 
factors to the telomeres, and forms part of the six-subunit complex Shelterin (consisting of 
TRF1, TRF2, Rap1, TIN2, TPP1, and POT1), which protects the telomeres from the DNA 
damage response and therefore maintains their length (van Overbeek and de Lange 2006). 
In DNA repair, cells depleted of Apollo show various defects upon exposure to ionizing 
radiation and in the subsequent cellular response to DSBs, including attenuation in the 
autophorphorylation of ATM and in the phosphorylation of downstream ATM target 
proteins (Demuth et al. 2008). Part of this effect has an interesting connection with telomere 
maintenance, since cells depleted of both Apollo and TRF2 suffer increased DNA damage 
response and growth abnormalities than any of the single mutants (Lenain et al. 2006). 
Defects in Apollo are felt mainly during S phase, thereby suggesting a role for Apollo 
principally linked to DNA replication (van Overbeek and de Lange 2006) and associated 
with the repair of fork-stalling ICLs, much as Pso2 and SNM1A.  

2.1.3 SNM1C/ARTEMIS 
Artemis is a third vertebrate -CASP DNA nuclease with roles in DNA repair by the NHEJ 
pathway (Ma, Y. et al. 2002; Rooney et al. 2003) and, in addition, in V(D)J recombination, a 
process indispensable for acquired immunity (Rooney et al. 2002). In contrast to Pso2, 
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SNM1A, and Apollo, Artemis does not appear to be involved in the repair of ICL lesions. As 
Apollo and SNM1A, Artemis has been described as a 5’- to 3’-exonuclease toward ssDNA 
and dsDNA (Ma, Y. et al. 2002) in a DNA PKcs independent manner, as well as an 
endonuclease whose activity is directed toward DNA hairpins and as a 3’- to 5’-exonuclease 
on DNA overhangs (Ma, Y. et al. 2002; Niewolik et al. 2006). The endonuclease activity on 
ssDNA appears to be intrinsic to Artemis (Gu et al. 2010; Pawelczak and Turchi 2010) and 
regulatable by DNA PKcs (Huang et al. 2009; Gu et al. 2010; Pawelczak and Turchi 2010).  
An area that is hotly debated concerns the activation of Artemis upon DNA damage. Early 
studies suggested that the activation of Artemis depended on its phosphorylation by DNA 
PKcs, on the basis that Artemis has eleven Ser and Thr residues that are phosphorylatable in 
vitro (Ma, Y. et al. 2002; Niewolik et al. 2006). More recently, it has been shown that DNA 
cleavage by Artemis could be facilitated by a hypothetical DNA conformational change 
upon DNA PKcs autophosphorylation (Goodarzi et al. 2006; Yannone et al. 2008; Gu et al. 
2010). Another element of discussion is whether Artemis has one single active site that is 
responsible for both the exonucleolytic and the endonucleolytic activity, or there are two 
separate, though partially overlapping, active sites for each of these activities. This question 
is based on the fact that mutants of Artemis impair only the endonuclease activity but have 
no consequences for Artemis exonuclease activity (Ma, Y. et al. 2002; Pannicke et al. 2004); 
strikingly, not even an Asp736 mutant of Artemis, a mutant that losses activity in all other 
SNM1 family members, compromises the 5’- to 3’-exonuclease activity. The latter, and the 
fact that two (even partially) separated active sites could coexist in a -CASP nuclease, 
would make Artemis completely unique in the MBL superfamily. Even more recently, the 
assignment of 5’- to 3’-exonuclease activity has been called into question, as this activity 
could not be detected in further purified samples of Artemis (Pawelczak and Turchi 2010). 
Efforts to clarify which roles does Artemis play in DNA repair have provided two sound 
answers. First, failure of Artemis deficient cells to show defects upon exposure to ICL 
inducing chemicals dispels a potential role for Artemis in the repair of ICL lesions. Instead, 
Artemis nuclease activity has been shown to be involved in the repair of a subgroup of DSBs 
(10–15%) produced by IR that contain covalently modified ends refractory to direct repair by 
other nucleases (Riballo et al. 2004; Wang, J. et al. 2005; Darroudi et al. 2007). The processing 
by Artemis of those ‘blocked’ DSBs so that they become accessible to downstream DNA 
repair machinery would be fitting with the known ability of Artemis-DNA PKcs to process 
5’ or 3’ overhangs, hairpins, loops, gaps, or flaps, within DNA (Ma, Y. et al. 2005), as well as 
oxidation lesions at DNA ends (Povirk et al. 2007). In fact, DNA PKcs has been 
demonstrated to recruit Artemis to DSB sites, especially in heterochromatin, where DNA 
PKcs could modify the DNA structure so as to facilitate cleavage by Artemis (Goodarzi et al. 
2006). At DSBs, Artemis collaborates with ATM to promote DSB repair by two different 
pathways, NHEJ at G0/G1 phase and HR at G2 phase (Goodarzi et al. 2006). 

2.2 Protein phosphatase fold nucleases (Mre11) 
The most prominent DNA nuclease of the protein phosphatase 2B (PP2B) fold is Mre11 
(Meiotic recombination 11) (Gueguen et al. 2001), which is one of the central nucleases for the 
repair of DSBs by the non-homologous end joining (NHEJ) and homologous recombination 
(HR) repair pathways. Phylogenetic analyses show that Mre11 is conserved across the tree of 
life, likely because of its vital functionality in DNA repair. Mre11 contains five conserved 
motifs (shared with some structurally related polymerase small subunits), including a two-
metal-ion-binding site that has a strong preference for manganese (Gueguen et al. 2001) and is 
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essential for catalysis in the archeal, yeast, and human enzymes. At least in vitro, Mre11 
exhibits the following enzymatic activities: ssDNA endonuclease, dsDNA 3’- to 5’-exonuclase, 
DNA hairpin cleaving (Hopfner et al. 2001), and activation of DNA checkpoint kinase (ATM in 
humans, Tel1 in yeast) (Williams, R.S. et al. 2008). Mn2+ is required for all these activities, and 
interaction of Mre11 with Rad50 is necessary for dsDNA 3’- to 5’-exonuclease and cleaving 
DNA hairpins (Hopfner et al. 2001; Ghosal and Muniyappa 2005; Williams, R.S. et al. 2008). 
Besides, Mre11 has been observed to participate in 5’ to 3’ end resection of DSBs in vivo 
(Williams, R.S. et al. 2007), although the precise mechanism remains to be completely 
elucidated. A current working model involves other enzymes with nuclease or helicase 
activity in addition to Mre11, like Sae2, Exo1, Dna2, or Sgs1 (Zhu et al. 2008). The cooperation 
between these enzymes is supported by the observation of a reduced 5’- to 3’-exonucleolytic 
activity in cells lacking Exo1 and a complete ablation of this activity when Exo1, Sae2, and the 
MRX complex are all absent (Zhu et al. 2008). It appears that Mre11, together with Sae2, 
initiates DSB resection by facilitating trimming of 5’ ends, which can then be degraded by Exo1 
or Dna2, in collaboration with the Sgs1 helicase, thus generating long single-stranded 
overhangs (Mimitou and Symington 2008).   
As many other DNA processing enzymes, Mre11 is part of a multisubunit complex whose 
core is composed of four subunits, two subunits of Mre11 and two of Rad50 (Table 1). In this 
four-subunit MR complex, Mre11 acts as the nuclease engine, whereas Rad50 contributes 
localization and tethering specific functions. In eukaryotic organisms, as opposed to the 
simpler archeal and bacterial MR complex, there is a third subunit associated with Mre11 
and Rad50, Nbs1 (or Xrs2 in yeast). Nbs1 is an integral part of the eukaryotic complex, 
which is named MRN (in yeast, MRX) (Hopfner et al. 2001). The MRN complex participates 
in various DNA repair processes such as in DNA damage detection, HR (Williams, R.S. et al. 
2008), telomere maintenance, or checkpoint signaling, meiotic recombination, NHEJ and 
MMEJ (Lammens et al. 2011). Through its capacity to activate the ATM kinase, the MRN 
complex participates in the cell cycle (Lammens et al. 2011). 
 

 
Fig. 4. Crystal structure of PfMre11 (two views 90º apart) in complex with branched DNA 
(Williams, R.S. et al. 2008), an intermediate during DSB repair. 
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 PP2B protein Organism PDB ID (Reference) 
ARCHEA Mre11:Rad50 P furiosus 3QKR (Williams, G.J. et al. 2011) 
 Mre11 P. furiosus 3DSD, 3DSC (Williams, R.S. et al. 2008) 
 Mre11 P. furiosus 1II7 (Hopfner et al. 2001) 
 Mre11-3 P. furiosus 1S8E (Arthur et al. 2004) 
EUBACTERIA Mre11:Rad50 T. maritima 3QF7, 3QG5 (Lammens et al. 2011) 
 Mre11 T. maritima 2Q8U (Das et al. 2010) 

Table 3. X-ray crystal structures of archeal and eubacterial Mre11. 

Several crystal structures of Mre11 in several functionally relevant complexes have been 
solved in two extremophilic microorganisms: the Archea Pyrococcus furiosus (Hopfner et al. 
2001) (Fig. 4 and Table 3) and the Eubacteria Thermotoga maritima (Das et al. 2010) (Table 3). 
PfMre11 is composed of two domains, domain I (or nuclease domain) and domain II (or 
capping domain). Domain I is formed by two parallel -sheets surrounded by seven -
helices, and is characterized by five conserved phosphodiesterase motifs that confer 
nuclease activity. These conserved motifs are the blueprint of the PP2B superfamily to which 
Mre11 belongs. In addition, the conserved five motifs are very similar, at the structural level, 
to those found in Ser/Thr phosphatases (although the latter phosphatases show preference 
for different metal ions, such as Zn2+ and Fe2+). The capping domain is composed of five -
strands and two -helices, and its function is to specifically bind DNA (Hopfner et al. 2001). 
Like in many two-domain proteins, there is flexibility in the relative orientation around the 
linker that connects the two domains, and it has been suggested that this flexibility enables 
Mre11 to efficiently bind widely different substrates (dsDNA, ssDNA, or hairpin DNA). In 
addition, this flexibility allows the capping domain to rotate while bound to DNA thus 
facilitating the opening of the DNA substrate (Hopfner et al. 2001)  
Similarly to other nucleases of the MBL fold, archeal and human Mre11 are homodimeric 
enzymes. Two chains of Mre11 assemble in a homodimer with an interface composed of -
helices that are stabilized by apolar interactions between hydrophobic and aromatic 
residues, as Leu61, Ile65, Pro92, Leu97, and Phe101 (Williams, R.S. et al. 2008). This 
dimerization interface appears to be conserved at the sequence level in Bacteria, Archea, 
fungi, and humans (Das et al. 2010), and sequence alignments with Trypanosoma brucei or 
Arabidopsis thaliana lend support to the notion that Mre11 may share its quaternary structure 
even in paramecia and plants (Tan et al. 2002). Despite its evolutionary conservation, the 
integrity of the dimer structure does not appear to be required for the nuclease activity, at 
least in P. furiosus Mre11 (PfMre11). Instead, the dimer structure seems to be essential for 
binding the DNA substrate in the correct orientation. The dimeric architecture of Mre11 
enables it to simultaneously bind to the two ends of a DSB in a synaptic complex whereby 
the two ends of a DSB are drawn near one another (or ‘tethered’) (Hopfner et al. 2001; 
Williams, R.S. et al. 2008). This tethering represents an essential prerequisite for the 
successful Mre11-mediated processing of a DSB lesion, since close proximity of the two DSB 
ends is necessary for ligation. 
As explained above, the presence of two metal ions is an absolute requirement for the 
nuclease activity of Mre11. In PfMre11, residues Asn84 and His85 have been shown to be 
essential for catalysis. In fact, the residues implicated in metal coordination are conserved, at 
least in P. furiosus, yeast and humans (Hopfner et al. 2001). This feature has not been proven 
in T. maritima Mre11 (TmMre11) because of the absence of any bound metals in the crystal 
structure (Das et al. 2010); this does not necessarily imply that TmMre11 has no requirement 
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essential for catalysis in the archeal, yeast, and human enzymes. At least in vitro, Mre11 
exhibits the following enzymatic activities: ssDNA endonuclease, dsDNA 3’- to 5’-exonuclase, 
DNA hairpin cleaving (Hopfner et al. 2001), and activation of DNA checkpoint kinase (ATM in 
humans, Tel1 in yeast) (Williams, R.S. et al. 2008). Mn2+ is required for all these activities, and 
interaction of Mre11 with Rad50 is necessary for dsDNA 3’- to 5’-exonuclease and cleaving 
DNA hairpins (Hopfner et al. 2001; Ghosal and Muniyappa 2005; Williams, R.S. et al. 2008). 
Besides, Mre11 has been observed to participate in 5’ to 3’ end resection of DSBs in vivo 
(Williams, R.S. et al. 2007), although the precise mechanism remains to be completely 
elucidated. A current working model involves other enzymes with nuclease or helicase 
activity in addition to Mre11, like Sae2, Exo1, Dna2, or Sgs1 (Zhu et al. 2008). The cooperation 
between these enzymes is supported by the observation of a reduced 5’- to 3’-exonucleolytic 
activity in cells lacking Exo1 and a complete ablation of this activity when Exo1, Sae2, and the 
MRX complex are all absent (Zhu et al. 2008). It appears that Mre11, together with Sae2, 
initiates DSB resection by facilitating trimming of 5’ ends, which can then be degraded by Exo1 
or Dna2, in collaboration with the Sgs1 helicase, thus generating long single-stranded 
overhangs (Mimitou and Symington 2008).   
As many other DNA processing enzymes, Mre11 is part of a multisubunit complex whose 
core is composed of four subunits, two subunits of Mre11 and two of Rad50 (Table 1). In this 
four-subunit MR complex, Mre11 acts as the nuclease engine, whereas Rad50 contributes 
localization and tethering specific functions. In eukaryotic organisms, as opposed to the 
simpler archeal and bacterial MR complex, there is a third subunit associated with Mre11 
and Rad50, Nbs1 (or Xrs2 in yeast). Nbs1 is an integral part of the eukaryotic complex, 
which is named MRN (in yeast, MRX) (Hopfner et al. 2001). The MRN complex participates 
in various DNA repair processes such as in DNA damage detection, HR (Williams, R.S. et al. 
2008), telomere maintenance, or checkpoint signaling, meiotic recombination, NHEJ and 
MMEJ (Lammens et al. 2011). Through its capacity to activate the ATM kinase, the MRN 
complex participates in the cell cycle (Lammens et al. 2011). 
 

 
Fig. 4. Crystal structure of PfMre11 (two views 90º apart) in complex with branched DNA 
(Williams, R.S. et al. 2008), an intermediate during DSB repair. 
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Several crystal structures of Mre11 in several functionally relevant complexes have been 
solved in two extremophilic microorganisms: the Archea Pyrococcus furiosus (Hopfner et al. 
2001) (Fig. 4 and Table 3) and the Eubacteria Thermotoga maritima (Das et al. 2010) (Table 3). 
PfMre11 is composed of two domains, domain I (or nuclease domain) and domain II (or 
capping domain). Domain I is formed by two parallel -sheets surrounded by seven -
helices, and is characterized by five conserved phosphodiesterase motifs that confer 
nuclease activity. These conserved motifs are the blueprint of the PP2B superfamily to which 
Mre11 belongs. In addition, the conserved five motifs are very similar, at the structural level, 
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the two ends of a DSB are drawn near one another (or ‘tethered’) (Hopfner et al. 2001; 
Williams, R.S. et al. 2008). This tethering represents an essential prerequisite for the 
successful Mre11-mediated processing of a DSB lesion, since close proximity of the two DSB 
ends is necessary for ligation. 
As explained above, the presence of two metal ions is an absolute requirement for the 
nuclease activity of Mre11. In PfMre11, residues Asn84 and His85 have been shown to be 
essential for catalysis. In fact, the residues implicated in metal coordination are conserved, at 
least in P. furiosus, yeast and humans (Hopfner et al. 2001). This feature has not been proven 
in T. maritima Mre11 (TmMre11) because of the absence of any bound metals in the crystal 
structure (Das et al. 2010); this does not necessarily imply that TmMre11 has no requirement 
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for Mn2+, since metalloenzymes can become depleted of the metal they need for catalysis 
during purification. Mutations in PfMre11 of two catalytic His residues of the nuclease 
domain, His85 and His52, eliminate the 3’-5’ exonuclease activity (Williams, R.S. et al. 2008). 
Mutations in His85 abolish endonuclease activity, while a H52S mutant affects only weakly 
to the endonuclease activity (Williams, R.S. et al. 2008), therefore indicating that His85 is the 
most crucial residue since it is required to maintain both the exonuclease and the 
endonuclease activities. Some authors propose that the major function of Mre11 is 
endonucleolytic, as needed for homologous recombination (Williams, R.S. et al. 2008). His85 
is believed to act as a proton donor to the 3’-OH group of the substrate (Hopfner et al. 2001), 
while His52 facilitates the rotation of the phosphate group required for 3’-5’ exonucleolytic 
activity (Williams, R.S. et al. 2008). Given the conservation of these two His residues, this 
mechanism assumes that the nuclease activity is highly conserved among Mre11 orthologs, 
including T. maritima and yeast (Das et al. 2010). Assays with dAMP (deoxyadenosine 
monophosphate) proved that the interaction of Mre11 with the substrate occurs via the 
phosphate group of dAMP, without a specific recognition of the adenine base (i.e., non-
specifically) (Hopfner et al. 2001). This observation is in agreement with the sequence non-
specificity of Mre11, which has been shown to interact mostly with the minor groove of 
DNA (Williams, R.S. et al. 2008). This property may further enhance Mre11’s capacity to 
recognize widely different DNA sequences and to accomplish diverse activities. 
PfMre11 interacts with its DNA substrate in two different ways, both of which are 
biologically relevant (Williams, R.S. et al. 2008): A synaptic DNA complex, which simulates 
dsDNA end joining of two DSB products, a fundamental process in DSB repair; and a 
branched DNA complex (Fig. 4), wherein the joined ssDNA-dsDNA structure sits at the 
interface between the nuclease and the capping domains of Mre11. The branched DNA 
complex, as opposed to the synaptic complex, is an asymmetric complex (Fig. 4). 
In T. maritima, TmMre11 forms a crystallographic homodimer of slightly smaller subunits, 
and the nuclease domain is composed of 12 -strands and five -helices (Das et al. 2010). 
The C-terminal, DNA binding domain contains three -strands and two -helices, and is 
equivalent to the capping domain of PfMre11. Unlike PfMre11, solution analyses (size-
exclusion chromatography and static light scattering) indicate that TmMre11 can be 
monomeric. In support of a physiologic homodimeric structure, conserved residues at the 
dimerization interfaces of PfMre11, yeast, and human Mre11, are also conserved in 
TmMre11, including Leu75, Leu78, Lys79, and Ile113. Phe102 and Phe105, two hydrophobic 
residues at the putative dimerization interface of TmMre11 that would be exposed in the 
monomeric structure, have too equivalent residues in PfMre11, yeast, and human Mre11. 
Although there are many shared features in the DNA binding domain of TmMre11, the 
specific configuration of this domain may explain the differential functionality among these 
species. In keeping with the conservation of the nuclease domain, enzymatic studies have 
shown that TmMre11 possesses both exonuclease and endonuclease activities. Furthermore, 
His94 in TmMre11 seems to carry out the same function as His85 in PfMre11, and His61 
(TmMre11) is functionally equivalent to His52 (PfMre11) (Das et al. 2010). 
The MR complex from T. maritima, like that of P. furiosus, comprises four subunits, two each 
of Mre11 and Rad50, the core of the complex being an Mre11 homodimer that is stabilized 
by a core of hydrophobic interactions. Each Mre11 subunit in the core dimer contacts one 
Rad50 subunit (Lammens et al. 2011), with an overall organization of the bacterial MR 
complex that is identical to that of the archeal MR complex. This notion that not only the 
constituent subunits but also their mode of interaction inside a seemingly isofunctional 
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complex is a fundamental aspect of protein complex evolution, which has been elegantly 
shown too for other DNA and chromatin binding complexes, e.g. the histone acetylation and 
deacetylation complexes (Doyon et al. 2006). The human MR complex has been studied by 
SFM (scanning force microscopy), revealing a large central globular domain whence two 
long, flexible projections emerge (de Jager et al. 2001), which has led to the proposal of an 
evolutionarily conserved architecture for the MR complex. In contrast to the prokaryotic MR 
complexes, the human MR complex seems to bind DNA preferably at the end of linear 
dsDNA, whereas in circular DNA the MR complex binds almost exclusively as monomers. 
The yeast MR complex has been studied as well, with the result that mutations that perturb 
the complex lead to genome aberrations, loss of cell viability, problems in recombination, 
and mistakes in telomere maintenance; many of these defects stem from a reduced DSB 
repair (Ghosal and Muniyappa 2005). In yeast, as in humans, a third subunit (Xrs2) is 
associated with Mre11 and Rad50 in a so-called MRX complex, which has roles mostly in 
DSB repair by the HR pathway (Yamaguchi-Iwai et al. 1999). 
Telomere ends are a special class of DSBs, and in this context it has been shown that yeast 
Mre11 (ScMre11) is implicated in the removal of Spo11p, a protein that generates DSB 
during meiotic homologous recombination (Diaz et al. 2002). Apparently, ScMre11 has high 
affinity for parallel G-quadruplex (G4) DNA, a feature of yeast telomeres. Indeed, ScMre11 
can cleave G4 DNA as well as G-rich ssDNA. This activity of ScMre11 toward G4 DNA and 
related DNAs is thought to facilitate the action of telomerase and the binding of other 
proteins to the telomeres. ScMre11 can also bind ssDNA and dsDNA, though with lower 
affinity (Ghosal and Muniyappa 2005). More recently, some studies have shown a 
relationship between ScMre11 and topoisomerases (Hamilton and Maizels 2010), whereby 
two known topoisomerase inhibitors (camptothecin and etoposide) show differential effects 
in an mre11 knockout. In turn, an H59A mutant is affected in the resistance to hydroxyurea 
and IR, whereas it is not affected by camptothecin (Hamilton and Maizels 2010). Thus, these 
results suggest an interaction, whether direct or indirect, between Mre11 and 
topoisomerases, both of which carry out functions on a DNA substrate. Like ScMre11, 
TbMre11 is thought to participate in telomere maintenance (Tan et al. 2002), an observation 
that raises the possibility that the conservation of telomeric repeat structure from yeast to 
vertebrates may be linked to the conservation of Mre11. 

3. Structural and catalytic parallels 
The MBL and PP2B families have a number of significant similarities at different, 
functionally relevant levels, and therefore many parallels can be drawn between the two 
nuclease families, structurally and catalytically. First, the core of either fold consists of -
sheets with analogous topology between the -CASP nucleases and Mre11. Second, their 
tertiary structures are similar. Third, both nuclease folds use a two-metal-ion binding site for 
catalysis (Zn2+ in the -CASP nucleases, and Mn2+ by Mre11), and have similar active-site 
residues to perform catalysis. The differences in substrate specificity and reactivity can be 
rationalized, very preliminary in the absence of additional structural information for the -
CASP DNA nucleases, as stemming from the different localization of the active-site residues 
in either fold, and in the prominent role of the accessory or inserted domains in modulating 
catalysis by the nuclease domain. 
Several crystal structures of archeal Mre11 alone and in complex with DNA reveal a 
conserved homodimer with a tertiary structure and active sites that are reminiscent to those 
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for Mn2+, since metalloenzymes can become depleted of the metal they need for catalysis 
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to the endonuclease activity (Williams, R.S. et al. 2008), therefore indicating that His85 is the 
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while His52 facilitates the rotation of the phosphate group required for 3’-5’ exonucleolytic 
activity (Williams, R.S. et al. 2008). Given the conservation of these two His residues, this 
mechanism assumes that the nuclease activity is highly conserved among Mre11 orthologs, 
including T. maritima and yeast (Das et al. 2010). Assays with dAMP (deoxyadenosine 
monophosphate) proved that the interaction of Mre11 with the substrate occurs via the 
phosphate group of dAMP, without a specific recognition of the adenine base (i.e., non-
specifically) (Hopfner et al. 2001). This observation is in agreement with the sequence non-
specificity of Mre11, which has been shown to interact mostly with the minor groove of 
DNA (Williams, R.S. et al. 2008). This property may further enhance Mre11’s capacity to 
recognize widely different DNA sequences and to accomplish diverse activities. 
PfMre11 interacts with its DNA substrate in two different ways, both of which are 
biologically relevant (Williams, R.S. et al. 2008): A synaptic DNA complex, which simulates 
dsDNA end joining of two DSB products, a fundamental process in DSB repair; and a 
branched DNA complex (Fig. 4), wherein the joined ssDNA-dsDNA structure sits at the 
interface between the nuclease and the capping domains of Mre11. The branched DNA 
complex, as opposed to the synaptic complex, is an asymmetric complex (Fig. 4). 
In T. maritima, TmMre11 forms a crystallographic homodimer of slightly smaller subunits, 
and the nuclease domain is composed of 12 -strands and five -helices (Das et al. 2010). 
The C-terminal, DNA binding domain contains three -strands and two -helices, and is 
equivalent to the capping domain of PfMre11. Unlike PfMre11, solution analyses (size-
exclusion chromatography and static light scattering) indicate that TmMre11 can be 
monomeric. In support of a physiologic homodimeric structure, conserved residues at the 
dimerization interfaces of PfMre11, yeast, and human Mre11, are also conserved in 
TmMre11, including Leu75, Leu78, Lys79, and Ile113. Phe102 and Phe105, two hydrophobic 
residues at the putative dimerization interface of TmMre11 that would be exposed in the 
monomeric structure, have too equivalent residues in PfMre11, yeast, and human Mre11. 
Although there are many shared features in the DNA binding domain of TmMre11, the 
specific configuration of this domain may explain the differential functionality among these 
species. In keeping with the conservation of the nuclease domain, enzymatic studies have 
shown that TmMre11 possesses both exonuclease and endonuclease activities. Furthermore, 
His94 in TmMre11 seems to carry out the same function as His85 in PfMre11, and His61 
(TmMre11) is functionally equivalent to His52 (PfMre11) (Das et al. 2010). 
The MR complex from T. maritima, like that of P. furiosus, comprises four subunits, two each 
of Mre11 and Rad50, the core of the complex being an Mre11 homodimer that is stabilized 
by a core of hydrophobic interactions. Each Mre11 subunit in the core dimer contacts one 
Rad50 subunit (Lammens et al. 2011), with an overall organization of the bacterial MR 
complex that is identical to that of the archeal MR complex. This notion that not only the 
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complex is a fundamental aspect of protein complex evolution, which has been elegantly 
shown too for other DNA and chromatin binding complexes, e.g. the histone acetylation and 
deacetylation complexes (Doyon et al. 2006). The human MR complex has been studied by 
SFM (scanning force microscopy), revealing a large central globular domain whence two 
long, flexible projections emerge (de Jager et al. 2001), which has led to the proposal of an 
evolutionarily conserved architecture for the MR complex. In contrast to the prokaryotic MR 
complexes, the human MR complex seems to bind DNA preferably at the end of linear 
dsDNA, whereas in circular DNA the MR complex binds almost exclusively as monomers. 
The yeast MR complex has been studied as well, with the result that mutations that perturb 
the complex lead to genome aberrations, loss of cell viability, problems in recombination, 
and mistakes in telomere maintenance; many of these defects stem from a reduced DSB 
repair (Ghosal and Muniyappa 2005). In yeast, as in humans, a third subunit (Xrs2) is 
associated with Mre11 and Rad50 in a so-called MRX complex, which has roles mostly in 
DSB repair by the HR pathway (Yamaguchi-Iwai et al. 1999). 
Telomere ends are a special class of DSBs, and in this context it has been shown that yeast 
Mre11 (ScMre11) is implicated in the removal of Spo11p, a protein that generates DSB 
during meiotic homologous recombination (Diaz et al. 2002). Apparently, ScMre11 has high 
affinity for parallel G-quadruplex (G4) DNA, a feature of yeast telomeres. Indeed, ScMre11 
can cleave G4 DNA as well as G-rich ssDNA. This activity of ScMre11 toward G4 DNA and 
related DNAs is thought to facilitate the action of telomerase and the binding of other 
proteins to the telomeres. ScMre11 can also bind ssDNA and dsDNA, though with lower 
affinity (Ghosal and Muniyappa 2005). More recently, some studies have shown a 
relationship between ScMre11 and topoisomerases (Hamilton and Maizels 2010), whereby 
two known topoisomerase inhibitors (camptothecin and etoposide) show differential effects 
in an mre11 knockout. In turn, an H59A mutant is affected in the resistance to hydroxyurea 
and IR, whereas it is not affected by camptothecin (Hamilton and Maizels 2010). Thus, these 
results suggest an interaction, whether direct or indirect, between Mre11 and 
topoisomerases, both of which carry out functions on a DNA substrate. Like ScMre11, 
TbMre11 is thought to participate in telomere maintenance (Tan et al. 2002), an observation 
that raises the possibility that the conservation of telomeric repeat structure from yeast to 
vertebrates may be linked to the conservation of Mre11. 
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The MBL and PP2B families have a number of significant similarities at different, 
functionally relevant levels, and therefore many parallels can be drawn between the two 
nuclease families, structurally and catalytically. First, the core of either fold consists of -
sheets with analogous topology between the -CASP nucleases and Mre11. Second, their 
tertiary structures are similar. Third, both nuclease folds use a two-metal-ion binding site for 
catalysis (Zn2+ in the -CASP nucleases, and Mn2+ by Mre11), and have similar active-site 
residues to perform catalysis. The differences in substrate specificity and reactivity can be 
rationalized, very preliminary in the absence of additional structural information for the -
CASP DNA nucleases, as stemming from the different localization of the active-site residues 
in either fold, and in the prominent role of the accessory or inserted domains in modulating 
catalysis by the nuclease domain. 
Several crystal structures of archeal Mre11 alone and in complex with DNA reveal a 
conserved homodimer with a tertiary structure and active sites that are reminiscent to those 
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of -CASP nucleases (Hopfner et al. 2001; Williams, R.S. et al. 2008). In both fold families, 
the core of each -sheet is composed of seven strands ordered as (), and the active 
site is surrounded by many conserved His residues and carboxylates that bind the catalytic 
metal ions. The two Mn2+ ions in Mre11 are located in equivalent positions to the Zn2+ ions 
in the -CASP nucleases. Are the catalytic roles of Zn2+ in -CASP nucleases transferable to 
Mre11 Mn2+ ions? Even though the DNA co-crystal structures of Mre11 have not captured 
the DNA substrate within coordination distance of the two Mn2+ ions, there is some 
experimental evidence from structural and mutagenic analyses that indicate that one 
conserved His residue is active in orienting DNA substrate for the exonuclease cleavage, 
while a second His residue could be involved in either metal-ion binding or catalysis 
(Williams, R.S. et al. 2008). This behavior might indeed bear some resemblance to the 
classical catalytic mechanism of MBLs, whereby one Zn2+ ion binds and orientates the 
substrate, whereas a second Zn2+ ion fulfills a distinct, but essential role, in, e.g., shielding 
the negative charge that develops in the leaving group during the transition state. 
This array of similarities between Mre11 and the -CASP family, spanning the overall 
structure, active site configuration, and the presence of two tightly bound metal ions, has 
been suggested as the underlying cause of the partially overlapping functions of Mre11 and 
the MBL nucleases Snm1 and Pso2 (Lam et al. 2008; Yang 2010). Indeed, having more than 
one enzyme to fulfill a vital function is a well-established cellular strategy to preserve 
viability in the event that one of the enzymes is lost due to mutation or deletion, and the fact 
that Mre11 and Snm1/Pso2 exhibit partial functional redundancy illustrates how important 
these functions are. 

4. Nucleases at the heart of DNA repair complexes 

Protein complexes, rather than isolated proteins, carry out the immense majority of cellular 
functions, and the intricate processes of DNA repair are no exception. Even though there are 
nucleases that perform catalysis in the absence of physically associated protein partners, the 
highly regulated and exquisitely orchestrated process of DNA repair requires protein 
multisubunit complexes able to sense inputs and effect biological outcomes via the 
nucleosome engine subunit. A conspicuous example is the MRN complex, which has been 
described as an analog computer molecular machine. 
All of the -CASP DNA nucleases establish stable or transient interactions with other 
proteins or protein complexes. Even though no stable interaction partners for Pso2/SNM1A 
have thus far been found, both yeast Pso2 and mammalian SNM1A participate in complex 
processes that require the intervention of other proteins, in particular other nucleases, and it 
is then plausible that transient interactions play a major role in the correct orchestration of, 
e.g., repair of ICLs. In contrast, SNM1B/Apollo has been demonstrated to form several 
stable complexes. For example, Apollo can associate with the six-subunit Shelterin complex 
that protects the telomeres likely through an interaction between its C terminus and TRF2, 
an interaction that has been shown in a co-crystal structure of TRF2 and a C-terminal Apollo 
peptide (Chen et al. 2008). Another functionally important interaction of Apollo, this time 
via the MBL domain, involves Astrin; the disruption of this interaction by mutations in the 
MBL domain of Apollo causes deficient prophase checkpoint (Liu et al. 2009). 

 
Nucleases of Metallo--Lactamase and Protein Phosphatase Families in DNA Repair 

 

225 

 
Fig. 5. Crystal structure of the bacterial MR complex (Mre11-Rad50) (Lammens et al. 2011) 
(PDB ID 3QG5). 

As has been pointed out above (Section 2), Mre11 acts in the context of multisubunit 
complexes with Rad50 and/or Nbs1/Xrs2 (MR and MRN/MRX complexes, respectively) 
that provide expanded functionality in the recognition and tethering of DSBs and the 
sensing of cellular stress signals via its non-nuclease subunits. These extra capabilities are 
essential to target DSBs and avoid wasteful scanning and/or enzymatic processing by 
Mre11. Small-angle x-ray scattering (SAXS) and analytical ultracentrifuge (AUC) 
experiments have provided compelling evidence that the MR complex is a heterotetramer 
formed by two subunits each of Mre11 and Rad50; corroborative evidence of the subunit 
composition of the MR complex has been obtained by electron microscopy (EM) (Hopfner et 
al. 2001). Furthermore, the tethering of DNA by the MRX complex has been shown by 
atomic force microscopy (AFM) (Williams, R.S. et al. 2008). Perhaps the most convincing 
evidence is the direct observation of the interaction surfaces between Mre11 with the 
nucleotide-binding domain of Rad50 (Fig. 5), and of the coiled coil segment of Rad50 and an 
Mre11-derived peptide, both captured by x-ray crystallography from the archeal and the 
eubacterial MR complexes (Williams, G.J. et al. 2011). 
Apart from its role as the nucleolytic engine of the MRN complex, Mre11 acts jointly with 
other nucleases in what may be described as a functional cooperation. A chief example of 
this comes from the observation made in yeast that both Mre11 and another exonuclease, 
Exo1, are both required for the efficient initiation and processivity of resection at specific 
DSBs generated during meiosis (Hodgson et al. 2011). Loss of function of either Mre11 or 
Exo1 causes severe delay in resection, therefore suggesting that Mre11 and Exo1 are the 
major nucleases involved in creating the resection tracts typical of meiotic recombination 
(Hodgson et al. 2011). 

5. Evolution of DNA repair nucleases 
MBL fold nucleases involved in DNA repair have most likely evolved from precursor 
enzymes with the capacity to act upon RNA substrates, which are widespread across the 
tree of life and include enzymes that can recognize either sequence features, structure, or 
combined sequence-structure signatures on RNA substrates. Changing the substrate 
specificity from RNA to DNA should have been easily achieved during evolution, as the 
same fold scaffolds have been proven to catalyze either reaction. Many of these MBL RNases 
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of -CASP nucleases (Hopfner et al. 2001; Williams, R.S. et al. 2008). In both fold families, 
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in the -CASP nucleases. Are the catalytic roles of Zn2+ in -CASP nucleases transferable to 
Mre11 Mn2+ ions? Even though the DNA co-crystal structures of Mre11 have not captured 
the DNA substrate within coordination distance of the two Mn2+ ions, there is some 
experimental evidence from structural and mutagenic analyses that indicate that one 
conserved His residue is active in orienting DNA substrate for the exonuclease cleavage, 
while a second His residue could be involved in either metal-ion binding or catalysis 
(Williams, R.S. et al. 2008). This behavior might indeed bear some resemblance to the 
classical catalytic mechanism of MBLs, whereby one Zn2+ ion binds and orientates the 
substrate, whereas a second Zn2+ ion fulfills a distinct, but essential role, in, e.g., shielding 
the negative charge that develops in the leaving group during the transition state. 
This array of similarities between Mre11 and the -CASP family, spanning the overall 
structure, active site configuration, and the presence of two tightly bound metal ions, has 
been suggested as the underlying cause of the partially overlapping functions of Mre11 and 
the MBL nucleases Snm1 and Pso2 (Lam et al. 2008; Yang 2010). Indeed, having more than 
one enzyme to fulfill a vital function is a well-established cellular strategy to preserve 
viability in the event that one of the enzymes is lost due to mutation or deletion, and the fact 
that Mre11 and Snm1/Pso2 exhibit partial functional redundancy illustrates how important 
these functions are. 

4. Nucleases at the heart of DNA repair complexes 

Protein complexes, rather than isolated proteins, carry out the immense majority of cellular 
functions, and the intricate processes of DNA repair are no exception. Even though there are 
nucleases that perform catalysis in the absence of physically associated protein partners, the 
highly regulated and exquisitely orchestrated process of DNA repair requires protein 
multisubunit complexes able to sense inputs and effect biological outcomes via the 
nucleosome engine subunit. A conspicuous example is the MRN complex, which has been 
described as an analog computer molecular machine. 
All of the -CASP DNA nucleases establish stable or transient interactions with other 
proteins or protein complexes. Even though no stable interaction partners for Pso2/SNM1A 
have thus far been found, both yeast Pso2 and mammalian SNM1A participate in complex 
processes that require the intervention of other proteins, in particular other nucleases, and it 
is then plausible that transient interactions play a major role in the correct orchestration of, 
e.g., repair of ICLs. In contrast, SNM1B/Apollo has been demonstrated to form several 
stable complexes. For example, Apollo can associate with the six-subunit Shelterin complex 
that protects the telomeres likely through an interaction between its C terminus and TRF2, 
an interaction that has been shown in a co-crystal structure of TRF2 and a C-terminal Apollo 
peptide (Chen et al. 2008). Another functionally important interaction of Apollo, this time 
via the MBL domain, involves Astrin; the disruption of this interaction by mutations in the 
MBL domain of Apollo causes deficient prophase checkpoint (Liu et al. 2009). 
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utilize inserted domains to assist recognition and binding of RNA molecules, which are 
large and very densely charged molecules. One outstanding example concerns RNases from 
the MBL superfamily, which often possess a -CASP domain for recognition and binding of 
the nucleic acid. Although no structure of a DNA nuclease of the MBL fold is available to 
date, it is conceivable that an RNA binding MBL enzyme might support sequence 
modifications that allow it to bind DNA, either ssDNA or dsDNA. Actually, binding ssDNA 
in the context of melted dsDNA molecules is not only conceivable but also most likely true, 
since many of the MBL enzymes have been convincingly shown to act upon ssDNA 
segments. Artemis, for example, is activated by DNA-PKcs, and one way this could happen 
is by the melting action of DNA PKcs upon a dsDNA substrate, which would be sufficient to 
provide ssDNA substrate to Artemis. However, a complete clarification of the involved 
processes will have to wait until more careful experiments are conducted. 
PP2B nucleases, like Mre11, are also widespread across the tree of life and have been 
identified in Bacteria, Archea, and Eukarya. Crystal structures of the eubacterial and archeal 
enzymes are available in the Protein Data Bank for comparison, and they have been shown 
to be of different length while maintaining all of the conserved key residues for catalysis, as 
well as the identity of the catalytic metal ion (manganese). Therefore, it is quite plausible 
that there existed an Mre11-like enzyme in the last universal common ancestor (LUCA) of 
all extinct life forms with, potentially, similar roles in DSB repair and maintenance of 
genome integrity. Further support for this idea is derived from the clear assumption that the 
selection pressure for sophisticated and efficient DNA repair machinery for LUCA must 
have been even stronger than at present. 

6. Disease states and mutations in nucleases 
There is a plethora of mutation studies in MBL and PP2B nucleases carried out in model 
organisms that can be related to human pathophysiology linked to DNA repair and genome 
stability. These disease-associated mutations provide a wealth of information on function, 
specificity, and redundancy of the DNA repair nucleases. 
Among the nucleases from the MBL family, a well-known syndrome is radiation sensitive 
severe combined immunodeficiency (RS-SCID), a disease condition that arises from defects 
in Artemis and is truly the result of impaired function of Artemis in DNA repair and in 
V(D)J recombination (Dominski 2007). Another striking example comes from patients with 
Hoyeraal-Hreidarsson (HH) syndrome, a severe form of dyskeratosis congenita caused by 
impaired telomere protection. Patients with HH syndrome suffer of premature aging and 
are immunodeficient. At the molecular level, the HH syndrome is characterized by a unique 
APOLLO splice variant that lacks the (TRFH)-binding motif (TBM) to TRF2 (Touzot et al. 
2010). In addition to the roles involved in DNA repair and telomeric protection, Apollo 
deficient cells present a deficient prophase checkpoint increased when the interaction of 
Astrin and the MBL domain of Apollo is disrupted by mutations in such domain (Liu et al. 
2009). Fanconi anemia (FA) is another example. Mutations in up to 14 different FANC genes 
have been associated with FA, a DNA repair disorder that dramatically enhances 
predisposition to cancer and is characterized by progressive bone marrow failure, congenital 
development defects, chromosomal abnormalities, and cellular hypersensitivity to ICL 
agents. Although none of the FANC genes are MBLs or PP2B fold nucleases, functional 
associations with MBL nucleases have been described, therefore FA has interconnections 
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with MBL nucleases of DNA repair that underlie the complex network of functions that is 
disrupted by FA. 
The PP2B family protein Mre11 has a vital role across phylogenetically diverse organisms 
ranging from Bacteria to vertebrates, on the basis of its crucial role in DNA repair. Well-
established links between MRE11 mutations and disease states exist, e.g., in yeast, where the 
N113S mutation (in the nuclease domain) causes an enhanced sensitivity to ionizing 
radiation (IR). In humans, the same mutation (N117S) has been implicated in the onset of 
ataxia-telangiectasia disorder (ATLD) (Hopfner et al. 2001). Another yeast mutation, P162S, 
affects the repair of DSBs carried out by Mre11 (Hopfner et al. 2001), which in metazoans 
would likely affect genome stability and increase the chances of neoplastic transformation. 
Other mutations in Mre11, like H129N, confer early embryonic lethality in homozygosis in 
mice (Buis et al. 2008), and depletion of chicken Mre11 appears critical in the survival of 
animal cells through its participation in homologous recombination repair, leading to the 
accumulation of DSBs and increased of radiosensitivity (Yamaguchi-Iwai et al. 1999). Other 
studies show that animal cells deficient in MRE11 seem to be non-viable, whereas in 
Trypanosoma brucei TbMre11 is not so critical for cell maintenance, but this discrepancy could 
be reconciled with most of the current knowledge on Mre11 if other, functionally redundant 
mechanisms were found to repair DSBs in T. brucei (Tan et al. 2002). In agreement with the 
important role of multisubunit complexes in DNA repair, mutations in another component 
of the human MRN complex, Nbs1, give rise to Nijmegen breakage syndrome, a paradigm 
of a disease linked to DNA repair defects (de Jager et al. 2001) that has been associated with 
an enhanced predisposition to colorectal cancer. 

7. Conclusions and future outlook 
There are many standing issues in the field of DNA repair nucleases whose elucidation 
awaits further research. Some of these issues include the complete biochemical and 
structural characterization of DNA nucleases of the MBL fold family, which are known to 
play key roles in DNA repair but which have thus far proved hard to reveal their substrate 
specificities (e.g., ssDNA versus dsDNA), activities (e.g., controversies over the 3’-5’ and 5’-
3’ exonuclease activities of Artemis), or even the requirement for post-translational 
modifications (such as DNA PKcs mediated phosphorylation of Artemis). In protein 
phosphatase nucleases, the best-known example is archeal and eukaryotic Mre11 and the 
architecture of the MRN complex. There, one crucial aspect is to decipher how the MRN 
complex processes all its inputs and delivers a comprehensive functional outcome. In more 
applied science, there is always the wide-ranging and crucial question of how can the 
tremendous amount of basic science results be put to clinical use. In DNA repair, the 
identification of mutations that cause, or predispose, to acquire certain diseases must 
advance to the point that early diagnosis becomes feasible for many. Cures to these diseases 
may be far into the future, but the current and near future research is providing sure steps 
toward this much-longed end. 
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1. Introduction 
In the last decade an extensive and exhaustive research has focused on morphological and 
physiological features of mammalian male germ cell development defining a strict 
correlation between structural and molecular changes occurring from spermatogonia to 
spermatids and spermatozoa (Hermo et al., 2010 a-e; Inselman et al., 2003). The proliferation 
and meiotic phases whereby spermatogonia undergo several mitotic divisions to form 
spermatocytes and then haploid spermatids through two further meioses, have been studied 
in detail and the morphological, structural and functional features that are common to all 
generations of germ cells, elucidated (Hermo et al., 2010 a-e). This review will discuss only 
of those general features strictly related to the molecular events to be treated and will focus 
on the cell development arising from the dramatic changes in chromatin density and 
composition taking place during the differentiation  process up to the late stages of 
spermatid maturation (spermiogenesis). The progression from diploid spermatogonia to 
haploid spermatozoa involves stage- and testis-specific gene expression, mitotic and meiotic 
division, and the histone-protamine changes (Grimes &  Smart, 1985; Inselman et al., 2003; 
Meistrich et al., 1992, 2003). Alterations in DNA topology that occur in this process require 
both an exchange of histones to transition proteins and then to protamines, and the 
formation of DNA strand breaks (Aitken, 2009; Marcon & Boissonneault, 2004; Meistrich et 
al., 2003; Sakkas et al., 1995, 2010). The high frequency of DNA strand breaks during 
spermatogenesis needs a finely regulated DNA repair process, involving poly(ADP-
ribosyl)ation of proteins among other mechanisms (Aitken & De Juliis, 2010; Meyer-Ficca et 
al., 2009) as the function of specific histone modifications, chromatin modifiers, DNA repair, 
DNA methylation, also the knowledge of the meaning of germ cell protein poly-ADP-
ribosylation and of its relationship with DNA repair has made a great progress and here will 
be summarized and discussed. 

2. Mammalian spermatogenesis  
Mammalian spermatogenesis is an ordered and well-defined process occurring in 
seminiferous tubules of the testis. It  is characterized by  mitotical spermatogonia divisions 
to produce spermatocytes that proceed through meiosis to form a population of haploid 
cells (spermatids) over a period of several weeks (Hermo et al., 2010 a,b). The three specific 
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2. Mammalian spermatogenesis  
Mammalian spermatogenesis is an ordered and well-defined process occurring in 
seminiferous tubules of the testis. It  is characterized by  mitotical spermatogonia divisions 
to produce spermatocytes that proceed through meiosis to form a population of haploid 
cells (spermatids) over a period of several weeks (Hermo et al., 2010 a,b). The three specific 
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functional phases, proliferation, meiosis, and differentiation of spermatogenesis, involve 
three different germ cell populations, spermatogonia, spermatocytes, and spermatids. At 
different steps of development germ cells form various cellular patterns or stages, with 6, 12, 
and 14 specific stages in various mammals as human, mouse, and rat, respectively. These 
stages form a cycle of the seminiferous epithelium with a temporarly defined period for a 
given species (Hermo et al., 2010 a,b).  
In the rat, the different classes of spermatogonia are dependent on a specific 
microenvironment contributed by Sertoli, myoid, and Leydig cells for proper development 
(Hermo et al., 2010 a, b).  
In particular Sertoli cells provide the physical support, nutrients and hormonal signals to get 
a correct spermatogenesis, thus controlling germ cell proliferation. In the testis, cell adhesion 
and junctional molecules permit specific interactions and intracellular communication 
between germ and Sertoli cells. Germ cells are linked to one another by large intercellular 
bridges which serve to move molecules and even large organelles from the cytoplasm of one 
cell to another (Hermo et al., 2010 a, b). 
With meiosis,  spermatocytes go through chromosomal pairing, synapsis, and genetic 
exchange to be transformed into haploid cells. The synaptonemal complex and sex body are 
specific structural entities of the meiotic cells  (Hermo et al., 2010 a). 
Spermiogenesis is the haploid phase of spermatogenesis transforming  spermatids into 
spermatozoa (Hermo et al., 2010 a,b). During this phase of germ cell development, 
spermatids undergo striking morphological  transformations leading to the formation of  
highly specialized spermatozoa. It is a long process subdivided into distinct steps with 19 
being identified in rats, 16 in mouse and 8 in humans. Spermiogenesis extends over 22.7 
days in rats and 21.6 days in humans. Several structural and functional key events  take 
place during the development of spermatids. During early spermiogenesis, morphological 
changes are evident: the Golgi apparatus turns into the acrosome, the endoplasmic 
reticulum forms the radial body and the annulate lamellae; mitochondria change  shape, 
features and arrangement of location whithin cells; the chromatoid body develops, the 
shape of the spermatid head is structurally remodelled in a species-specific manner, and the 
nuclear chromatin becomes compacted to accommodate the fiber-shaped sperm head. 
Microtubules are described as forming a curtain to maintain sperm head shape and 
trafficking of proteins in the spermatid cytoplasm (Fouquet et al., 2000; Hermo et al., 2010  
c, e). 
At molecular level, during spermatogenesis, germ cells express many proteins involved in 
balance of water, pH, ion transport, etc.. In the nucleus, germ cells contain specialized 
transcription complexes able to perform the differentiation program of spermatogenesis, 
with cell-specific differences in the  components of this machinery (Hermo et al., 2010, d-e). 
In mouse spermatocytes expression and localization of proteins critical to events of the 
meiotic cell division occur, with a temporal order for chromosomal pairing and 
recombination proteins, kinases and substrates that mediate the cell cycle transition 
(Inselman et al., 2003). Distinct and protein-specific patterns occur with respect to 
expression and localization throughout meiotic prophase and division and dramatic 
relocalization of proteins occurs as spermatocytes enter the meiotic division phase. Such a 
framework can clarify mechanisms of normal meiosis as well as mutant phenotypes and 
aberrations of the meiotic process (Inselman et al., 2003; Li et al., 2008; Zhao et al., 2004). 
Classifying proteins of spermatogenic cells with a view of their functions, and their 
applications in the regulation of fertility has made it possible to understand the molecular 
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biology of male gametogenesis in great detail, with the description of specialized proteins, 
which are dominantly and/or specifically expressed in germ cells and localized in 
spermatozoa (Gupta, 2005). 
At certain periods before and during meiosis, one of the most conspicuous changes involves 
remodelling of the nucleosomal chromatin into a highly condensed chromatin (Figure 1). 
The structural reorganization and packaging of the DNA is concomitant with two sequential 
replacements of spermatid-specific basic nuclear proteins (Oko et al., 1996). 
Mammalian, expecially rat spermatogenesis involves a progressive and transient 
replacement of the classic histones by arginine-rich proteins (Kistler, et al., 1996; Meistrich et 
al., 1992, 2003). H1t, the testis-specific linker histone,  appears in germ cells during the 
meiotic prophase of mammalian spermatogenesis, when the other variants have already 
disappeared or are present in traces, except H1a, which is the most abundant somatic 
subtype in rat testis proteins (Kistler et al., 1996; Meistrich et al., 1992, 2003).  
 

 
Fig. 1. Rat testis spermatogenesis. A) Optic microscopy of testis sections from euthyroid (EE, 
control) and hyperthyroid (T3-T) rats. T3-T rats were treated three weeks with dayly 
administration of thriiodothyronine (Faraone Mennella et al., 2005a). Hormonal stimulus 
affected normal germ cell differentiation, by reducing spermatozoa in the tubule lumen. B) 
PARPactivity, PAR, and nuclear proteins during male rat germ cell differentiation. 
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Mammalian Spermatogenesis, DNA Repair, Poly(ADP-ribose) Turnover: the State of the Art 

 

237 

biology of male gametogenesis in great detail, with the description of specialized proteins, 
which are dominantly and/or specifically expressed in germ cells and localized in 
spermatozoa (Gupta, 2005). 
At certain periods before and during meiosis, one of the most conspicuous changes involves 
remodelling of the nucleosomal chromatin into a highly condensed chromatin (Figure 1). 
The structural reorganization and packaging of the DNA is concomitant with two sequential 
replacements of spermatid-specific basic nuclear proteins (Oko et al., 1996). 
Mammalian, expecially rat spermatogenesis involves a progressive and transient 
replacement of the classic histones by arginine-rich proteins (Kistler, et al., 1996; Meistrich et 
al., 1992, 2003). H1t, the testis-specific linker histone,  appears in germ cells during the 
meiotic prophase of mammalian spermatogenesis, when the other variants have already 
disappeared or are present in traces, except H1a, which is the most abundant somatic 
subtype in rat testis proteins (Kistler et al., 1996; Meistrich et al., 1992, 2003).  
 

 
Fig. 1. Rat testis spermatogenesis. A) Optic microscopy of testis sections from euthyroid (EE, 
control) and hyperthyroid (T3-T) rats. T3-T rats were treated three weeks with dayly 
administration of thriiodothyronine (Faraone Mennella et al., 2005a). Hormonal stimulus 
affected normal germ cell differentiation, by reducing spermatozoa in the tubule lumen. B) 
PARPactivity, PAR, and nuclear proteins during male rat germ cell differentiation. 
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The transition proteins replace histones during the initial stages of chromatin condensation 
of spermiogenesis and are later replaced by protamines, which are the only  basic nuclear 
structural proteins in the sperm of most mammals (Dadoune, 2003; Meistrich et al., 1992; 
Ullas & Rao, 2003). The transition proteins, including the TP family,  presumably mediate 
the replacement of histones by protamines  (Kistler et al., 1996; Meistrich et al., 1992; Ullas & 
Rao, 2003). 
The sequential synthesis and replacement of histones and testis specific proteins with 
protamines must be highly regulated in order to produce large number of spermatozoa with 
intact and competent DNA.  Epigenetic regulation of gene expression and nucleoprotein 
transition is critical during spermatogenesis. In germ cell nucleus, epigenetic regulation 
include protein modifications methylation, acetylation, phosphorylation, ubiquitination,  
poly(ADP-ribosyl)ation, each signaling changes in chromatin structure (Carrel et al., 2007; 
Godmann et al., 2009;  Hermo et al., 2010, d-e; Ullas & Rao, 2003; Yu  et al., 2000; Zamudio et 
al., 2008). 

3. Chromatin remodelling and the role(s) of DNA repair during 
spermatogenesis 
Gene expression and other DNA metabolic events involving chromatin are organized 
specifically within the space of the cell nucleus and are related to nuclear architecture. Local 
chromatin structures are devoted to maintain genes in an active or silenced configuration, to 
accommodate DNA replication, chromosome pairing and segregation, and to maintain 
telomeric integrity. All these processes are highly regulated by chromatin remodelling 
(Ehrenhofer-Murray, 2004; Falbo, 2006; McNairn, 2003; Morrison, 2004; Phillips & Shaw, 
2008; Saha et al., 2006). 
Related to chromatin remodelling a large number of modifications are known as signals for 
the binding of specific proteins and many of them are associated with distinct patterns of 
gene expression, DNA repair, or replication  (Deal et al., 2010; Rajapakse et al., 2010; Talbert 
&  Henikoff, 2010). 
Spermatogenesis provides an excellent example of roles for histone variants, post-
translational modifications of histone and non-histone proteins, specifically poly (ADP-
ribosyl)ation in regulating chromatin structure and function (Faraone Mennella et al., 1999; 
Govin et al., 2004; Grimes and Smart, 1985; Meyer-Ficca  et al., 2005; Nair et al., 2008; Ullas & 
Rao, 2003). 
Histone variants are expecially prevalent during the development of germ cells and some of 
them play a role to compact DNA less tightly to facilitate rapid nuclear division, DNA 
replication and access to trans-acting factors (De Lucia et al., 1994; Faraone Mennella et al., 
1999; Lewis et al., 2003). 
The dual role for H1 in chromatin structure and gene regulation defines different heritable 
epigenetic states of gene activity which are maintained through mechanisms independent of 
gene sequence (Zamudio et al., 2008). Linker histone H1 exerts synergistic effects by 
modulating modifications of core histones either in the presence or absence of its own 
modification in man and mouse (Yan et al., 2003). 
The best example of  reversible compaction of DNA by multiple pathways concerns the 
condensation of DNA into sperm nuclei during spermiogenesis (Govin et al., 2004; Laberge 
et al., 2005 a,b).  Chromatin remodelling is a major event that occurs during mammalian 
spermiogenesis. Nuclear condensation during germ cell differentiation is accomplished by 
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replacing somatic histones (linker and core histones) and the testis-specific H1t with 
transition proteins and, finally, with protamines, Figure 1 (Green et al., 1994; Grimes & 
Smart, 1985; Meistrich et al., 1992). The transition proteins, the TP family, are mediators in 
the replacement of histones by protamines (Green et al., 1994; Grimes & Smart, 1985; 
Meistrich et al., 1992). 
Transition proteins and the tail regions of histones are sites of post-translational covalent 
modifications (Pirhonen et al., 1994; Ullas & Rao, 2003). 
Methylation of position-specific lysine residues in the histone H3 and H4 amino-termini has 
linked with the formation of constitutive and facultative heterochromatin as well as with 
specifically repressed single gene loci (Cremer et al., 2004). Furthermore ubiquitylation of 
H2B might be involved in double strand break formation during meiosis (Agarwal et al., 
2009). 
Core histone acetylation occurs during the late stage of spermatogenesis in several 
organisms, allowing the removal of histones and their replacement by protamines (Grimes 
& Smart, 1985). Acetylation of rat testis H3, H4 and of testis histone variants TH2B and TH3 
were observed in pachytene spermatocytes and round spermatids, in line with the 
hypothised roles of acetylation in the deposition of histones onto DNA (early 
spermatogenesis) and replacement of histones by protamines in spermiogenesis (Grimes & 
Smart, 1985). In general core histone acetylation has important consequences for the 
organization of DNA in a nucleosome, loosening interactions at the periphery of he 
structure. In fact it has been reported that histone acetylation leads to a substantial decrease 
in nucleosome rigidity. Concurrent with histone acetylation are other post – translational 
modifications.  Simbulan-Rosenthal et al. (1998) reported that acetylated core histones may 
also be subjected to (ADP-ribosyl)ation. Boulikas et al. (1992) got evidence that acetylated 
H4 subspecies are predominantly tri- and tetra- (ADP-ribosyl)ated. He proposed that DNA 
strand breaks induce the formation  of poly(ADP-ribosyl)ated species of histones, mainly 
H1, whereas in the absence of DNA strand breaks histones are mono- and oligo-(ADP-
ribosyl)ated. This author hypothesized that newly synthesized core histones may be 
reversibly oligo(ADP-ribosyl)ated in order to facilitate their assembly into histone 
complexes and their deposition onto DNA at replication fork, and suggested that the 
observed simultaneous occurrence of acetylation and oligo (ADP-ribosyl)ation correlates 
with changes in chromatin structure. 
The change in germ cell chromatin architecture requires a global but transient appearance of 
endogenous stage-specific DNA strand breaks (Laberge and Boissonneault, 2005 b; Leduc et 
al., 2008, a,b). 
Controlling genome integrity is essential to guarantee the fidelity of DNA inheritance. 
Therefore, maintaining the integrity of sperm DNA is vital to reproduction and male 
fertility. Sperm contain a number of molecules and pathways for the repair of base excision, 
base mismatches and DNA strand breaks  (Leduc et al., 2008, a,b).  
In the mouse, elevated and global increase in DNA strand breaks levels are present in nuclei 
of round-shaped spermatids when chromatin starts to re-organize. 
DNA strand breaks are also detected in the whole population of elongating spermatids 
(stages IX-XI) of the mouse seminiferous epithelium, coincident with histone H4 
hyperacetylation during chromatin remodelling (Marcon & Boissonault, 2004). 
In addition to the nuclear protein exchange, the chromatin remodelling process leading to  
the precise packaging of the paternal genome during spermiogenesis, involves the 
elimination of the  free DNA supercoils created by the nucleosome removal. To reduce the 
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The transition proteins replace histones during the initial stages of chromatin condensation 
of spermiogenesis and are later replaced by protamines, which are the only  basic nuclear 
structural proteins in the sperm of most mammals (Dadoune, 2003; Meistrich et al., 1992; 
Ullas & Rao, 2003). The transition proteins, including the TP family,  presumably mediate 
the replacement of histones by protamines  (Kistler et al., 1996; Meistrich et al., 1992; Ullas & 
Rao, 2003). 
The sequential synthesis and replacement of histones and testis specific proteins with 
protamines must be highly regulated in order to produce large number of spermatozoa with 
intact and competent DNA.  Epigenetic regulation of gene expression and nucleoprotein 
transition is critical during spermatogenesis. In germ cell nucleus, epigenetic regulation 
include protein modifications methylation, acetylation, phosphorylation, ubiquitination,  
poly(ADP-ribosyl)ation, each signaling changes in chromatin structure (Carrel et al., 2007; 
Godmann et al., 2009;  Hermo et al., 2010, d-e; Ullas & Rao, 2003; Yu  et al., 2000; Zamudio et 
al., 2008). 
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spermatogenesis 
Gene expression and other DNA metabolic events involving chromatin are organized 
specifically within the space of the cell nucleus and are related to nuclear architecture. Local 
chromatin structures are devoted to maintain genes in an active or silenced configuration, to 
accommodate DNA replication, chromosome pairing and segregation, and to maintain 
telomeric integrity. All these processes are highly regulated by chromatin remodelling 
(Ehrenhofer-Murray, 2004; Falbo, 2006; McNairn, 2003; Morrison, 2004; Phillips & Shaw, 
2008; Saha et al., 2006). 
Related to chromatin remodelling a large number of modifications are known as signals for 
the binding of specific proteins and many of them are associated with distinct patterns of 
gene expression, DNA repair, or replication  (Deal et al., 2010; Rajapakse et al., 2010; Talbert 
&  Henikoff, 2010). 
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ribosyl)ation in regulating chromatin structure and function (Faraone Mennella et al., 1999; 
Govin et al., 2004; Grimes and Smart, 1985; Meyer-Ficca  et al., 2005; Nair et al., 2008; Ullas & 
Rao, 2003). 
Histone variants are expecially prevalent during the development of germ cells and some of 
them play a role to compact DNA less tightly to facilitate rapid nuclear division, DNA 
replication and access to trans-acting factors (De Lucia et al., 1994; Faraone Mennella et al., 
1999; Lewis et al., 2003). 
The dual role for H1 in chromatin structure and gene regulation defines different heritable 
epigenetic states of gene activity which are maintained through mechanisms independent of 
gene sequence (Zamudio et al., 2008). Linker histone H1 exerts synergistic effects by 
modulating modifications of core histones either in the presence or absence of its own 
modification in man and mouse (Yan et al., 2003). 
The best example of  reversible compaction of DNA by multiple pathways concerns the 
condensation of DNA into sperm nuclei during spermiogenesis (Govin et al., 2004; Laberge 
et al., 2005 a,b).  Chromatin remodelling is a major event that occurs during mammalian 
spermiogenesis. Nuclear condensation during germ cell differentiation is accomplished by 
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replacing somatic histones (linker and core histones) and the testis-specific H1t with 
transition proteins and, finally, with protamines, Figure 1 (Green et al., 1994; Grimes & 
Smart, 1985; Meistrich et al., 1992). The transition proteins, the TP family, are mediators in 
the replacement of histones by protamines (Green et al., 1994; Grimes & Smart, 1985; 
Meistrich et al., 1992). 
Transition proteins and the tail regions of histones are sites of post-translational covalent 
modifications (Pirhonen et al., 1994; Ullas & Rao, 2003). 
Methylation of position-specific lysine residues in the histone H3 and H4 amino-termini has 
linked with the formation of constitutive and facultative heterochromatin as well as with 
specifically repressed single gene loci (Cremer et al., 2004). Furthermore ubiquitylation of 
H2B might be involved in double strand break formation during meiosis (Agarwal et al., 
2009). 
Core histone acetylation occurs during the late stage of spermatogenesis in several 
organisms, allowing the removal of histones and their replacement by protamines (Grimes 
& Smart, 1985). Acetylation of rat testis H3, H4 and of testis histone variants TH2B and TH3 
were observed in pachytene spermatocytes and round spermatids, in line with the 
hypothised roles of acetylation in the deposition of histones onto DNA (early 
spermatogenesis) and replacement of histones by protamines in spermiogenesis (Grimes & 
Smart, 1985). In general core histone acetylation has important consequences for the 
organization of DNA in a nucleosome, loosening interactions at the periphery of he 
structure. In fact it has been reported that histone acetylation leads to a substantial decrease 
in nucleosome rigidity. Concurrent with histone acetylation are other post – translational 
modifications.  Simbulan-Rosenthal et al. (1998) reported that acetylated core histones may 
also be subjected to (ADP-ribosyl)ation. Boulikas et al. (1992) got evidence that acetylated 
H4 subspecies are predominantly tri- and tetra- (ADP-ribosyl)ated. He proposed that DNA 
strand breaks induce the formation  of poly(ADP-ribosyl)ated species of histones, mainly 
H1, whereas in the absence of DNA strand breaks histones are mono- and oligo-(ADP-
ribosyl)ated. This author hypothesized that newly synthesized core histones may be 
reversibly oligo(ADP-ribosyl)ated in order to facilitate their assembly into histone 
complexes and their deposition onto DNA at replication fork, and suggested that the 
observed simultaneous occurrence of acetylation and oligo (ADP-ribosyl)ation correlates 
with changes in chromatin structure. 
The change in germ cell chromatin architecture requires a global but transient appearance of 
endogenous stage-specific DNA strand breaks (Laberge and Boissonneault, 2005 b; Leduc et 
al., 2008, a,b). 
Controlling genome integrity is essential to guarantee the fidelity of DNA inheritance. 
Therefore, maintaining the integrity of sperm DNA is vital to reproduction and male 
fertility. Sperm contain a number of molecules and pathways for the repair of base excision, 
base mismatches and DNA strand breaks  (Leduc et al., 2008, a,b).  
In the mouse, elevated and global increase in DNA strand breaks levels are present in nuclei 
of round-shaped spermatids when chromatin starts to re-organize. 
DNA strand breaks are also detected in the whole population of elongating spermatids 
(stages IX-XI) of the mouse seminiferous epithelium, coincident with histone H4 
hyperacetylation during chromatin remodelling (Marcon & Boissonault, 2004). 
In addition to the nuclear protein exchange, the chromatin remodelling process leading to  
the precise packaging of the paternal genome during spermiogenesis, involves the 
elimination of the  free DNA supercoils created by the nucleosome removal. To reduce the 
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torsional stress induced by change in DNA topology, DNA strand breaks provide the swivel 
effect, with the contribution of topoisomerases, to both create and seal DNA nicks, and  
providing the controlled increase of linking number to relax DNA  (Boissonault, 2002). The 
origin of the transient increase in DNA strand breaks would require an endogenous 
nuclease activity present up to the late spermiogenesis steps (Boaz et al., 2008).  
Topoisomerase II may play such a role being able to both create and ligate the DNA nicks 
during spermiogenesis (Boissonault, 2002; Chen and Longo, 1996; McPherson et al., 1993; 
Roca &Mezquita, 1989; Shaman et al., 2006; Yamauchi et al., 2007).  
Topoisomerase II beta (TOP2B) is the type II topoisomerase present in elongating 
spermatids between steps 9 and 13, co-exhisting with tyrosyl-DNA phosphodiesterase 1 
(TDP1), an enzyme known to resolve topoisomerase-mediated DNA damage, and gamma-
H2AX (also known as H2AFX),  triggered as a DNA damage response  (Boissonault, 2002; 
Shaman et al., 2006; Yamauchi et al., 2007). 
During the normal developmental program of the spermatids, dramatic consequences for 
the genomic integrity of the developing male gamete may arise from any unresolved 
double-strand breaks resulting from a failure in the rejoining process of TOP2B (Leduc et al., 
2008, a,b). 
A correct DNA condensing process is likely to play a key role in the elimination of the 
strand breaks since DNA breaks appear transiently and are no more present once the 
nuclear protein transition is completed. A current hypothesis links the DNA condensation 
process (from the transition proteins to  the protamines) with the repair  of the DNA strand 
breaks. An altered sperm chromatin packaging was already correlated with an increase in 
DNA fragmentation in the mature sperm. In addition, underprotamination seems to be 
related with DNA nicking, and the transition protein 1 (TP1) stimulates in vitro the repair of 
a nicked circular plasmid, whereas TP1, TP2 and protamines stimulate oligomerization of 
short DNA fragments in the presence of T4 DNA ligase (Adham et al., 2001; Carrell et al., 
2007; Kierszenbaum, 2001; Leduc et al., 2008 a; Zhao et al., 2001). . The transition proteins or 
protamines would therefore act as `alignment factors by bridging the free DNA ends created 
at the break point. 
Most of DNA damage in midspermatogenesis is attributed to physiological apoptosis of 
germ cells (Leduc et al., 2008, a,b; Sinha Hikim et al., 2003).  
Apoptosis regulates germ cell over proliferation and eliminates defective germ cells. It is a 
normal event and occurs to select only high quality  germ cells. Uncorrect cells do not 
achieve maturity; they undergo spontaneous cell death through apoptosis. In somatic cells, 
the apoptotic cascade involves the formation of apoptotic body; however, in highly 
differentiated spermatozoa, the sequence of events may differ as a result of the highly 
condensed sperm nucleus (Leduc et al., 2008, a,b;  Sinha Hikim et al., 2003).  In adult rat, 
most apoptotic cells are among spermatogonia (75%) and occur to a lesser extent during 
maturation divisions of spermatocyte and spermatid development. Increase of apoptotic 
germ cell death can be triggered by various regulatory stimuli, including deprivation of 
gonadotropins and intratesticular testosterone by GnRH antagonist, or by hormone 
treatment (Figure 1A), exposure to local testicular heating, Sertoli cell toxicants, and 
chemotherapeutic agents (Faraone Mennella et al., 2005a, 2009; Leduc et al., 2008, a,b; Sinha 
Hikim et al., 2003).   
Recent studies have demonstrated that both spontaneous and increased apoptotic 
programmed cell death in abnormal spermatogenesis play a main role in male fertility (de 
Boer et al., 2010). Appropriate epigenetic regulation is needed throughout all phases of 
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spermatogenesis for imprinting, chromatin remodelling, the histone–protamine transition, 
etc.. Strikingly, aberrant epigenetic profiles, in the form of anomalous DNA and histone 
modifications, are characteristic of cancerous testis cells. Germ cell development is a critical 
period during which epigenetic patterns are established and maintained (de Boer et al., 
2010). 
Some questions about epigenetic modifications regulating these events are still unanswered, 
as the exact functions, the impact  and the order of occurrence of the epigenetic 

modifications associated with spermatogenesis. Environmental factors may influence the 
epigenetic state  that may be inherited through the male germ line and passed onto more 
than one generation (Agarwal et al., 2009; de Boer et al., 2010; Godmann et al., 2009; Patrizio  
et al., 2008).  
Origin of DNA damage in human spermatozoa can occur by abortive apoptosis, abnormal 
chromatin packaging, generation of reactive oxygen species and premature release from 
Sertoli cells (Leduc et al., 2008 b). For a hypothesis explaining experimental data, de Boer 
and co-workers (2010) propose that regulation of chromosome structure in the germline, by 
the occupancy of matrix/scaffold associated regions, contains molecular memory function. 
The male germline is strikingly dynamic as to chromatin organization. To be installed, such 
memory requires both S-phase and chromatin reorganization during spermatogenesis. and 
in the zygote, that likely also involves reorganization of loop domains, where replication 
occurs.  
The authors underline that nuclear structure, chromatin composition and loop domain 
organization are aspects of human sperm variability that in many cases of assisted 
reproduction is increased due to inclusion of more incompletely differentiated/maturated 
sperm nuclei (de Boer et al., 2010).  
New work on the function of specific histone modifications, chromatin modifiers, DNA 
methylation, and the impact of the environment on developing sperm suggests that the 
correct setting of the epigenome is required for male reproductive health and the prevention 
of paternal disease transmission (de Boer  et al., 2010).  
It is clear from the above data that programmed DNA fragmentation and DNA damage 
response take place during the chromatin remodeling steps in spermatids and are not 
necessarily  synonymous with apoptotic degeneration. Chromatin-remodeling steps in 
spermatids may be intrinsically mutagenic and is an important source of genetic instability, 
that can be further enhanced by internal and external factors (De Iuliis et al., 2010;  Sakkas  
& Alvarez, 2010). 

4. Poly-ADP-ribosylation in mammalian spermatogenesis 
4.1 The scenario of poly(ADP-ribose)polymerases  
The modification of proteins by ADP-ribose polymers (PAR)  is a reversibile process in 
which the synthesis of PAR from NAD+ is catalyzed by poly(ADP-ribose) polymerases 
(PARPs) and polymer catabolism is due to poly(ADP-ribose) glycohydrolase (PARG) and 
ADPR-protein lyase (D’Amours et al., 1999; Faraone Mennella, 2005; Hassa & Hottiger, 
2008). The PARP family has eighteen members that share the highly conserved PARP 
catalytic domain, but vary widely in other parts of the proteins (Hottiger et al., 2010). The 
different PARPs are grouped in subfamilies and are involved in various events mediated by 
their variable domain structures. Hassa and Hottiger (2008), on the basis of PARPs catalytic 
domain sequences have identified 3 separate groups, but other classifications can be made 
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2008). The PARP family has eighteen members that share the highly conserved PARP 
catalytic domain, but vary widely in other parts of the proteins (Hottiger et al., 2010). The 
different PARPs are grouped in subfamilies and are involved in various events mediated by 
their variable domain structures. Hassa and Hottiger (2008), on the basis of PARPs catalytic 
domain sequences have identified 3 separate groups, but other classifications can be made 
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on their different subcellular localization patterns, or on different composition in functional 
domains (ankyrin repeats, CCCH-, WWE- and macro-domain, etc) and precise functions 
(regulation of vault proteins, telomere length, DNA protection, etc.) (Citarelli et al., 2010: 
Hottiger et al., 2010; Otto et al., 2005). More recently it has been found that proteins within 
the PARP superfamily have altered catalytic sites, and have mono(ADP-ribose) transferase 
(mART) activity or are enzymatically inactive. These findings suggest that the PARP 
catalitycally active region has a broader range of functions than initially predicted. Human 
PARP10 has transferase activity rather than polymerase activity, and enzymes where the 
catalytically important residues are present, may not act as PARPs. For example, human 
PARP3  has been reported to act in poly(ADP-ribosyl)ation (Augustin et al., 2003),  and 
mono(ADP-ribosyl)ation (Loseva et al., 2010). 
Despite of these recent findings, poly(ADP-ribosyl)ation is the second very important post-
translational modification which mostly affects different nuclear acceptor proteins.  It is 
involved  in the regulation of several cellular functions related to the maintenance of  
genomic integrity (DNA repair, gene amplification, apoptosis) and to the expression and 
propagation of the genetic information (DNA transcription and replication, differentiation, 
neoplastic transformation) (Hassa & Hottiger, 2008). The synthesis of PAR is an immediate 
response to DNA damage and is the first step in a cascade of events leading to either DNA 
repair or apoptosis (Burkle, 2001; Malanga & Althaus, 2005). PARP-1 and PARP-2 are so far 
the only PARP enzymes whose catalytic activity has been shown to be induced by DNA-
strand breaks, providing strong support for sharing key functions in the cellular response to 
DNA damage. Recent data suggest unique functions for PARP-2 in specific processes, such 
as genome surveillance, spermatogenesis, adipogenesis and T cell development (Yélamos  et 
al., 2008). 

4.2 PAR turnover and spermatogenesis 
Since the early discovery in the ’80-’90, that mammalian testes are enriched of PARP 
(Concha, 1989; Corominas & Mezquita, 1985; Farina et al., 1979 a, b), and the identification 
of in vitro and in vivo poly(ADP-ribosyl)ated testis-specific proteins (Corominas & 
Mezquita, 1985; Faraone Mennella et al., 1982, 1984, 1988, 1999), it was clear that this 
reaction is a metabolic event highly involved in mammalian male germ cell differentiation. 
At that time the presence of more than the 116kDa PARP was unconceivable, being the 
second enzyme, PARP2, discovered at the end of ‘90s (Ame’ et al., 1999; Babiychuck et al, 
1998). In rat testis most PARP activity was found in isolated seminiferous tubules (Quesada 
et al, 1989) and among linker histone variants, the rat testis specific H1t was preferentially 
modified with poly(ADP-ribose) (Faraone Mennella et al., 1999; Malanga et al., 1998).  
In a study with differently-aged rats, it was found that in isolated intact nuclei of testis from 
8-day-old animals (only spermatogonia present in seminiferous tubules), poly(ADP-
ribosylation) of nuclear proteins was very low,  increased significantly by 16-day (pachytene 
spermatocytes appear) and reached adult proportions by 32 days (condensing spermatids 
present), Figure 1B (Quesada et al., 1989). It was concluded that poly(ADP-ribosylation) of 
nuclear proteins in rat testis is closely correlated with spermatogenesis and was inferred that 
it is particularly active in the early stages of meiosis, where DNA breaks are frequently 
produced during DNA replication and transcription. The subcellular distribution of both 
PARP and Poly(ADPR)glycohydrolase (PARG) was also determined after separation of 
different germ cell populations, and the results showed that the maximum of both PARP 
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amount and PARP activity can be detected on tetraploid spermatocytes which undergo 
meiotic division, whereas PARG activity does not differ in germinal cells (Di Meglio et al., 
2003). The authors concluded that regulation of PAR turnover, variations of PARP amount, 
as well as changes of PARP transcription level, accompany germinal cell differentiation, 
possibly being implicated in DNA replication, repair  and other related events (Quesada et 
al., 2003; Di Meglio et al., 2003).  
The advance in the knowledge of poly(ADP-ribosyl)ation reaction and the discovery of a 
number of enzymes defined as PARP family led to a great progress of research on PARPs 
and spermatogenesis (Ame’ et al., 2004). Among PARP family members, PARP1 and PARP2 
are the two enzymes demonstrated to be directly involved in base excision DNA repair, the 
former being modulated by PARP3, described as a newcomer in genome integrity and 
mitotic progression as it is stimulated by DNA double-strand breaks (Rulten et al., 2011; 
Boehler et al., 2011). 
In a study by Tramontano et al.  (2007) examining rat primary spermatocytes it was found 
that both PARP1 and PARP2 are present in these germ cells. However, the vast majority of 
PAR in these rat primary spermatocytes is produced by PARP1 suggesting possibly 
different roles of PARP1 and PARP2 in spermatogenesis. 
Meyer–Ficca et al. (2005) showed for the first time that poly(ADP-ribose) formation, 
mediated by poly(ADP-ribose) polymerases (PARP-1 and PARP-2), occurs in spermatids of 
steps 11-14, steps that immediately precede the most pronounced phase of chromatin 
condensation in spermiogenesis. High levels of ADP-ribose polymer were observed in 
spermatid steps 12-13 in which the highest rates of chromatin nucleoprotein exchanges take 
place. They also detected gamma-H2AX, the histone variant indicating the presence of DNA 
double-strand breaks during the same step, and hypothesize that transient ADP-ribose 
polymer formation may facilitate DNA strand break management during the chromatin 
remodeling steps of sperm cell maturation.  
Interestingly, other authors provided in vivo evidence for the pleiotropic involvement of 
Parp-2 in both meiotic and postmeiotic processes (Dantzer et al., 2006). They showed that 
Parp-2-deficient mice exhibit severely impaired spermatogenesis, with a defect in prophase 
of meiosis I characterized by massive apoptosis at pachytene and metaphase I stages. 
Although Parp-2−/− spermatocytes exhibit normal telomere dynamics and normal 
chromosome synapsis, they display defective meiotic sex chromosome inactivation 
associated with dis-regulation of histone acetylation and methylation and up-regulated X- 
and Y-linked gene expression. These findings give evidence that chromatin remodeling 
steps during spermiogenesis trigger poly(ADP-ribose) formation. Knockout mice deficient 
in PARP1, PARG (110-kDa isoform), or both display morphological and functional sperm 
abnormalities that are dependent on the individual genotypes, including residual DNA 
strand breaks associated with varying degrees of subfertility. The data presented 
highlighted the importance of PAR metabolism, particularly PARG function, as a 
prerequisite of proper sperm chromatin quality. PARG is involved in DNA repair by 
regulating the amount of PAR synthesized in response to DNA damage since excessive 
accumulation of PAR may result in cell death (Meyer-Ficca, 2009). 
In vivo evidence showed that Parp-2−/− spermatids are severely compromised in 
differentiation and exhibit a marked delay in nuclear elongation (Dantzer et al., 2006). 
Altogether, in addition to its well known role in DNA repair, Parp-2 exerts essential 
functions during meiosis I and haploid gamete differentiation (Dantzer et al., 2006).  
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amount and PARP activity can be detected on tetraploid spermatocytes which undergo 
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2003). The authors concluded that regulation of PAR turnover, variations of PARP amount, 
as well as changes of PARP transcription level, accompany germinal cell differentiation, 
possibly being implicated in DNA replication, repair  and other related events (Quesada et 
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are the two enzymes demonstrated to be directly involved in base excision DNA repair, the 
former being modulated by PARP3, described as a newcomer in genome integrity and 
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that both PARP1 and PARP2 are present in these germ cells. However, the vast majority of 
PAR in these rat primary spermatocytes is produced by PARP1 suggesting possibly 
different roles of PARP1 and PARP2 in spermatogenesis. 
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mediated by poly(ADP-ribose) polymerases (PARP-1 and PARP-2), occurs in spermatids of 
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spermatid steps 12-13 in which the highest rates of chromatin nucleoprotein exchanges take 
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Altogether, in addition to its well known role in DNA repair, Parp-2 exerts essential 
functions during meiosis I and haploid gamete differentiation (Dantzer et al., 2006).  
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The activity of PARP during chromatin remodeling steps of spermatogenesis in terms of 
repairing double stranded breaks and the poly (ADP-ribosyl)ation of histones, is critical and 
disregulation of the chromatin remodeling steps of spermiogenesis could have serious 
consequences for the male gamete. Meyer-Ficca et al (2005) demonstrated the presence of 
poly (ADP-ribose) in elongated spermatids of rat. They showed that during these steps 
when a high number of DNA breaks occur directly preceding nuclear condensation, there is 
correspondingly a higher amount of PAR in rat germ cells. Greater PAR formation through 
PARP1 and PARP2 action occurs during this phase of spermatogenesis that includes a great 
deal of chromatin condensation (steps 11-14 of rat spermatogenesis); PAR levels decrease 
only when protamines appear in the chromatin (Meyer-Ficca et al., 2010). Thus, PAR 
formation could be important for repairing DNA strand breaks during these crucial 
chromatin remodeling steps of spermatogenesis. Furthermore, PAR formation could also be 
important for histone modification because not only is there auto-modification of PARP 
during spermatogenesis, but much of PARP activity is targeted towards the testes-specific 
histone, H1t (Agarwal et al., 2009; Malanga et al., 1998). 
The presence of poly (ADP-ribose) polymerase and its homologues has been shown 
specifically during stage VII of human spermatogenesis. High PARP expression has been 
reported in mature spermatozoa of proven fertile men (Agarwal et al., 2009).  
In a recent study, using human testicular samples, the strongest levels of PARP1 were found 
in spermatogonia. Presence of poly (ADP-ribose) differed slightly with the stage of 
spermatogenesis. Poly (ADP-ribosyl)ation was strongest in human round and elongating 
spermatids as well as in a subpopulation of primary spermatocytes. In contrast, mature 
spermatids had no PARP expression or poly (ADP-ribosyl)ation (Agarwal et al., 2009). 
Origin of DNA damage in human spermatozoa can occur by abortive apoptosis, abnormal 
chromatin packaging, generation of reactive oxygen species, hormone stimuli, all events 
involving in some way PARP and its reaction (Godman, et al., 2009; Maymon et al., 2006) 
In human testis, an increase in DNA strand breaks occurs in 100% of elongating spermatids  
becoming critical for human fertility (Agarwal et al., 2009). Focus on genomic integrity of the 
male gametes has increased to relate DNA integrity in mature ejaculated spermatozoa and 
male infertility with a growing concern about the role of  PARP as a DNA damage repair 
protein (Agarwal et al., 2009). 

4.3 PARP and epigenetic state in spermiogenesis 
It is widely recognized that environmental  factors may influence the epigenetic state and 
that these epigenetic modifications may be inherited through the male germ line and passed 
onto more than one generation (Godman et al., 2009). 
Since genomic stability of cells is linked to their poly(ADP-ribosyl)ation capacity, the 
patterns of poly(ADP-ribosyl)ation during human spermatogenesis were studied (Maymon 
et al.,  2006). By testicular biopsy immunohistochemistry evaluation of PARP-1 expression 
and of poly(ADP-ribose), the detection of PAR expression in germ-line cells and its 
subcellular localization in meiotic and postmeiotic prophases were demonstrated to link 
with  chromatin modifications occurring during spermatogenesis and confirmed a key role 
for poly(ADP-ribosyl)ation in germ cell differentiation, to preserve DNA integrity. 
Deduction of a mechanism in male transmission is difficult because of the specialized nature 
of the sperm cell, which requires very compact chromatin to enable transport and protect 
DNA against oxidative stress (Aitken & De Iuliis, 2009). 
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In a recent study by Jha et al. (2009) several isoforms of PARP were detected in ejaculated 
spermatozoa including PARP1, PARP2, and PARP9. Immunolocalization patterns showed 
that PARP was found near the acrosomal regions in sperm heads. Furthermore, a direct 
correlation was seen between sperm maturity and the presence of PARP, i.e., an increased 
presence of PARP1, PARP2, and PARP9 was seen in mature sperm when compared to 
immature sperm. 
Inside seminiferous tubules hyperactivation of PARP and its cleavage accompany the 
morphological and functional changes induced by apoptotic stimuli (hormonal, oxidative, 
chemical , etc.) (Atorino et al., 2001; Boissonault et al., 2002; Faraone Mennella et al., 2009; 
Sinha-Hikkim et al., 2003). In human sperm, in the presence of a PARP inhibitor, 3-
aminobenzamide, chemical and oxidative stress-induced apoptosis was reported to increase 
by nearly two-fold (Argawal et al., 2009). This novel finding suggests that PARP could play 
an important role in protecting spermatozoa subjected to oxidative and chemical damage 
(Argawal et al., 2009).  
An age-related increase in DNA break repair and apoptosis was also demonstrated in 
human testicular germ cells. DNA repair markers (PARP-1, PAR, XRCC1, and apoptosis-
associated markers (caspase 9, active caspase 3, and cleaved PARP-1) were detected in these 
cells (El-Domyati et al., 2009).  
In summary, DNA damage in spermatozoa can be induced by events involving PARP as 
regulatory factor and occurring within the testis as apoptosis, and remodelling of sperm 
chromatin during the process of spermiogenesis, or in the post-testicular phase as induced 
mainly by radical oxygen species (ROS) and nitric oxide (NO), or by endogenous caspases 
and endonucleases; or by environmental factors. 
To the latter refers epigenetic transmission of information from one generation to the next 
during chromatin replication in combination with posttranslational histone modification 
(the histone code) as demonstrated in parental imprinting (de Boer et al., 2010). 
An epigenetic memory for male genetic transmission resides in a link between DNA 
replication and matrix associated DNA repair (Hatch et al., 2007). 
Some authors propose that regulation of chromosome structure in the germline, by the 
occupancy of matrix/scaffold associated regions, contains molecular memory function. 
Nuclear structure, chromatin composition and loop domain organization are aspects of 
human sperm variability that in many cases of assisted reproduction is increased due to 
inclusion of more incompletely differentiated/maturated sperm nuclei. 
 The association of DNA repair proteins with the nuclear matrix has been demonstrated by a 
number of authors, as well as  topoisomerase II species constitute a significant component of 
the nuclear matrix (Roca & Mezquita, 1989; Quesada et al., 2000).  
For adaptation of loop domain structure during chromatin remodeling at spermatid nuclear 
elongation, the activity of TopoIIB is essential for removing supercoiling from nucleosomal 
DNA in transit to protamine toroid chromatin (Leduc et al., 2008 a,b). In rat testes there is 
evidence that some of PARP activity is associated to nuclear matrix, thus becoming one of 
those tightly bound components which are not solubilized from chromatin by high salt 
treatment. By the use of DNA and protein cross-linking reactions, more evidences were 
provided about the association of PARP-1, PARP-2, and PARPs related proteins with the 
nuclear matrix. These findings confirmed that  nuclear matrix could be seen as a fraction 
greatly enriched in transcription factors (i.e., C/EBP-beta) and enzymes (DNA Topo II, 
DNA PK) that co-localize with PARP-1 and -2 at the matrix associated regions (MARs) of 
chromatin. Moreover, PAR contributes to PARP-1 localization at the nuclear matrix, 
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showing that PARP(s) activity co-operates to the functions of this nuclear fraction. 
(Tramontano et al., 2005). Topo II is constantly present as a component of chromatin 
remodelling. As described in the previous section, alterations in DNA topology that occur in 
the extreme condensation of the spermatid nucleus have been shown to require the 
controlled formation of DNA strand breaks to allow the transition from a supercoiled form 
of DNA to a non-supercoiled form. Supercoiled DNA relaxes by transient formation of 
physiological strand breaks that spermatids, being haploid, cannot repair by homologous 
recombination. These DNA strand breaks trigger the activation of poly(ADP-ribose) 
polymerases PARP1 and PARP2 and any interference with PARP activation causes poor 
chromatin integrity with abnormal retention of histones in mature sperm and impaired 
embryonic survival (Meyer-Ficca et al., 2011). In this context, the activity of topoisomerase 
IIbeta (TOP2B), an enzyme involved in DNA strand break formation in elongating 
spermatids, is strongly inhibited by the activity of PARP1 and PARP2 in vitro and  is 
restored by the PAR degrading activity of PAR glycohydrolase (PARG). Moreover, genetic 
and pharmacological PARP inhibition both led to increased TOP2B activity in murine 
spermatids in vivo, measured as covalent binding of TOP2B to the DNA (Meyer-Ficca et al., 
2011). These data suggest a functional relationship between the DNA strand break 
generating activity of TOP2B and the DNA strand break-dependent activation of PARP 
enzymes which in turn inhibits TOP2B. Because PARP activity also facilitates histone H1 
linker removal and local chromatin decondensation, cycles of PAR formation and 
degradation may be necessary to coordinate TOP2B dependent DNA relaxation with 
histone-to-protamine exchange necessary for spermatid chromatin remodelling (Meyer-
Ficca et al., 2011). In the light of their own results and those from other groups, Meyer-Ficca 
et al. (2011) suggest that the activities of the DNA relaxing enzyme TOP2B, and the DNA 
strand break dependent enzymes PARP1 and PARP2 may be able to directly and 
dynamically regulate each other via the formation of DNA strand breaks and poly(ADP-
ribose) to mediate simultaneous DNA relaxation and histone H1 removal as essential steps 
of spermatid chromatin remodeling necessary for sperm function (Meyer-Ficca, 2011). 

5. Conclusions 
In this review the possible biological significance of PARP in mammalian germ  cells  has 
been summarized focusing on the role played by PARP during spermatogenesis and sperm 
maturation, and on recent findings in ejaculated spermatozoa.  It is widely demonstrated 
that molecular events leading to the high condensation of the spermatid nucleus, include an 
exchange of histones to transition proteins and then to protamines, that replace all other 
nuclear proteins in sperms, and alterations in DNA topology that require both the controlled 
formation of DNA strand breaks, and protein modifications, such as poly(ADP-
ribosyl)ation. As discussed above, the sequential synthesis and replacement of histones and 
testis specific proteins with protamines found indeed in the poly(ADP-ribosyl)ation reaction 
a further regulatory process to control and to produce large number of spermatozoa with 
intact and competent DNA. Poly(ADP-ribosyl)ation involves the automodified PARP as the 
main actor in DNA protecting function, and the free enzyme as regulator of most of nuclear 
proteins demonstrated to be involved in chromatin remodelling, either as modifier enzyme 
or as a recruiter of partner proteins. PARP is activated whenever there are strand breaks in 
sperm DNA due to oxidative stress, chromatin remodeling or cell death. The fact that PARP 
and PAR localize at MARs, recognized as a site of “memory” for transmission  of 
information from one generation to the next, gives further support to the role(s) of PARP in 
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essential steps of germ cell development. Male germ cells are exposed to a wide variety of 
endogenous and exogenous genotoxic agents, most of which involve PARP as a common 
player. Recent findings confirm the occurrence of PARP in ejaculated spermatozoa and  the 
presence of higher levels of caspase 3-cleaved PARP in sperm of infertile men adds a new 
proof for the correlation between apoptosis and male infertility. In the light of these 
observations PARP can be regarded as an hallmark of the actual state of germ cells able 
either to counteract DNA damage or to give a signal of death upon high DNA 
abnormalities.  
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showing that PARP(s) activity co-operates to the functions of this nuclear fraction. 
(Tramontano et al., 2005). Topo II is constantly present as a component of chromatin 
remodelling. As described in the previous section, alterations in DNA topology that occur in 
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of DNA to a non-supercoiled form. Supercoiled DNA relaxes by transient formation of 
physiological strand breaks that spermatids, being haploid, cannot repair by homologous 
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spermatids in vivo, measured as covalent binding of TOP2B to the DNA (Meyer-Ficca et al., 
2011). These data suggest a functional relationship between the DNA strand break 
generating activity of TOP2B and the DNA strand break-dependent activation of PARP 
enzymes which in turn inhibits TOP2B. Because PARP activity also facilitates histone H1 
linker removal and local chromatin decondensation, cycles of PAR formation and 
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strand break dependent enzymes PARP1 and PARP2 may be able to directly and 
dynamically regulate each other via the formation of DNA strand breaks and poly(ADP-
ribose) to mediate simultaneous DNA relaxation and histone H1 removal as essential steps 
of spermatid chromatin remodeling necessary for sperm function (Meyer-Ficca, 2011). 
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been summarized focusing on the role played by PARP during spermatogenesis and sperm 
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that molecular events leading to the high condensation of the spermatid nucleus, include an 
exchange of histones to transition proteins and then to protamines, that replace all other 
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formation of DNA strand breaks, and protein modifications, such as poly(ADP-
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testis specific proteins with protamines found indeed in the poly(ADP-ribosyl)ation reaction 
a further regulatory process to control and to produce large number of spermatozoa with 
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main actor in DNA protecting function, and the free enzyme as regulator of most of nuclear 
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or as a recruiter of partner proteins. PARP is activated whenever there are strand breaks in 
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essential steps of germ cell development. Male germ cells are exposed to a wide variety of 
endogenous and exogenous genotoxic agents, most of which involve PARP as a common 
player. Recent findings confirm the occurrence of PARP in ejaculated spermatozoa and  the 
presence of higher levels of caspase 3-cleaved PARP in sperm of infertile men adds a new 
proof for the correlation between apoptosis and male infertility. In the light of these 
observations PARP can be regarded as an hallmark of the actual state of germ cells able 
either to counteract DNA damage or to give a signal of death upon high DNA 
abnormalities.  
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1. Introduction 
The 2004 Nobel Prize in Chemistry was awarded to Aaron Ciechanover, Avram Hershko, 
and Irwin Rose for their work in discovering the ubiquitin-proteasome system (UPS), as 
reviewed by Herrmann and others (Herrmann et al., 2007). The mechanisms by which 
proteolysis occurs had remained elusive until the late 1970s, when a series of key 
experiments paved the way for a new area of research (Ciechanover et al., 1978; Ciechanover 
et al., 1980b; Hershko et al., 1980). These studies revealed that the majority of protein 
degradation is nonlysosomal and adenosine triphosphate (ATP)-dependent. Most 
importantly, it was also demonstrated that this proteolysis requires at least two components:  
one with protease activity and another in the form of an 8.5-kDa heat-stable protein. These 
elements were later identified as the proteasome and ubiquitin, respectively (Ciechanover et 
al., 1980a; Wilkinson et al., 1980; Hough et al., 1986; Waxman et al., 1987; Arrigo et al., 1988). 
Substrates of the UPS include many short-lived regulatory proteins in addition to misfolded 
and defective proteins (Dahlmann, 2007; Naiki & Nagai, 2009; Xie, 2010). Conserved from 
Archaea to humans, the UPS is thought to be responsible for degrading approximately 90% 
of nuclear and cytoplasmic proteins (Magill et al., 2003). Through regulation of protein 
expression, the UPS controls processes such as protein homeostasis, cell-cycle, cell division, 
cellular differentiation, apoptosis, signal transduction, gene expression, immunity, and 
DNA repair (Magill et al., 2003; Finley, 2009; Liggett et al., 2010; Shabek & Ciechanover, 
2010; Xie, 2010). Although much focus on this system revolves around its proteolytic 
function and regulation, members of the UPS also play non-proteolytic roles in 
transcription, membrane trafficking, protein kinase activation, chromatin dynamics, and 
DNA repair (Chen & Sun, 2009; Xie, 2010).  
The UPS plays one of the central roles in pathology and disease, and it has become the target 
of several newer therapeutic modalities. In patients with some forms of cardiac dysfunction, 
neurodegeneration, autoimmune disease, and viral infections, proteasome activity and/or 
expression is diminished (Magill et al., 2003; Dahlmann, 2007; Naiki & Nagai, 2009). 
Conversely, in some cancer patients and patients with cachexia, an increase in proteasome 
expression has been observed. According to the idea that this increase in proteosome 
activity is a potential therapeutic target, proteosome inhibitors are developed and isolated 
from natural products (Orlowski & Kuhn, 2008; Groll et al., 2009; Huang & Chen, 2009). 
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Most notably, bortezomib (Velcade, PS-341) is the first FDA approved proteasome inhibitor 
and has been used with some success in the treatment of multiple myeloma and mantle cell 
lymphoma patients (Palombella et al., 1998; Hideshima et al., 2001; Russo et al., 2007). 
This chapter is focused on the UPS and its interaction with DNA repair. DNA can be 
damaged by a wide variety of environmental stresses (ionizing radiation, Ultraviolet (UV) 
radiation, chemicals) and endogenous cellular metabolites; these DNA damages include 
base-damage lesions, single-strand breaks (SSBs), double-strand breaks (DSBs), DNA-DNA 
and DNA-protein crosslinks, as well as other adducts (Sharova, 2005a; Huang & D'andrea, 
2006). Consequently, cells have evolved a number of DNA repair pathways in order to 
remove or mend these lesions quickly and efficiently to preserve genomic integrity. The 
connection between DNA repair and the UPS was first revealed when Jentsch and 
colleagues showed that the DNA repair gene Rad6 encodes a ubiquitin-conjugating enzyme 
(Jentsch et al., 1987). Following this finding, the study of UPS-regulated DNA repair has 
expanded immensely. Specifically, this chapter will revolve around the UPS as it relates to 
the nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), 
double-strand break (DSB) repair, post-replication repair (PRR), and Fanconi anemia (FA) 
pathways. We will explore the extent to which representative DNA repair proteins of these 
pathways directly interact with members of the UPS and depend upon the proteolytic and 
non-proteolytic roles of the UPS. Finally, despite the fact that the mechanisms of action of 
proteasome inhibitors are not wholly understood (Drexler, 1997), current evidence suggests 
that DNA repair pathways are key targets of bortezomib treatment.      

2. The ubiquitin-proteasome system 
The UPS contains both substrate-recruiting and substrate-degrading machinery (Dahlmann, 
2007). The central element of this intricate system, the proteasome, is a highly abundant and 
stable cellular protein complex (Liggett et al., 2010). A number of proteasome-associated 
proteins have been identified, which may either enhance or suppress UPS-mediated 
proteolysis, and yeast genetics has contributed greatly to the understanding of the UPS by 
facilitating its manipulation (Finley, 2009).    

2.1 Structure of the proteasome  
The 2.5-MDa proteasome can exist in several forms organized into two main subcomplexes:  
the 28-subunit core particle (CP or 20S proteasome) and the 19-subunit regulatory particle 
(RP, 19S proteasome, or PA700) (Finley, 2009; Xie, 2010). The 20S proteasome is a barrel-like 
structure composed of four stacked heptameric rings. The outer rings consist of one of seven 
unique alpha-subunits and the inner rings are composed of one of seven unique beta-
subunits, a configuration that may be represented as: α1-7β1-7β1-7α1-7 (Groll et al., 1997; Navon 
& Ciechanover, 2009). The largest dimensions of the interior of the 20S proteasome are 
approximately 100 Å axially and 60 Å orthogonally (Finley, 2009). However, crystal 
structures of the 20S proteasome show that the entry ports of the alpha-subunits are as 
narrow as 10-13 Å (Groll et al., 1997), which helps to prevent spontaneous protein 
degradation.  
The 20S proteasome supports three main catalytic activities:  (1) the β1-subunit has caspase-
like activity and cleaves peptide bonds after acidic residues; (2) the β2-subunit possesses 
trypsin-like activity and cleaves after basic residues; and (3) the β5-subunit carries 
chymotrypsin-like activity and cleaves after large, hydrophobic residues (Orlowski & Wilk, 
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2000). The catalytic subunits of the 20S proteasome degrade proteins into a heterogeneous 
mixture of peptides rather than into single amino acids (Kisselev et al., 1999; Goldberg et al., 
2002). Proteasomal inhibitors interfere with these activities to various degrees and with 
specificities for one or more of the main catalytic activities (Groll et al., 2009).  
The 19S proteasome is attached to one or both ends of the 20S proteasome, and the resulting 
complex is known as the 26S proteasome. Although no crystal structure for the 19S 
proteasome has yet been solved, it is currently believed that the 19S proteasome can be 
separated into two additional subcomplexes:  the base and the lid. The base is composed of 
six AAA ATPase (ATPases Associated with diverse cellular Activities) subunits (Rpt1-6 in 
Saccharomyces cerevisiae) as well as three non-ATPase subunits (Rpn1, Rpn2, and Rpn13 in S. 
cerevisiae). The lid includes at least nine non-ATPase subunits (Rpn3, Rpn5-9, Rpn11, Rpn12, 
and Rpn15 in S. cerevisiae). Additionally, the yeast protein Rpn10 appears to stabilize the 
connection between the base and the lid (Finley, 2009; Xie, 2010).    

2.2 Function of the UPS 
Protein substrates targeted for proteasomal degradation must first be tagged by ubiquitin, a 
highly conserved 76 amino acid protein. This process is carried out by the concerted 
activities of three categories of enzymes:  a ubiquitin-activating enzyme (E1), a ubiquitin-
conjugating enzyme (E2), and a ubiquitin-protein ligase (E3) (Dahlmann, 2007; Chen & Sun, 
2009; Navon & Ciechanover, 2009; Shabek & Ciechanover, 2010). According to recent counts, 
humans have genes for two E1, roughly 40 E2, and approximately 600 E3 enzymes (Chen & 
Sun, 2009; Hofmann, 2009). In the first step of the reaction, E1 activates the ubiquitin 
polypeptide in an ATP-dependent process, and the activated ubiquitin molecule is 
subsequently transferred onto E2 by a thioester bond. E3 can then bind the activated 
ubiquitin to a substrate protein; the high degree of specificity of this enzyme dictates the 
specificity by the UPS (Magill et al., 2003). An isopeptide bond is formed between the C-
terminal glycine (G76) of ubiquitin and the ε-amino group of a lysine on the targeted 
protein. Next, a polyubiquitin chain is generated through repetition of this process on the 
ubiquitin molecules themselves. Although ubiquitin contains seven lysine residues (K6, K11, 
K27, K29, K33, K48, and K63), new ubiquitin moieties are conjugated most often to K48 of 
the previously attached ubiquitin molecule (Varshavsky, 1997; Hershko et al., 2000; 
Schwartz & Ciechanover, 2009). A chain of at least four ubiquitin proteins linked through 
K48 is recognized by the 26S proteasome for degradation (Figure 1). It appears as though 
K48 has a rather exclusive role in the formation of ubiquitin-mediated degradation signals; 
the other six lysines of ubiquitin can play either proteolytic or non-proteolytic roles when 
engaged to form polyubiquitin chains (Chen & Sun, 2009).  
Ubiquitin-like proteins (UBLs) are structurally similar to ubiquitin and utilize a comparable 
enzyme cascade consisting of UBL-activating (E1), UBL-conjugating (E2), and UBL-ligase 
(E3) enzymes (Huang & D'andrea, 2006). Among UBLs, SUMO (small ubiquitin-like 
modifier) and NEDD8 (neuronal-precursor-cell-expressed developmentally downregulated 
protein-8) are the best characterized. SUMO exists in at least four mammalian isoforms 
(SUMO-1,2,3,4). The process of sumoylation, which is ATP-dependent and generally has 
nondegradative functions, is reversibly executed by SUMO isopeptidases (Johnson, 2004). 
NEDD8 (Rub1 in S. cerevisiae) also does not directly signal proteolysis but rather regulates 
E3 ubiquitin-protein ligases and covalently binds to the Cullin family of E3 complexes (Hori 
et al., 1999). 
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Entry of substrates into the multicatalyic 20S proteasome is regulated and stimulated by the 
19S proteasome. Rpn11 and Rpn13 of the 19S proteasome, and three proteasome-associated 
proteins, Rad23, Dsk2, and Ddi1, serve as ubiquitin receptors (Finley, 2009). These latter 
proteins weakly bind to the proteasome and are termed UBL/UBA shuttle proteins due to 
their ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains (Finley, 2009). Prior to 
degradation, the ubiquitin moieties must be removed and the protein substrates unfolded. 
Rpn11 in yeast (Poh1 in humans) serves as a deubiquitinating enzyme (DUB) in the presence 
of ATP and cooperates with two other deubiquitinases, Upb6 and Uch37 (Usp14 in 
mammals) (Finley, 2009). Mammals possess about 90 known DUBs for cleaving 
polyubiquitin chains or for removing ubiquitin from protein substrates (Chen & Sun, 2009; 
Hofmann, 2009). Although substrate unfolding and translocation are not completely 
understood, it is currently believed that the six ATPases of the 19S base unfold target 
proteins and open the gate of the 20S so that substrate proteins may reach the proteolytic 
sites (Finley, 2009; Shabek & Ciechanover, 2010). 
 

 
Fig. 1. Schematic representation of UPS-mediated protein regulation. A protein substrate 
(orange) is tagged with a polyubiquitin chain upon the activities of E1, E2, and E3 enzymes. 
Substrates modified by a K48-linked polyubiquitin chain are processed and degraded by the 
26S proteasome, consisting of a 20S core and 19S regulatory particles. Oppositely, K63-
linkages are attributed to non-proteolytic functions and can allow for functional alterations 
of the tagged substrate.  

2.3 The UPS and general repair proteins 
Two proteins closely linked with DNA repair in general and regulated by the UPS are p53 
and PCNA. In both cases, their UPS regulation can be either proteolytic or non-proteolytic 
(Coutts et al., 2009; Ulrich, 2009). p53 is regulated by the UPS in a way that prevents 
unnecessary cell death or cell-cycle arrest (Stehmeier & Muller, 2009). p53 interacts with the 
19S proteasome in vitro and in vivo (Zhu et al., 2007) and can be both mono- or 
polyubiquitinated (Stehmeier & Muller, 2009). Mdm2, a ubiquitin-protein ligase, promotes 
the ubiquitination and consequent degradation of p53 as well as the conjugation of NEDD8 
(Zhang & Xiong, 2001; Xirodimas et al., 2004). NEDD8 conjugation appears to weaken the 
inhibition of p53, and this ubiquitination and NEDDylation of p53 are independently 
regulated upon DNA damage (Xirodimas et al., 2004). Additionally, both p53 and Mdm2 are 
modified by SUMO-1 (Chen & Chen, 2003). Only a small fraction of p53 is sumoylated, and 

 
The Ubiquitin-Proteasome System and DNA Repair 

 

259 

the possible role of p53 sumoylation in degradation and DNA repair is still being 
investigated (Stehmeier & Muller, 2009).  
Similarly, proliferating cell nuclear antigen (PCNA), a processivity clamp for the replicative 
and repair DNA polymerases, is a target of the UPS (Paunesku et al., 2001; Ulrich, 2009). In 
yeast, PCNA is modified by SUMO at the beginning of S-phase (Papouli et al., 2005; Pfander 
et al., 2005); however, in response to DNA damage, PCNA is monoubiquitinated in a 
Rad6/Rad18 dependent manner (Hoege et al., 2002; Lee & Myung, 2008). Further 
modification with a K63-linked polyubiquitin chain can then occur pending the interaction 
of Rad5, a ubiquitin-protein ligase, and Ubc13-Mms2, a ubiquitin-conjugating dimer 
(Hofmann, 2009). Monoubiquitinated and polyubiquitinated PCNA proteins are involved in 
different DNA repair mechanisms. Proteins PTIP/Swift, an adapter for checkpoint kinases 
ATM and ATR, and ubiquitin specific protease 1 (USP1) deubiquitinate PCNA (Huang et al., 
2006; Ulrich, 2009). Finally, tight regulation of PCNA ubiquitination, keeping ubiquitinated 
PCNA at low levels in undamaged cells, prevents the recruitment of translesion synthesis 
(TLS) polymerases, an event that could lead to mutagenesis (Lee & Myung, 2008). For more 
on PCNA, see section 7.  

3. Nucleotide excision repair  
Nucleotide excision repair (NER) is an evolutionarily conserved, multistep mechanism 
responsible for removing bulky chemical adducts and UV-induced photoproducts from 
DNA (Sharova, 2005a). NER can be divided into repair of overall genomic DNA [global 
genome repair (GGR)] and repair of actively transcribing genes [transcription-coupled 
repair (TCR)] (Mueller & Smerdon, 1996). Approximately 30 proteins participate in NER. In 
this relatively error-free repair process, sites of DNA damage are first recognized and bound 
by a multi-protein complex. The damaged strand is then cleaved several nucleotides away 
from the 5’ and 3’ ends of the affected oligonucleotide. Upon removal of this fragment, the 
resulting ~30 nucleotide gap is filled by DNA polymerases δ and ε in a PCNA-dependent 
manner, and a DNA ligase covalently attaches the 3’ end of the newly synthesized strand to 
the flanking DNA (Lommel et al., 2000). Defects in NER are associated with diseases such as 
Xeroderma Pigmentosum, Cockayne’s Syndrome, and Trichothiodystrophy (Bergoglio & 
Magnaldo, 2006; Leibeling et al., 2006).    

3.1 Nucleotide excision repair enzymes and the UPS  
In mammalian cells, the first step of NER initiation after damage involves the Damaged-
DNA binding protein (DDB) complex that recognizes sites of complex adducts, including 
those induced by UV radiation (Stoyanova et al., 2009; Iovine et al., 2011). Two protein 
members of this complex, DDB1 and DDB2, associate with the Cullin 4A (Cul4A) ubiquitin 
E3 complex, which has been shown to polyubiquitinate Xeroderma pigmentosum C protein 
(XPC) (Stoyanova et al., 2009; Iovine et al., 2011). DDB1 regulates cyclin-dependent kinase 
inhibitor 1B (p27) levels after low-dose UV irradiation (Iovine et al., 2011). DDB2 associates 
with COP9 Signalosome complex (CSN), which has structural homology to the 19S 
proteasome (Groisman et al., 2003). DDB2 also regulates levels of cyclin-dependent kinase 
inhibitor 1 (Cip1 or p21) and phospho-p53 through the UPS (Stoyanova et al., 2009). 
Interestingly, DDB2 is targeted by Cul4A and polyubiquitinated after UV irradiation 
(Bergink et al., 2007; Stoyanova et al., 2009; Iovine et al., 2011). Therefore, both DDB2 and 
XPC are downregulated by Cul4A, but protein degradation in this situation promotes a 
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Entry of substrates into the multicatalyic 20S proteasome is regulated and stimulated by the 
19S proteasome. Rpn11 and Rpn13 of the 19S proteasome, and three proteasome-associated 
proteins, Rad23, Dsk2, and Ddi1, serve as ubiquitin receptors (Finley, 2009). These latter 
proteins weakly bind to the proteasome and are termed UBL/UBA shuttle proteins due to 
their ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains (Finley, 2009). Prior to 
degradation, the ubiquitin moieties must be removed and the protein substrates unfolded. 
Rpn11 in yeast (Poh1 in humans) serves as a deubiquitinating enzyme (DUB) in the presence 
of ATP and cooperates with two other deubiquitinases, Upb6 and Uch37 (Usp14 in 
mammals) (Finley, 2009). Mammals possess about 90 known DUBs for cleaving 
polyubiquitin chains or for removing ubiquitin from protein substrates (Chen & Sun, 2009; 
Hofmann, 2009). Although substrate unfolding and translocation are not completely 
understood, it is currently believed that the six ATPases of the 19S base unfold target 
proteins and open the gate of the 20S so that substrate proteins may reach the proteolytic 
sites (Finley, 2009; Shabek & Ciechanover, 2010). 
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(orange) is tagged with a polyubiquitin chain upon the activities of E1, E2, and E3 enzymes. 
Substrates modified by a K48-linked polyubiquitin chain are processed and degraded by the 
26S proteasome, consisting of a 20S core and 19S regulatory particles. Oppositely, K63-
linkages are attributed to non-proteolytic functions and can allow for functional alterations 
of the tagged substrate.  
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Two proteins closely linked with DNA repair in general and regulated by the UPS are p53 
and PCNA. In both cases, their UPS regulation can be either proteolytic or non-proteolytic 
(Coutts et al., 2009; Ulrich, 2009). p53 is regulated by the UPS in a way that prevents 
unnecessary cell death or cell-cycle arrest (Stehmeier & Muller, 2009). p53 interacts with the 
19S proteasome in vitro and in vivo (Zhu et al., 2007) and can be both mono- or 
polyubiquitinated (Stehmeier & Muller, 2009). Mdm2, a ubiquitin-protein ligase, promotes 
the ubiquitination and consequent degradation of p53 as well as the conjugation of NEDD8 
(Zhang & Xiong, 2001; Xirodimas et al., 2004). NEDD8 conjugation appears to weaken the 
inhibition of p53, and this ubiquitination and NEDDylation of p53 are independently 
regulated upon DNA damage (Xirodimas et al., 2004). Additionally, both p53 and Mdm2 are 
modified by SUMO-1 (Chen & Chen, 2003). Only a small fraction of p53 is sumoylated, and 
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the possible role of p53 sumoylation in degradation and DNA repair is still being 
investigated (Stehmeier & Muller, 2009).  
Similarly, proliferating cell nuclear antigen (PCNA), a processivity clamp for the replicative 
and repair DNA polymerases, is a target of the UPS (Paunesku et al., 2001; Ulrich, 2009). In 
yeast, PCNA is modified by SUMO at the beginning of S-phase (Papouli et al., 2005; Pfander 
et al., 2005); however, in response to DNA damage, PCNA is monoubiquitinated in a 
Rad6/Rad18 dependent manner (Hoege et al., 2002; Lee & Myung, 2008). Further 
modification with a K63-linked polyubiquitin chain can then occur pending the interaction 
of Rad5, a ubiquitin-protein ligase, and Ubc13-Mms2, a ubiquitin-conjugating dimer 
(Hofmann, 2009). Monoubiquitinated and polyubiquitinated PCNA proteins are involved in 
different DNA repair mechanisms. Proteins PTIP/Swift, an adapter for checkpoint kinases 
ATM and ATR, and ubiquitin specific protease 1 (USP1) deubiquitinate PCNA (Huang et al., 
2006; Ulrich, 2009). Finally, tight regulation of PCNA ubiquitination, keeping ubiquitinated 
PCNA at low levels in undamaged cells, prevents the recruitment of translesion synthesis 
(TLS) polymerases, an event that could lead to mutagenesis (Lee & Myung, 2008). For more 
on PCNA, see section 7.  

3. Nucleotide excision repair  
Nucleotide excision repair (NER) is an evolutionarily conserved, multistep mechanism 
responsible for removing bulky chemical adducts and UV-induced photoproducts from 
DNA (Sharova, 2005a). NER can be divided into repair of overall genomic DNA [global 
genome repair (GGR)] and repair of actively transcribing genes [transcription-coupled 
repair (TCR)] (Mueller & Smerdon, 1996). Approximately 30 proteins participate in NER. In 
this relatively error-free repair process, sites of DNA damage are first recognized and bound 
by a multi-protein complex. The damaged strand is then cleaved several nucleotides away 
from the 5’ and 3’ ends of the affected oligonucleotide. Upon removal of this fragment, the 
resulting ~30 nucleotide gap is filled by DNA polymerases δ and ε in a PCNA-dependent 
manner, and a DNA ligase covalently attaches the 3’ end of the newly synthesized strand to 
the flanking DNA (Lommel et al., 2000). Defects in NER are associated with diseases such as 
Xeroderma Pigmentosum, Cockayne’s Syndrome, and Trichothiodystrophy (Bergoglio & 
Magnaldo, 2006; Leibeling et al., 2006).    

3.1 Nucleotide excision repair enzymes and the UPS  
In mammalian cells, the first step of NER initiation after damage involves the Damaged-
DNA binding protein (DDB) complex that recognizes sites of complex adducts, including 
those induced by UV radiation (Stoyanova et al., 2009; Iovine et al., 2011). Two protein 
members of this complex, DDB1 and DDB2, associate with the Cullin 4A (Cul4A) ubiquitin 
E3 complex, which has been shown to polyubiquitinate Xeroderma pigmentosum C protein 
(XPC) (Stoyanova et al., 2009; Iovine et al., 2011). DDB1 regulates cyclin-dependent kinase 
inhibitor 1B (p27) levels after low-dose UV irradiation (Iovine et al., 2011). DDB2 associates 
with COP9 Signalosome complex (CSN), which has structural homology to the 19S 
proteasome (Groisman et al., 2003). DDB2 also regulates levels of cyclin-dependent kinase 
inhibitor 1 (Cip1 or p21) and phospho-p53 through the UPS (Stoyanova et al., 2009). 
Interestingly, DDB2 is targeted by Cul4A and polyubiquitinated after UV irradiation 
(Bergink et al., 2007; Stoyanova et al., 2009; Iovine et al., 2011). Therefore, both DDB2 and 
XPC are downregulated by Cul4A, but protein degradation in this situation promotes a 
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more efficient DNA repair, as explained further later. No homolog of DDB2 is found in 
yeast, but a comparable E3 enzyme complex containing Rad16, Rad7, Cul3, and Elc1 is 
linked to GGR in yeast (Gillette et al., 2006; Dantuma et al., 2009).  
Following UV irradiation, ubiquitin and SUMO-1 modify XPC in a manner dependent on 
DDB2 and XPA (Wang et al., 2005b). XPC in mammalian cells and Rad7 and Rad16 in yeast 
are required for GGR (Chen et al., 2007). Cockayne syndrome complementation group A 
and B proteins (CSA and CSB) in mammals and Rpb9 and Rad26 (the homologue of CSB) in 
yeast are required for TCR (Chen et al., 2007). CSA and CSB are also necessary for 
ubiquitination of Rpb1, the largest subunit of RNA polymerase II (Pol II) (Chen et al., 2007). 
When DNA damage causes DNA Polymerase II to become stalled, Rpb1 is 
polyubiquitinated and degraded by the 26S proteasome (Ribar et al., 2006; Chen et al., 2007). 
It does not appear as if the whole Pol II complex is degraded (Ribar et al., 2006), and Rpb9, 
another subunit of Pol II, mediates the ubiquitination of Rpb1 in response to UV radiation 
(Chen et al., 2007; Daulny & Tansey, 2009). Conversely, the DUB Ubp3 deubiquitinates Pol II 
and prevents its degradation (Mao & Smerdon, 2010).  
Different types of histone modifications are associated with DNA repair, such as 
monoubiquitination of histone H2A following UV-damage (Bergink et al., 2006). 
Ubiquitinated H2A (uH2A) is the most common modification of histones in higher 
eukaryotes, and uH2A foci formation requires either functional GGR or TCR (Zhu et al., 
2009). The E3 enzyme Cul4A-DDB has also been shown to ubiquitinate histones H3 and H4 
in order to positively regulate NER (Zhu et al., 2009). Histone ubiquitination could play a 
role in chromatin remodelling and is dependent on RING2, an E3 enzyme, and ATR-kinase 
(Bergink et al., 2006). The pivotal yeast NER protein Rad4, the yeast homologue of XPC, is 
involved in this process. Rad4 binds to Snf5 and Snf6 of the Swi/Snf chromatin-remodelling 
complex (Gong et al., 2006), which correlates with UV-induced chromatin remodelling; this 
event could induce DNA to be more accessible to repair proteins (Dantuma et al., 2009). 
Interestingly, proteasome inhibitors such as lactacystin (LC) and N-acetyl-leucyl-leucyl-
norleucinal (ALLnL) deplete free cellular ubiquitin, thereby negatively affecting protein 
dynamics of histones, and promote chromatin condensation (Mimnaugh et al., 2000).  
Yeast protein Rad23 is involved in both NER pathways:  GGR and TCR (Mueller & 
Smerdon, 1996). Rad23 itself is not degraded by the 26S proteasome because it lacks an 
initiation region for the proteasome to engage and unfold it (Fishbain et al., 2011). However, 
Rad23 has been shown to contact proteins Rpt1 (Cim5), Rpt4 (Sug2), Rpt6 (Cim3/Sug1), 
Rpn1, and Rpn10 (S5a) of the 19S proteasome (Waters et al., 1993; Motegi et al., 2009), 
perhaps to recruit it to sites of DNA damage (Russell et al., 1999). The N-terminal domain of 
Rad23 (the UbL domain) resembles ubiquitin, which enables it to interact with the 26S 
proteasome directly (Watkins et al., 1993; Schauber et al., 1998). Notably, Rad23 has 22% 
identical and 43% similar amino acid residues compared to ubiquitin from S. cerevisiae 
(Watkins et al., 1993; Schauber et al., 1998). Deletion of the UbL domain impairs Rad23 
function, leading to UV-sensitivity and a 50% decrease of NER activity in yeast (Watkins et 
al., 1993; Russell et al., 1999). This effect is reversed, however, upon substitution of the UbL 
domain with the sequence of ubiquitin (Watkins et al., 1993). E1-ubiquitin and E2-ubiquitin 
thioester intermediate formation does not appear to be affected by Rad23, but the presence 
of Rad23 remarkably stabilizes proteins in vivo and inhibits multi-ubiquitin chain assembly 
in vitro (Ortolan et al., 2000). The two UBA regions of Rad23 participate in noncovalent 
interactions with ubiquitin, and loss of both UBA regions does not allow Rad23 to block 
assembly of multi-ubiquitin chains on protein substrates (Chen et al., 2001). Interestingly, 
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the C-termini of the human homologues to Rad23, hHR23A and hHR23B, contain a stretch 
of amino acids homologous to E2 enzymes (van der Spek et al., 1996; Masutani et al., 1997).  
The C-terminus of Rad23 binds with high affinity to Rad4 (Mimnaugh et al., 2000). 
Rad23/Rad4 complexes govern damage recognition and bind UV-irradiated DNA (Guzder 
et al., 1998; Jansen et al., 1998; Guzder et al., 1999); loss of Rad4 leads to severe UV-
sensitivity (Ortolan et al., 2000). Rad23 can regulate polyubiquitination of Rad4 in vivo and 
delay its degradation by the 26S proteasome (Lommel et al., 2002). The Rad4 binding 
domain (R4B) of Rad23 is also sufficient to stabilize Rad4 and enable NER in yeast strains 
lacking Rad23 (Ortolan et al., 2004). Nevertheless, in a Rad23 null strain, overexpression of 
Rad4-hemagglutinin does not rescue the impaired repair of cyclobutane pyrimidine dimers 
(CPDs) (Lommel et al., 2002). Rad23 may protect Rad4 from degradation so that it can 
participate in NER, but Rad23 may also play proteolytic roles in other pathways (Ortolan et 
al., 2004). Essentially, optimal NER necessitates two distinct functions of Rad23; both 
Rad23/proteasome and Rad23/Rad4 interactions are required for maximum UV-resistance 
(Ortolan et al., 2004).  
Other yeast enzymes, Rad7 and Rad16, are also involved in UPS regulation of NER. These 
proteins are members of the nucleotide excision repair factor 4 (NEF4) complex, which bears 
E3 activity and regulates Rad4 levels (Ramsey et al., 2004). The DUB Upb3 promotes 
degradation of Rad4, which leads to a negative regulation NER; conversely, inactivation of 
Upb3 stabilizes Rad4 (Mao & Smerdon, 2010). 
Ubiquitination is necessary for NER, since E1 enzyme inactivation exerts a negative 
influence on NER in mammalian cells (Wang et al., 2005a). However, much debate 
surrounding NER and the UPS still exists, revolving around the question of whether UPS-
mediated modifications leading to proteolysis (a proteolytic role of the UPS) are more or less 
important for NER than the modifications (ubiquitination, sumoylation, etc.) that do not 
lead to protein degradation (a non-proteolytic role of the UPS). For example, Rad23 is not 
degraded by the proteasome, and this suggests that it has a non-proteolytic role (Watkins et 
al., 1993). Antibodies against the ATPases of the 19S have been shown to measurably lower 
NER activity, but mutations in 20S subunits that severely curb proteolysis and incubation 
with proteosome inhibitor LC do not appear to change NER activity (Russell et al., 1999; 
Gillette et al., 2001). Also, efficient NER in yeast relies on two mechanisms related to the 
necessity of de novo protein synthesis, neither of which entails proteolytic behavior (Gillette 
et al., 2006). Rad23 and the 19S proteasome regulate one such pathway, independently of de 
novo protein synthesis. Another pathway involving Rad4 ubiquitination by a Rad7-
containing E3 ligase depends on de novo protein synthesis to restore Rad4 to baseline levels 
such as they were prior to DNA damage (Gillette et al., 2006). All these findings stress a 
connection between NER and non-proteolytic behavior of the UPS (Gillette et al., 2006).  
However, NER has been shown to be increased in yeast strains with mutations in genes 
encoding the 26S proteasome (Lommel et al., 2002). Proteosome inhibitors LC and ALLnL 
interfere with removal by NER of cisplatin-damaged DNA and decrease mRNA levels of the 
excision nuclease Ercc-1 in ovarian cancer cells (Mimnaugh et al., 2000). Treatment of 
normal human fibroblasts with proteosome inhibitors MG132 or LC decreases repair of 
CPDs (Wang et al., 2005a). Overexpression of hSug1, one of the six ATPases of the 
mammalian 19S proteasome, competes with endogenous 19S proteasomes for substrates and 
negatively affects NER (Wang et al., 2005a). In yeast, conditional proteasome mutants of 
Rpt1 and Rpt6 exhibit faster NER in a single gene repair study (Lommel et al., 2000). 
Similarly, overexpression of Rad4 results in increased NER of the transcribed and non-
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more efficient DNA repair, as explained further later. No homolog of DDB2 is found in 
yeast, but a comparable E3 enzyme complex containing Rad16, Rad7, Cul3, and Elc1 is 
linked to GGR in yeast (Gillette et al., 2006; Dantuma et al., 2009).  
Following UV irradiation, ubiquitin and SUMO-1 modify XPC in a manner dependent on 
DDB2 and XPA (Wang et al., 2005b). XPC in mammalian cells and Rad7 and Rad16 in yeast 
are required for GGR (Chen et al., 2007). Cockayne syndrome complementation group A 
and B proteins (CSA and CSB) in mammals and Rpb9 and Rad26 (the homologue of CSB) in 
yeast are required for TCR (Chen et al., 2007). CSA and CSB are also necessary for 
ubiquitination of Rpb1, the largest subunit of RNA polymerase II (Pol II) (Chen et al., 2007). 
When DNA damage causes DNA Polymerase II to become stalled, Rpb1 is 
polyubiquitinated and degraded by the 26S proteasome (Ribar et al., 2006; Chen et al., 2007). 
It does not appear as if the whole Pol II complex is degraded (Ribar et al., 2006), and Rpb9, 
another subunit of Pol II, mediates the ubiquitination of Rpb1 in response to UV radiation 
(Chen et al., 2007; Daulny & Tansey, 2009). Conversely, the DUB Ubp3 deubiquitinates Pol II 
and prevents its degradation (Mao & Smerdon, 2010).  
Different types of histone modifications are associated with DNA repair, such as 
monoubiquitination of histone H2A following UV-damage (Bergink et al., 2006). 
Ubiquitinated H2A (uH2A) is the most common modification of histones in higher 
eukaryotes, and uH2A foci formation requires either functional GGR or TCR (Zhu et al., 
2009). The E3 enzyme Cul4A-DDB has also been shown to ubiquitinate histones H3 and H4 
in order to positively regulate NER (Zhu et al., 2009). Histone ubiquitination could play a 
role in chromatin remodelling and is dependent on RING2, an E3 enzyme, and ATR-kinase 
(Bergink et al., 2006). The pivotal yeast NER protein Rad4, the yeast homologue of XPC, is 
involved in this process. Rad4 binds to Snf5 and Snf6 of the Swi/Snf chromatin-remodelling 
complex (Gong et al., 2006), which correlates with UV-induced chromatin remodelling; this 
event could induce DNA to be more accessible to repair proteins (Dantuma et al., 2009). 
Interestingly, proteasome inhibitors such as lactacystin (LC) and N-acetyl-leucyl-leucyl-
norleucinal (ALLnL) deplete free cellular ubiquitin, thereby negatively affecting protein 
dynamics of histones, and promote chromatin condensation (Mimnaugh et al., 2000).  
Yeast protein Rad23 is involved in both NER pathways:  GGR and TCR (Mueller & 
Smerdon, 1996). Rad23 itself is not degraded by the 26S proteasome because it lacks an 
initiation region for the proteasome to engage and unfold it (Fishbain et al., 2011). However, 
Rad23 has been shown to contact proteins Rpt1 (Cim5), Rpt4 (Sug2), Rpt6 (Cim3/Sug1), 
Rpn1, and Rpn10 (S5a) of the 19S proteasome (Waters et al., 1993; Motegi et al., 2009), 
perhaps to recruit it to sites of DNA damage (Russell et al., 1999). The N-terminal domain of 
Rad23 (the UbL domain) resembles ubiquitin, which enables it to interact with the 26S 
proteasome directly (Watkins et al., 1993; Schauber et al., 1998). Notably, Rad23 has 22% 
identical and 43% similar amino acid residues compared to ubiquitin from S. cerevisiae 
(Watkins et al., 1993; Schauber et al., 1998). Deletion of the UbL domain impairs Rad23 
function, leading to UV-sensitivity and a 50% decrease of NER activity in yeast (Watkins et 
al., 1993; Russell et al., 1999). This effect is reversed, however, upon substitution of the UbL 
domain with the sequence of ubiquitin (Watkins et al., 1993). E1-ubiquitin and E2-ubiquitin 
thioester intermediate formation does not appear to be affected by Rad23, but the presence 
of Rad23 remarkably stabilizes proteins in vivo and inhibits multi-ubiquitin chain assembly 
in vitro (Ortolan et al., 2000). The two UBA regions of Rad23 participate in noncovalent 
interactions with ubiquitin, and loss of both UBA regions does not allow Rad23 to block 
assembly of multi-ubiquitin chains on protein substrates (Chen et al., 2001). Interestingly, 
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the C-termini of the human homologues to Rad23, hHR23A and hHR23B, contain a stretch 
of amino acids homologous to E2 enzymes (van der Spek et al., 1996; Masutani et al., 1997).  
The C-terminus of Rad23 binds with high affinity to Rad4 (Mimnaugh et al., 2000). 
Rad23/Rad4 complexes govern damage recognition and bind UV-irradiated DNA (Guzder 
et al., 1998; Jansen et al., 1998; Guzder et al., 1999); loss of Rad4 leads to severe UV-
sensitivity (Ortolan et al., 2000). Rad23 can regulate polyubiquitination of Rad4 in vivo and 
delay its degradation by the 26S proteasome (Lommel et al., 2002). The Rad4 binding 
domain (R4B) of Rad23 is also sufficient to stabilize Rad4 and enable NER in yeast strains 
lacking Rad23 (Ortolan et al., 2004). Nevertheless, in a Rad23 null strain, overexpression of 
Rad4-hemagglutinin does not rescue the impaired repair of cyclobutane pyrimidine dimers 
(CPDs) (Lommel et al., 2002). Rad23 may protect Rad4 from degradation so that it can 
participate in NER, but Rad23 may also play proteolytic roles in other pathways (Ortolan et 
al., 2004). Essentially, optimal NER necessitates two distinct functions of Rad23; both 
Rad23/proteasome and Rad23/Rad4 interactions are required for maximum UV-resistance 
(Ortolan et al., 2004).  
Other yeast enzymes, Rad7 and Rad16, are also involved in UPS regulation of NER. These 
proteins are members of the nucleotide excision repair factor 4 (NEF4) complex, which bears 
E3 activity and regulates Rad4 levels (Ramsey et al., 2004). The DUB Upb3 promotes 
degradation of Rad4, which leads to a negative regulation NER; conversely, inactivation of 
Upb3 stabilizes Rad4 (Mao & Smerdon, 2010). 
Ubiquitination is necessary for NER, since E1 enzyme inactivation exerts a negative 
influence on NER in mammalian cells (Wang et al., 2005a). However, much debate 
surrounding NER and the UPS still exists, revolving around the question of whether UPS-
mediated modifications leading to proteolysis (a proteolytic role of the UPS) are more or less 
important for NER than the modifications (ubiquitination, sumoylation, etc.) that do not 
lead to protein degradation (a non-proteolytic role of the UPS). For example, Rad23 is not 
degraded by the proteasome, and this suggests that it has a non-proteolytic role (Watkins et 
al., 1993). Antibodies against the ATPases of the 19S have been shown to measurably lower 
NER activity, but mutations in 20S subunits that severely curb proteolysis and incubation 
with proteosome inhibitor LC do not appear to change NER activity (Russell et al., 1999; 
Gillette et al., 2001). Also, efficient NER in yeast relies on two mechanisms related to the 
necessity of de novo protein synthesis, neither of which entails proteolytic behavior (Gillette 
et al., 2006). Rad23 and the 19S proteasome regulate one such pathway, independently of de 
novo protein synthesis. Another pathway involving Rad4 ubiquitination by a Rad7-
containing E3 ligase depends on de novo protein synthesis to restore Rad4 to baseline levels 
such as they were prior to DNA damage (Gillette et al., 2006). All these findings stress a 
connection between NER and non-proteolytic behavior of the UPS (Gillette et al., 2006).  
However, NER has been shown to be increased in yeast strains with mutations in genes 
encoding the 26S proteasome (Lommel et al., 2002). Proteosome inhibitors LC and ALLnL 
interfere with removal by NER of cisplatin-damaged DNA and decrease mRNA levels of the 
excision nuclease Ercc-1 in ovarian cancer cells (Mimnaugh et al., 2000). Treatment of 
normal human fibroblasts with proteosome inhibitors MG132 or LC decreases repair of 
CPDs (Wang et al., 2005a). Overexpression of hSug1, one of the six ATPases of the 
mammalian 19S proteasome, competes with endogenous 19S proteasomes for substrates and 
negatively affects NER (Wang et al., 2005a). In yeast, conditional proteasome mutants of 
Rpt1 and Rpt6 exhibit faster NER in a single gene repair study (Lommel et al., 2000). 
Similarly, overexpression of Rad4 results in increased NER of the transcribed and non-
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transcribed strands of the damaged gene. Therefore, proteosome subunit overexpression has 
an effect similar to overexpression of the NER protein Rad4, which results in increased GGR 
and TCR (Lommel et al., 2000).  
Ultimately, this apparent discrepancy could stem from the use of different model systems 
because NER proteins and processes differ among different organisms (Wang et al., 2005a). 
The exact role(s) of the 26S proteasome in NER remain somewhat obscured. There is no 
consensus on whether the 26S proteasome plays excitatory and/or inhibitory roles in NER, 
nor is the balance between the roles of Rad23 in DNA repair and proteolysis fully 
understood (Dantuma et al., 2009). It is unclear whether Rad23 is ubiquitinated itself, and if 
so, what is the significance of that modification (Dantuma et al., 2009). Nevertheless, 
evidence of “protein sharing” between the UPS and NER suggests a functional connection 
that is deeper than our present understanding of this system. 

4. Base excision repair  
The base excision repair (BER) pathway regulates removal of damaged bases, 
apurinic/apyrimidinic (AP) sites, and single-strand breaks (SSBs) induced by UV radiation, 
ionizing radiation, oxidative stressors, and alkylating agents (Dalhus et al., 2009; Wilson et 
al., 2010). For every double-stranded DNA break (DSB), cells sustain hundreds of SSBs; 
consequently, BER activity in cells is perpetually engaged. BER can be separated into long-
patch repair and short-patch repair, dependent upon the type of lesion incurred as well as 
the expression levels of BER proteins (Memisoglu & Samson, 2000; Wilson et al., 2010). The 
most fundamental steps of BER include damaged base recognition and removal by DNA 
glycosylases, strand cleavage by an AP endonuclease, incised strand processing, DNA 
synthesis, and ligation (Sharova, 2005a). Processing of gaps in mammalian DNA involves a 
DNA polymerase (primarily Pol β), DNA ligase IIIα, and X-ray crosscomplementing group-
1 protein (Xrcc1) (Parsons et al., 2010). Importantly, the BER, NER, and MMR activities can 
overlap in protection against DNA damage (Wilson et al., 2010), sharing proteins such as 
Rad4. Dysfunctional BER can lead to chromosomal rearrangements and cell death, and 
defects/knock-out animals for BER genes are often associated with embryonic lethality 
(Wilson & Thompson, 1997).      

4.1 Base excision repair and the UPS   
While poly (ADP-ribose) polymerase-1 (PARP-1) does not appear to play an enzymatic role 
in BER, it is the molecule that recognizes DNA damage repaired by BER. Moreover, PARP 
inhibition delays repair of SSBs in Xrcc1-deficient cells (Strom et al., 2010) and protects SSBs 
from becoming DSBs, thereby ensuring that the SSBs may be repaired by BER proteins 
(Woodhouse et al., 2008). PARP-1 has been shown to be polyubiquitinated and modified by 
SUMO-1 and SUMO-3 in vitro and in vivo (Wang et al., 2008; Messner et al., 2009). 
Polyubiquitination of PARP-1 requires proteasomal inhibition, indicating that it is a target of 
the 26S proteasome (Wang et al., 2008). In a yeast two-hybrid screen, PARP was found to 
interact with hUbc9, the human protein homologous to Ubc9, a yeast E2 enzyme (Masson et 
al., 1997). hUbc9 mRNA has been shown to increase at the beginning of S-phase, suggesting 
that hUbc9 is involved in degradation of cyclins, as Ubc9 is in yeast (Masson et al., 1997).  
The transcription of yeast DNA glycosylase genes MAG1, NTG1, and NTG2 is co-regulated 
with proteasomal genes and modulated by transcription factor Rpn4, a negative regulator of 
the proteosome (Jelinsky et al., 2000; Hanna & Finley, 2007). Another BER DNA glycosylase, 
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thymine-DNA glycosylase (TDG), binds SUMO-1 covalently and noncovalently (Takahashi 
et al., 2005). Covalent modification of TDG with SUMO-1 or SUMO-3 reduces its affinity for 
DNA (Hardeland et al., 2002b). The enzymatic properties of TDG change upon sumoylation; 
G•T mismatch processing is repressed, whereas G•U processing augments. TDG 
sumoylation facilitates its dissociation from AP sites, allowing for AP endonuclease entry 
(Hardeland et al., 2002b). Mechanistically, TDG changes conformation when it contacts 
DNA, binding tightly to mismatches; conjugation of SUMO-1 to the C-terminal domain of 
TDG induces another conformational change in the N-terminus of TDG so that it can 
dissociate from the AP sites (Steinacher & Schar, 2005b). TDG sumoylation does not seem to 
affect polyubiquitination and degradation of TDG (Hardeland et al., 2007).  
While TDG levels are highest during G2/M- and G1-phases of the cell-cycle but taper 
during S-phase, UNG2, a uracil-DNA glycosylase, is upregulated during S-phase 
(Hardeland et al., 2007). Thus, TDG and UNG2 play non-redundant, alternating roles. The 
UPS regulates these precise fluctuations in TDG and UNG2 protein levels; for example, 
treatment with the proteasomal inhibitor MG132 measurably increases TDG levels 
(Hardeland et al., 2007).  
Interestingly, a key role of ubiquitination in BER is to modify the proteins that are not 
members of an active BER complex so that they may be rapidly degraded, which allows 
clearance of access for BER proteins. CHIP, an E3 enzyme, is responsible for turnover of BER 
proteins such as Xrcc1, which acts as a scaffold for directing assembly of BER complexes at 
sites of DNA damage, and Pol  (Parsons et al., 2008b). Although CHIP appears to be the 
principal E3 in this process, other E3 enzymes may be involved as well. Phosphorylation of 
Xrcc1 by casein kinase 2 (CK2) appears to be necessary for efficient BER; this 
phosphorylation improves the stability of Xrcc1 by protecting it from ubiquitination 
(Parsons et al., 2010). In addition, Xrcc1 recruits JWA to sites of damage, and loss of JWA 
leads to Xrcc1 degradation by the UPS (Wang et al., 2009). Xrcc1 is also modified by SUMO-
1 (Gocke et al., 2005; Moschos & Mo, 2006).  

5. Mismatch repair 
The mismatch repair (MMR) system corrects noncomplementary base pairs that escape the 
proofreading activity of DNA polymerases δ and ε in DNA replication (Jiricny, 1998; 
Sharova, 2005b). The process begins with mispair recognition by the hMutSα complex, a 
heterodimer of hMSH2 and hMSH6, or by the complex hMutSβ, a heterodimer of hMSH2 
and hMSH3 (Modrich & Lahue, 1996; Jiricny, 1998; Kolodner & Marsischky, 1999). Another 
complex, hMutLα, a heterodimer of hMLH1and hPMS2, regulates the termination of 
mismatch-stimulated DNA excision (Li, 2008).  

5.1 Mismatch repair and the UPS 
The UPS is involved in post-transcriptional regulation of hMutSα protein expression 
(Humbert et al., 2002; Hernandez-Pigeon et al., 2004). Ubiquitination and degradation rates 
of hMSH2 and hMSH6 appear quite similar, suggesting that UPS-mediated proteolysis may 
maintain a constant ratio of these two proteins (Hernandez-Pigeon et al., 2004). While no 
strong correlation between total proteasomal activity and the degradation rate of hMutSα 
has been observed in vitro, low hMutSα expression in cells is a limiting factor for MMR and 
indicative of proteolytic activity of the UPS in MMR regulation (Ciechanover, 1994; 
Humbert et al., 2002; Hernandez-Pigeon et al., 2004). This process is regulated also by an 
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transcribed strands of the damaged gene. Therefore, proteosome subunit overexpression has 
an effect similar to overexpression of the NER protein Rad4, which results in increased GGR 
and TCR (Lommel et al., 2000).  
Ultimately, this apparent discrepancy could stem from the use of different model systems 
because NER proteins and processes differ among different organisms (Wang et al., 2005a). 
The exact role(s) of the 26S proteasome in NER remain somewhat obscured. There is no 
consensus on whether the 26S proteasome plays excitatory and/or inhibitory roles in NER, 
nor is the balance between the roles of Rad23 in DNA repair and proteolysis fully 
understood (Dantuma et al., 2009). It is unclear whether Rad23 is ubiquitinated itself, and if 
so, what is the significance of that modification (Dantuma et al., 2009). Nevertheless, 
evidence of “protein sharing” between the UPS and NER suggests a functional connection 
that is deeper than our present understanding of this system. 

4. Base excision repair  
The base excision repair (BER) pathway regulates removal of damaged bases, 
apurinic/apyrimidinic (AP) sites, and single-strand breaks (SSBs) induced by UV radiation, 
ionizing radiation, oxidative stressors, and alkylating agents (Dalhus et al., 2009; Wilson et 
al., 2010). For every double-stranded DNA break (DSB), cells sustain hundreds of SSBs; 
consequently, BER activity in cells is perpetually engaged. BER can be separated into long-
patch repair and short-patch repair, dependent upon the type of lesion incurred as well as 
the expression levels of BER proteins (Memisoglu & Samson, 2000; Wilson et al., 2010). The 
most fundamental steps of BER include damaged base recognition and removal by DNA 
glycosylases, strand cleavage by an AP endonuclease, incised strand processing, DNA 
synthesis, and ligation (Sharova, 2005a). Processing of gaps in mammalian DNA involves a 
DNA polymerase (primarily Pol β), DNA ligase IIIα, and X-ray crosscomplementing group-
1 protein (Xrcc1) (Parsons et al., 2010). Importantly, the BER, NER, and MMR activities can 
overlap in protection against DNA damage (Wilson et al., 2010), sharing proteins such as 
Rad4. Dysfunctional BER can lead to chromosomal rearrangements and cell death, and 
defects/knock-out animals for BER genes are often associated with embryonic lethality 
(Wilson & Thompson, 1997).      

4.1 Base excision repair and the UPS   
While poly (ADP-ribose) polymerase-1 (PARP-1) does not appear to play an enzymatic role 
in BER, it is the molecule that recognizes DNA damage repaired by BER. Moreover, PARP 
inhibition delays repair of SSBs in Xrcc1-deficient cells (Strom et al., 2010) and protects SSBs 
from becoming DSBs, thereby ensuring that the SSBs may be repaired by BER proteins 
(Woodhouse et al., 2008). PARP-1 has been shown to be polyubiquitinated and modified by 
SUMO-1 and SUMO-3 in vitro and in vivo (Wang et al., 2008; Messner et al., 2009). 
Polyubiquitination of PARP-1 requires proteasomal inhibition, indicating that it is a target of 
the 26S proteasome (Wang et al., 2008). In a yeast two-hybrid screen, PARP was found to 
interact with hUbc9, the human protein homologous to Ubc9, a yeast E2 enzyme (Masson et 
al., 1997). hUbc9 mRNA has been shown to increase at the beginning of S-phase, suggesting 
that hUbc9 is involved in degradation of cyclins, as Ubc9 is in yeast (Masson et al., 1997).  
The transcription of yeast DNA glycosylase genes MAG1, NTG1, and NTG2 is co-regulated 
with proteasomal genes and modulated by transcription factor Rpn4, a negative regulator of 
the proteosome (Jelinsky et al., 2000; Hanna & Finley, 2007). Another BER DNA glycosylase, 
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thymine-DNA glycosylase (TDG), binds SUMO-1 covalently and noncovalently (Takahashi 
et al., 2005). Covalent modification of TDG with SUMO-1 or SUMO-3 reduces its affinity for 
DNA (Hardeland et al., 2002b). The enzymatic properties of TDG change upon sumoylation; 
G•T mismatch processing is repressed, whereas G•U processing augments. TDG 
sumoylation facilitates its dissociation from AP sites, allowing for AP endonuclease entry 
(Hardeland et al., 2002b). Mechanistically, TDG changes conformation when it contacts 
DNA, binding tightly to mismatches; conjugation of SUMO-1 to the C-terminal domain of 
TDG induces another conformational change in the N-terminus of TDG so that it can 
dissociate from the AP sites (Steinacher & Schar, 2005b). TDG sumoylation does not seem to 
affect polyubiquitination and degradation of TDG (Hardeland et al., 2007).  
While TDG levels are highest during G2/M- and G1-phases of the cell-cycle but taper 
during S-phase, UNG2, a uracil-DNA glycosylase, is upregulated during S-phase 
(Hardeland et al., 2007). Thus, TDG and UNG2 play non-redundant, alternating roles. The 
UPS regulates these precise fluctuations in TDG and UNG2 protein levels; for example, 
treatment with the proteasomal inhibitor MG132 measurably increases TDG levels 
(Hardeland et al., 2007).  
Interestingly, a key role of ubiquitination in BER is to modify the proteins that are not 
members of an active BER complex so that they may be rapidly degraded, which allows 
clearance of access for BER proteins. CHIP, an E3 enzyme, is responsible for turnover of BER 
proteins such as Xrcc1, which acts as a scaffold for directing assembly of BER complexes at 
sites of DNA damage, and Pol  (Parsons et al., 2008b). Although CHIP appears to be the 
principal E3 in this process, other E3 enzymes may be involved as well. Phosphorylation of 
Xrcc1 by casein kinase 2 (CK2) appears to be necessary for efficient BER; this 
phosphorylation improves the stability of Xrcc1 by protecting it from ubiquitination 
(Parsons et al., 2010). In addition, Xrcc1 recruits JWA to sites of damage, and loss of JWA 
leads to Xrcc1 degradation by the UPS (Wang et al., 2009). Xrcc1 is also modified by SUMO-
1 (Gocke et al., 2005; Moschos & Mo, 2006).  

5. Mismatch repair 
The mismatch repair (MMR) system corrects noncomplementary base pairs that escape the 
proofreading activity of DNA polymerases δ and ε in DNA replication (Jiricny, 1998; 
Sharova, 2005b). The process begins with mispair recognition by the hMutSα complex, a 
heterodimer of hMSH2 and hMSH6, or by the complex hMutSβ, a heterodimer of hMSH2 
and hMSH3 (Modrich & Lahue, 1996; Jiricny, 1998; Kolodner & Marsischky, 1999). Another 
complex, hMutLα, a heterodimer of hMLH1and hPMS2, regulates the termination of 
mismatch-stimulated DNA excision (Li, 2008).  

5.1 Mismatch repair and the UPS 
The UPS is involved in post-transcriptional regulation of hMutSα protein expression 
(Humbert et al., 2002; Hernandez-Pigeon et al., 2004). Ubiquitination and degradation rates 
of hMSH2 and hMSH6 appear quite similar, suggesting that UPS-mediated proteolysis may 
maintain a constant ratio of these two proteins (Hernandez-Pigeon et al., 2004). While no 
strong correlation between total proteasomal activity and the degradation rate of hMutSα 
has been observed in vitro, low hMutSα expression in cells is a limiting factor for MMR and 
indicative of proteolytic activity of the UPS in MMR regulation (Ciechanover, 1994; 
Humbert et al., 2002; Hernandez-Pigeon et al., 2004). This process is regulated also by an 
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atypical protein kinase C ζ (PKCζ); this kinase increases hMutSα protein levels and the 
binding of hMutSα to G•T mismatches (Hernandez-Pigeon et al., 2005). Essentially, PKCζ 
expression and ubiquitination of hMutSα proteins are inversely related, and PKCζ kinase 
activity interferes in the UPS-mediated degradation of hMutSα (Hernandez-Pigeon et al., 
2005). Collectively, these results support a model in which PKCζ serves as a positive 
regulator for UPS-mediated MMR by directly interacting with the hMutSα complex. There is 
also evidence of hMutSα protein sumoylation, but the functional importance of this  is 
unclear (Hernandez-Pigeon et al., 2005). 
Human exonuclease I (hEXO1) complexes with hMutLα and functions in the excision step of 
MMR (Schmutte et al., 2001; Genschel et al., 2002). In response to DNA replication arrest, the 
isoform hEXO1b is polyubiquitinated and degraded, and phosphorylation of hEXO1b 
correlates with its UPS-mediated degradation (El-Shemerly et al., 2005).  

6. Double-strand break repair 
DNA double-strand breaks (DSBs) can be lethal to cells predominantly because the most 
important DSB repair process, non-homologous end joining (NHEJ), is error-prone, leaving 
mutations in the DNA following repair. Two possible repair processes that correct DSBs are 
homologous recombination (HR) and NHEJ. HR repair exchanges nucleotide sequences 
between two homologous chromosomes; this leads to error-free repair of DSB damage, 
preventing mutagenesis (Li et al., 2000). During the initial stages of mammalian HR, the 
MRN complex, composed of Mre11-Rad50-Nbs1, recognizes and carries out initial 
processing of the broken DNA ends. Following DSB resection, single-stranded DNA ends 
are bound by Rad51, Rad52, and RPA (Zhao et al., 2007). Strand invasion and displacement 
to initiate repair synthesis from the homologous sequence are mediated by Rad51, Rad54, 
Brca1, and Brca2, and HR is completed upon DNA annealing and ligation (Li & Heyer, 
2008). NHEJ is a rapid, error-prone pathway that does not necessarily restore the sequence 
around the DSB, leading to local deletions and chromosomal translocations. NHEJ is the 
predominant form of DSB repair in mammalian cells because it occurs in the G0-, G1-, and 
early S-phases of the cell-cycle (before duplication of the DNA). The Ku70/Ku80 
heterodimer detects the exposed ends of DNA DSBs in NHEJ and then recruits and forms a 
holoenzyme with DNA-dependent protein kinase (DNA-PK) to sense and to repair 
damaged DNA (Gottlieb & Jackson, 1993; Downs & Jackson, 2004). The MRN complex also 
influences NHEJ, and Xrcc4 and ligase IV complete the resealing reaction.  

6.1 Double-strand break repair and the UPS 
Crosslinking and chromatin immunoprecipitation studies reveal that subunits of the 26S 
proteasome are recruited to DSB sites, suggesting that proteolysis takes place concurrent 
with DSB repair (Krogan et al., 2004). Both NHEJ and HR are affected by interaction with 
the proteasome, such as through DNA polymerase IV (Pol4) and Rad52, respectively (Tseng 
& Tomkinson, 2002; Krogan et al., 2004). Rad52 forms multimeric ring foci, which are 
centers of recombination repair capable of processing multiple DNA lesions (West, 2003). 
Other HR proteins depend on the presence of Rad52 and its interaction with ssDNA regions 
in HR repair for their function (West, 2003). In yeast, one of the proteins associated with 
Rad52 is Sem1, a component of the yeast 19S proteasome. In the absence of Rad52, 
recruitment of Sem1 to damaged DNA is reduced (Krogan et al., 2004). Moreover, knock-out 
of Sem1 in yeast strains capable of only HR or NHEJ, but not both, results in impaired cell 
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growth. Therefore, Sem1 and the proteasome are crucial for HR DSB repair (Krogan et al., 
2004). The human homolog of Sem1, Deleted in Split hand/Split foot 1 (DSS1), is a part of 
the human 19S proteasome and involved in HR through interaction with Brca2 (Marston et 
al., 1999). Just as knock-out of Brca2 increases dependence of HR on mammalian Rad52 
(West, 2003), depletion of DSS1 in human cells significantly reduces HR activity, while 
treatment with proteasome inhibitors corresponds to a smaller decrease in HR (Kristensen et 
al., 2010). Thus, it is likely that DSS1 engages in functions in HR other than strictly 
proteolysis (Kristensen et al., 2010).  
DSS1 and Brca2 interact with Rpn3 and Rpn7, though the Brca2/Rpn7 interaction does not 
depend on DSS1 (Gudmundsdottir et al., 2007). On the contrary, it is Brca2 that secures the 
presence of the proteasome close to DNA repair machinery. Upon treatment of an ES cell 
line with the proteasome inhibitor epoxomicin, Gudmundsdottir and colleagues observed a 
shift in the repair of repetitive elements from the error-free gene conversion pathway to the 
error-prone single-strand annealing pathway. This suggests that the proteasome plays a 
functional role in support of HR as a repair mechanism of DSBs (Gudmundsdottir et al., 
2007).  
As mentioned previously, knock-out of different proteasomal subunits or proteosome 
inhibition by small molecules interferes with both HR and NHEJ in yeast (Krogan et al., 
2004); in higher eukaryotes, association of NHEJ and proteosome appears to be less 
obligatory. Here, proteasome inhibitors MG132 and LC reduce HR-dependent DSB repair 
but only marginally affect NHEJ-mediated repair of an artificial substrate (Murakawa et al., 
2007). MG132 treatment of Ku70-deficient chicken DT40 cells, which are impaired in NHEJ 
but not in HR, negatively affects the repair kinetics of ionizing radiation-induced DSBs. 
However, MG132 treatment of Rad54-deficient chicken DT40 cells, impaired in HR but not 
in NHEJ, does not delay DSB repair. Ionizing radiation-induced Brca1 and Rad51 foci 
formation in HeLa cells is reduced upon treatment with MG132. Therefore, it appears as if 
the proteasome functions at an early step of HR, prior to formation of the Brca2-DSS1 
complex (Murakawa et al., 2007).  
Brca1 contains a RING domain, which is generally associated with ubiquitin-protein ligase 
activity (Starita & Parvin, 2003). Human C-terminal binding protein interacting protein 
(CtIP), which regulates DSB resection and efficient HR, is ubiquitinated when it associates 
with chromatin following DNA damage. This ubiquitination of CtIP is catalyzed by Brca1 
and is not a degradation signal (Yu et al., 2006; Sartori et al., 2007). Brca1 dimerizes with 
Bard1 to elicit higher ubiquitin-protein ligase activity than either Brca1 or Bard1 alone 
(Hashizume et al., 2001; Xia et al., 2003). These two proteins appear to stabilize one another 
in vivo, suggesting that each does not participate in the degradation of the other (Hashizume 
et al., 2001; Xia et al., 2003). Brca1/Bard1 assemble polyubiquitin chain linkages through 
non-K48 residues, mostly through K63, indicative of non-proteolytic function (Chen et al., 
2002). The Brca1/Bard1 complex is capable of autoubiquitination in vitro and in vivo, and it 
also mediates monoubiquitination of histone H2A/H2AX in vitro (Chen et al., 2002). At a 
higher level of complexity, Brca1/Bard1, Rap80, which has two domains that bind K63-
linked ubiquitin chains, the DUB Brcc36, and Abraxas form a complex that localizes to 
damaged DNA (Wang & Elledge, 2007). Ubc13, an E2 enzyme, and Rnf8, a Ubc13-associated 
E3 enzyme, which together catalyze K63-linked ubiquitin chains at DSBs, are both required 
for Rap80 and Abraxas foci formation induced by ionizing radiation (Huen et al., 2007; 
Kolas et al., 2007; Wang & Elledge, 2007). The interaction between Rap80 and Abraxas 
localizes Brca1 and the DUB Brcc36 to ionizing radiation-induced foci (Wang & Elledge, 2007).  
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atypical protein kinase C ζ (PKCζ); this kinase increases hMutSα protein levels and the 
binding of hMutSα to G•T mismatches (Hernandez-Pigeon et al., 2005). Essentially, PKCζ 
expression and ubiquitination of hMutSα proteins are inversely related, and PKCζ kinase 
activity interferes in the UPS-mediated degradation of hMutSα (Hernandez-Pigeon et al., 
2005). Collectively, these results support a model in which PKCζ serves as a positive 
regulator for UPS-mediated MMR by directly interacting with the hMutSα complex. There is 
also evidence of hMutSα protein sumoylation, but the functional importance of this  is 
unclear (Hernandez-Pigeon et al., 2005). 
Human exonuclease I (hEXO1) complexes with hMutLα and functions in the excision step of 
MMR (Schmutte et al., 2001; Genschel et al., 2002). In response to DNA replication arrest, the 
isoform hEXO1b is polyubiquitinated and degraded, and phosphorylation of hEXO1b 
correlates with its UPS-mediated degradation (El-Shemerly et al., 2005).  

6. Double-strand break repair 
DNA double-strand breaks (DSBs) can be lethal to cells predominantly because the most 
important DSB repair process, non-homologous end joining (NHEJ), is error-prone, leaving 
mutations in the DNA following repair. Two possible repair processes that correct DSBs are 
homologous recombination (HR) and NHEJ. HR repair exchanges nucleotide sequences 
between two homologous chromosomes; this leads to error-free repair of DSB damage, 
preventing mutagenesis (Li et al., 2000). During the initial stages of mammalian HR, the 
MRN complex, composed of Mre11-Rad50-Nbs1, recognizes and carries out initial 
processing of the broken DNA ends. Following DSB resection, single-stranded DNA ends 
are bound by Rad51, Rad52, and RPA (Zhao et al., 2007). Strand invasion and displacement 
to initiate repair synthesis from the homologous sequence are mediated by Rad51, Rad54, 
Brca1, and Brca2, and HR is completed upon DNA annealing and ligation (Li & Heyer, 
2008). NHEJ is a rapid, error-prone pathway that does not necessarily restore the sequence 
around the DSB, leading to local deletions and chromosomal translocations. NHEJ is the 
predominant form of DSB repair in mammalian cells because it occurs in the G0-, G1-, and 
early S-phases of the cell-cycle (before duplication of the DNA). The Ku70/Ku80 
heterodimer detects the exposed ends of DNA DSBs in NHEJ and then recruits and forms a 
holoenzyme with DNA-dependent protein kinase (DNA-PK) to sense and to repair 
damaged DNA (Gottlieb & Jackson, 1993; Downs & Jackson, 2004). The MRN complex also 
influences NHEJ, and Xrcc4 and ligase IV complete the resealing reaction.  

6.1 Double-strand break repair and the UPS 
Crosslinking and chromatin immunoprecipitation studies reveal that subunits of the 26S 
proteasome are recruited to DSB sites, suggesting that proteolysis takes place concurrent 
with DSB repair (Krogan et al., 2004). Both NHEJ and HR are affected by interaction with 
the proteasome, such as through DNA polymerase IV (Pol4) and Rad52, respectively (Tseng 
& Tomkinson, 2002; Krogan et al., 2004). Rad52 forms multimeric ring foci, which are 
centers of recombination repair capable of processing multiple DNA lesions (West, 2003). 
Other HR proteins depend on the presence of Rad52 and its interaction with ssDNA regions 
in HR repair for their function (West, 2003). In yeast, one of the proteins associated with 
Rad52 is Sem1, a component of the yeast 19S proteasome. In the absence of Rad52, 
recruitment of Sem1 to damaged DNA is reduced (Krogan et al., 2004). Moreover, knock-out 
of Sem1 in yeast strains capable of only HR or NHEJ, but not both, results in impaired cell 
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growth. Therefore, Sem1 and the proteasome are crucial for HR DSB repair (Krogan et al., 
2004). The human homolog of Sem1, Deleted in Split hand/Split foot 1 (DSS1), is a part of 
the human 19S proteasome and involved in HR through interaction with Brca2 (Marston et 
al., 1999). Just as knock-out of Brca2 increases dependence of HR on mammalian Rad52 
(West, 2003), depletion of DSS1 in human cells significantly reduces HR activity, while 
treatment with proteasome inhibitors corresponds to a smaller decrease in HR (Kristensen et 
al., 2010). Thus, it is likely that DSS1 engages in functions in HR other than strictly 
proteolysis (Kristensen et al., 2010).  
DSS1 and Brca2 interact with Rpn3 and Rpn7, though the Brca2/Rpn7 interaction does not 
depend on DSS1 (Gudmundsdottir et al., 2007). On the contrary, it is Brca2 that secures the 
presence of the proteasome close to DNA repair machinery. Upon treatment of an ES cell 
line with the proteasome inhibitor epoxomicin, Gudmundsdottir and colleagues observed a 
shift in the repair of repetitive elements from the error-free gene conversion pathway to the 
error-prone single-strand annealing pathway. This suggests that the proteasome plays a 
functional role in support of HR as a repair mechanism of DSBs (Gudmundsdottir et al., 
2007).  
As mentioned previously, knock-out of different proteasomal subunits or proteosome 
inhibition by small molecules interferes with both HR and NHEJ in yeast (Krogan et al., 
2004); in higher eukaryotes, association of NHEJ and proteosome appears to be less 
obligatory. Here, proteasome inhibitors MG132 and LC reduce HR-dependent DSB repair 
but only marginally affect NHEJ-mediated repair of an artificial substrate (Murakawa et al., 
2007). MG132 treatment of Ku70-deficient chicken DT40 cells, which are impaired in NHEJ 
but not in HR, negatively affects the repair kinetics of ionizing radiation-induced DSBs. 
However, MG132 treatment of Rad54-deficient chicken DT40 cells, impaired in HR but not 
in NHEJ, does not delay DSB repair. Ionizing radiation-induced Brca1 and Rad51 foci 
formation in HeLa cells is reduced upon treatment with MG132. Therefore, it appears as if 
the proteasome functions at an early step of HR, prior to formation of the Brca2-DSS1 
complex (Murakawa et al., 2007).  
Brca1 contains a RING domain, which is generally associated with ubiquitin-protein ligase 
activity (Starita & Parvin, 2003). Human C-terminal binding protein interacting protein 
(CtIP), which regulates DSB resection and efficient HR, is ubiquitinated when it associates 
with chromatin following DNA damage. This ubiquitination of CtIP is catalyzed by Brca1 
and is not a degradation signal (Yu et al., 2006; Sartori et al., 2007). Brca1 dimerizes with 
Bard1 to elicit higher ubiquitin-protein ligase activity than either Brca1 or Bard1 alone 
(Hashizume et al., 2001; Xia et al., 2003). These two proteins appear to stabilize one another 
in vivo, suggesting that each does not participate in the degradation of the other (Hashizume 
et al., 2001; Xia et al., 2003). Brca1/Bard1 assemble polyubiquitin chain linkages through 
non-K48 residues, mostly through K63, indicative of non-proteolytic function (Chen et al., 
2002). The Brca1/Bard1 complex is capable of autoubiquitination in vitro and in vivo, and it 
also mediates monoubiquitination of histone H2A/H2AX in vitro (Chen et al., 2002). At a 
higher level of complexity, Brca1/Bard1, Rap80, which has two domains that bind K63-
linked ubiquitin chains, the DUB Brcc36, and Abraxas form a complex that localizes to 
damaged DNA (Wang & Elledge, 2007). Ubc13, an E2 enzyme, and Rnf8, a Ubc13-associated 
E3 enzyme, which together catalyze K63-linked ubiquitin chains at DSBs, are both required 
for Rap80 and Abraxas foci formation induced by ionizing radiation (Huen et al., 2007; 
Kolas et al., 2007; Wang & Elledge, 2007). The interaction between Rap80 and Abraxas 
localizes Brca1 and the DUB Brcc36 to ionizing radiation-induced foci (Wang & Elledge, 2007).  
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In conducting studies revolving around the sensitivity of Ubc13-deficient cells to DNA-
damaging agents, Zhao and co-workers discovered a link between Ubc13 and HR in higher 
eukaryotes. Mammalian cells depleted of Ubc13 demonstrate defective HR following 
ionizing radiation (Zhao et al., 2007). This observation corresponds with impaired 
recruitment of Rad51 to DSBs, reduced Brca1 ubiquitin-protein ligase activity and foci 
formation, and decreased accumulation of RPA single-strand binding protein at DNA 
lesions. NHEJ, however, appears to function normally in Ubc13 null cells. The role of Ubc13 
in HR does not appear to involve PCNA ubiquitination, thereby distinguishing the role of 
Ubc13 in HR from its activities in post-replication repair (PRR). Nevertheless, the 
mechanism of Ubc13-promoted DSB resection requires further investigation (Zhao et al., 
2007).  
The E3 ubiquitin-protein ligase, Rnf8, a modulator of the DNA damage response, mediates 
histone ubiquitination and allows DSB-flanking chromatin to accumulate additional DNA 
damage regulators (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Wang & 
Elledge, 2007; Doil et al., 2009). In particular, Rnf8 is required for accumulation of 53BP1 and 
Brca1 following ionizing radiation (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; 
Sakasai & Tibbetts, 2008). Following UV illumination, recruitment of 53BP1 partially 
depends on Ubc13 and Rnf8, and 53BP1 recruitment is suppressed upon proteasomal 
inhibition (Sakasai & Tibbetts, 2008). Importantly, 53BP1-deficient cells exhibit defects in 
NHEJ (Nakamura et al., 2006). Rnf8 is the first E3 to assemble at DSBs and allows for the 
recruitment of another E3 ligase, Rnf168, which has two ubiquitin-binding domains. Rnf168 
appears to increase K63-linked ubiquitination at DSBs necessary to retain 53BP1 and Brca1 
(Doil et al., 2009). Stewart and co-workers identified Rnf168 as the gene mutated in RIDDLE 
Syndrome (Stewart et al., 2009), a disorder characterized in part by radiosensitivity and 
immunodeficiency. Cells derived from a RIDDLE patient fail to localize 53BP1 to DSBs 
(Stewart et al., 2007). Accordingly, these cells display decreased Brca1 foci formation, 
hypersensitivity to ionizing radiation, and irregular cell-cycle checkpoints (Stewart et al., 
2007; Stewart et al., 2009).  
With regard to UBLs, SUMO-1 is the most frequently involved in DSB repair; it forms stable 
complexes with Rad51, Rad52, and Rad51/Rad52 in co-immunoprecipitation experiments 
(Shen et al., 1996; Li et al., 2000). The role of SUMO-1 in HR appears to be inhibitory, as 
overexpression of SUMO-1 has been shown to measurably decrease radioresistance and 
bidirectional gene conversion tracts in mammalian cells (Li et al., 2000). Sumoylation of 
Rad52 is observed infrequently unless this modification of Rad52 is induced in a cell cycle- 
and lesion-specific fashion (Ohuchi et al., 2008). In yeast, Rad52 sumoylation appears to be 
triggered specifically by interactions with Rad50, Mre11 and Xrs2 (but not Rad51), members 
of the yeast homolog of the MRN complex, the MRX complex (Sacher et al., 2006; Ohuchi et 
al., 2008). There is conflicting evidence pertaining to the residues required for Rad52 
sumoylation, but self-association of Rad52 appears important for its sumoylation. 
Essentially, sumoylation of Rad52 appears to preserve Rad52 activity and to inhibit rapid 
degradation of the protein (Sacher et al., 2006).  
Two of the key NHEJ enzymes, Ku70 and Ku80, are susceptible to ubiquitination (Gama et 
al., 2006). Ku70 and Ku 80 are degraded by the proteasome, and MG132 delays proteolysis 
of these proteins (Postow et al., 2008; Enokido et al., 2010). Ubiquitinated Ku70 in human 
cells has been detected in the absence of proteasome inhibitors, indicating that this 
modification may not always serve as a degradation signal for Ku70; yet, apoptotic stress 
does upregulate degradative Ku70 ubiquitination (Gama et al., 2006). Ku70 and Ku80 
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stabilize one another, but ubiquitinated Ku70 appears to inhibit Ku70/Ku80 complex 
formation (Gama et al., 2006). Ku80 is polyubiquitinated when bound to DSBs in Xenopus 
laevis egg extracts, and this K48-linked polyubiquitination is related to removal of Ku80 
from DNA (Postow et al., 2008). However, polyubiquitination-induced removal of Ku80 
from DSBs is not required for the completion of NHEJ (Postow et al., 2008). In yeast, 
aberrant expression of key proteosome regulating transcription factor Rpn4 appears to 
hinder NHEJ but not HR (Ju et al., 2010). When proteosomal degradation of Rpn4 itself is 
inhibited, the expression levels of Ku70, Ku80, and Mre11 are decreased, as well as the 
accumulation of Ku70 at DSBs (Ju et al., 2010).      
Ubiquitination and levels of monoubiquitinated Xrcc4 increase upon etoposide-induced 
DNA damage (Foster et al., 2006). Xrcc4, however, is a stable protein, and treatment with 
proteasome inhibitors does not correlate with Xrcc4 accumulation, suggesting that this type 
of Xrcc4 modification serves a non-proteolytic function. This enzyme also stabilizes ligase 
IV, whose half-life also increases upon treatment with proteasome inhibitors (Foster et al., 
2006). Human Xrcc4 is also sumoylated in vitro and in vivo (Yurchenko et al., 2006). This 
modification regulates Xrcc4 localization; a non-sumoylated mutated Xrcc4 protein 
accumulates in the cytoplasm rather than in the nucleus (Yurchenko et al., 2006). This 
mutant protein causes radiosensitivity, but fusion of SUMO to its C-terminus leads to 
nuclear Xrcc4 localization and radiation resistance of cells with this genotype (Yurchenko et 
al., 2006).   

7. Post-replication repair 
Post-replication repair (PRR), also known as DNA damage tolerance or damage bypass, is a 
process that fills gaps formed in newly synthesized single-stranded DNA. This type of 
repair is essential for avoiding unrepaired DSBs, such as those that result from the 
prolonged stalling of DNA replication forks (Podlaska et al., 2003; Zhuang et al., 2008). PRR 
operates by either an error-free or an error-prone mechanism. The error-free/damage 
avoidance pathway involves HR or template switching to the undamaged sister chromatid 
(Lee & Myung, 2008; Ulrich, 2009). The error-prone method, referred to as DNA translesion 
synthesis (TLS), is carried out by a TLS polymerase such as Pol ζ, Pol η, Pol ι, Pol κ, or Rev1 
(Prakash et al., 2005). Rad6, an E2 enzyme, and Rad18, a DNA-binding protein, form a 
complex that governs PRR and is responsible for PCNA modification, a crucial event in this 
DNA repair pathway (Hoege et al., 2002; McIntyre et al., 2006).  

7.1 Post-replication repair and the UPS 
Proteasome inhibitors have been shown to disrupt TLS in cancer cells by delaying cisplatin 
and UV-induced translesion reactions (Takezawa et al., 2008). Studies of defective 20S 
proteasomal activity in yeast strains have revealed important relationships between the UPS 
and PRR. The Ump1 proteasomal maturase is required for processing of the β-subunits and 
proper assembly of the 20S proteasome (Ramos et al., 1998). Deletion of Ump1 or of the 
genes encoding the β2- and β5-subunits of the 20S proteasome, Pup1 and Pre2, respectively, 
correlates with an increase in UV-sensitivity and spontaneous mutagenesis. Importantly, 
this phenotype is characteristic of yeast strains with defects in PRR, and Podlaska and 
colleagues have determined that these genes are members of the Rad6/Rad18 epistasis 
group (Podlaska et al., 2003). This spontaneous mutator phenotype has been verified to be 
primarily PRR-based and unrelated to the HR and NER pathways (McIntyre et al., 2006).  
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stabilize one another, but ubiquitinated Ku70 appears to inhibit Ku70/Ku80 complex 
formation (Gama et al., 2006). Ku80 is polyubiquitinated when bound to DSBs in Xenopus 
laevis egg extracts, and this K48-linked polyubiquitination is related to removal of Ku80 
from DNA (Postow et al., 2008). However, polyubiquitination-induced removal of Ku80 
from DSBs is not required for the completion of NHEJ (Postow et al., 2008). In yeast, 
aberrant expression of key proteosome regulating transcription factor Rpn4 appears to 
hinder NHEJ but not HR (Ju et al., 2010). When proteosomal degradation of Rpn4 itself is 
inhibited, the expression levels of Ku70, Ku80, and Mre11 are decreased, as well as the 
accumulation of Ku70 at DSBs (Ju et al., 2010).      
Ubiquitination and levels of monoubiquitinated Xrcc4 increase upon etoposide-induced 
DNA damage (Foster et al., 2006). Xrcc4, however, is a stable protein, and treatment with 
proteasome inhibitors does not correlate with Xrcc4 accumulation, suggesting that this type 
of Xrcc4 modification serves a non-proteolytic function. This enzyme also stabilizes ligase 
IV, whose half-life also increases upon treatment with proteasome inhibitors (Foster et al., 
2006). Human Xrcc4 is also sumoylated in vitro and in vivo (Yurchenko et al., 2006). This 
modification regulates Xrcc4 localization; a non-sumoylated mutated Xrcc4 protein 
accumulates in the cytoplasm rather than in the nucleus (Yurchenko et al., 2006). This 
mutant protein causes radiosensitivity, but fusion of SUMO to its C-terminus leads to 
nuclear Xrcc4 localization and radiation resistance of cells with this genotype (Yurchenko et 
al., 2006).   

7. Post-replication repair 
Post-replication repair (PRR), also known as DNA damage tolerance or damage bypass, is a 
process that fills gaps formed in newly synthesized single-stranded DNA. This type of 
repair is essential for avoiding unrepaired DSBs, such as those that result from the 
prolonged stalling of DNA replication forks (Podlaska et al., 2003; Zhuang et al., 2008). PRR 
operates by either an error-free or an error-prone mechanism. The error-free/damage 
avoidance pathway involves HR or template switching to the undamaged sister chromatid 
(Lee & Myung, 2008; Ulrich, 2009). The error-prone method, referred to as DNA translesion 
synthesis (TLS), is carried out by a TLS polymerase such as Pol ζ, Pol η, Pol ι, Pol κ, or Rev1 
(Prakash et al., 2005). Rad6, an E2 enzyme, and Rad18, a DNA-binding protein, form a 
complex that governs PRR and is responsible for PCNA modification, a crucial event in this 
DNA repair pathway (Hoege et al., 2002; McIntyre et al., 2006).  

7.1 Post-replication repair and the UPS 
Proteasome inhibitors have been shown to disrupt TLS in cancer cells by delaying cisplatin 
and UV-induced translesion reactions (Takezawa et al., 2008). Studies of defective 20S 
proteasomal activity in yeast strains have revealed important relationships between the UPS 
and PRR. The Ump1 proteasomal maturase is required for processing of the β-subunits and 
proper assembly of the 20S proteasome (Ramos et al., 1998). Deletion of Ump1 or of the 
genes encoding the β2- and β5-subunits of the 20S proteasome, Pup1 and Pre2, respectively, 
correlates with an increase in UV-sensitivity and spontaneous mutagenesis. Importantly, 
this phenotype is characteristic of yeast strains with defects in PRR, and Podlaska and 
colleagues have determined that these genes are members of the Rad6/Rad18 epistasis 
group (Podlaska et al., 2003). This spontaneous mutator phenotype has been verified to be 
primarily PRR-based and unrelated to the HR and NER pathways (McIntyre et al., 2006).  
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Knock-out of Rev3, which encodes the catalytic subunit of Pol ζ, in an Ump1-deficient yeast 
strain correlates with a dramatic decrease in the frequency of UV-induced and spontaneous 
mutations, thereby suggesting that Ump1 may serve as a negative regulator of Rev3 
(Podlaska et al., 2003; McIntyre et al., 2006; Wiltrout & Walker, 2011). In contrast, the 
presence of Rad30, which encodes Pol η, in an Ump1-deficient background is associated with 
increased UV-sensitivity but a decrease in the frequency of spontaneous mutations 
(Podlaska et al., 2003; McIntyre et al., 2006). Taken together, these results suggest that Rev3 
and Rad30 are epistatic to Ump1 and that mutations caused by proteasomal defects depend 
upon both Pol ζ and Pol η (Podlaska et al., 2003; McIntyre et al., 2006). Rad30 is a short-lived 
protein post-translationally regulated by the UPS (Skoneczna et al., 2007). Its degradation 
depends on the Skp1/Cullin/F-box E3 enzyme complex and the Ufo1 F-box protein 
(Skoneczna et al., 2007). Rev1 is also a relatively short-lived protein but has a longer half-life 
during G2/M-phases than G1-phase, potentially implicating proteasomal regulation. In 
support of this idea, Rev1 levels are elevated upon treatment with proteasome inhibitors or 
in an Ump1-deficient background (Wiltrout & Walker, 2011).     
Ubiquitin is essential for the regulation, localization, and stability of Rad18 PRR protein 
(Ulrich, 2009). In response to DNA damage, Rad18 autoubiquitination indirectly regulates 
PRR by balancing levels of unmodified Rad18 in the nucleus and monoubiquitinated Rad18 
in the cytoplasm (Miyase et al., 2005). Polyubiquitinated Rad18 is not present under normal 
conditions, potentially because it is subject to rapid degradation. However, 
polyubiquitinated Rad18 may be detected upon treatment with proteasome inhibitors or in 
an in vitro system consisting of Rad18, one E1 enzyme, Rad6, and ubiquitin (Miyase et al., 
2005).  
Rad18 also influences PCNA monoubiquitination following DNA damage (Hoege et al., 
2002; Stelter & Ulrich, 2003; Kannouche et al., 2004). Monoubiquitinated PCNA is thought to 
promote the error-prone TLS pathway, while polyubiquitinated PCNA may regulate the 
error-free damage avoidance pathway (Hoege et al., 2002; Stelter & Ulrich, 2003; Kannouche 
et al., 2004; Watanabe et al., 2004). Monoubiquitinated PCNA is thought to facilitate 
targeting of Pol η to DNA damage sites and is required for the replacement of stalled Pol δ 
by Pol η (Kannouche et al., 2004; Watanabe et al., 2004; Zhuang et al., 2008). In response to 
DNA damage, Pol η and Pol ι also noncovalently interact with ubiquitin and 
monoubiquitinated PCNA (Bienko et al., 2005; Plosky et al., 2006). Pol η and Pol ι mutants 
lacking the ability to bind ubiquitin demonstrate downregulated levels of DNA damage-
induced replication foci; this suggests that the polymerase-ubiquitin interaction may be an 
important component in the recruitment of TLS polymerases to stalled replication forks 
(Plosky et al., 2006). Ubiquitinated PCNA also substantially activates Pol η and Rev1 in vitro 
(Garg & Burgers, 2005). Unmodified PCNA stimulates Pol ζ-mediated TLS, and no 
significant differences in this type of TLS are observed upon substitution of unmodified 
PCNA with ubiquitinated PCNA (Garg & Burgers, 2005; Garg et al., 2005). Thus, 
ubiquitinated PCNA has different functional interactions with the various TLS polymerases.  
Importantly, it appears as if ubiquitination of, rather than sumoylation of, PCNA 
contributes to the observed spontaneous mutator phenotype associated with proteasomal 
defects (McIntyre et al., 2006). An important role for sumoylation of PCNA seems to be in 
preventing unscheduled HR during S-phase (Papouli et al., 2005; Pfander et al., 2005). 
Nevertheless, recent studies suggest that PCNA sumoylation may be required for the 
stimulation of TLS in addition to the presence of monoubiquitinated PCNA (Halas et al., 
2011). In the case of PCNA, SUMO and ubiquitin appear to cooperatively rather than 
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competitively coordinate the choice in DNA repair pathways of replication lesions (Plosky 
et al., 2006).   

8. Fanconi anemia  
Fanconi anemia (FA) is a rare autosomal recessive and X-linked genetic disorder 
characterized in part by congenital deformities, bone marrow failure, and elevated risk of 
cancer. FA is associated with hypersensitivity to DNA crosslinking agents, and treatment of 
FA cells with such agents (mitomycin C, for example) leads to chromosomal instability and 
cell death (Heinrich et al., 2000). 13 FA complementation groups have been identified 
(FANCA, B, C, D1, D2, E, F, G, I, J, L, M, and N), and disruption of any one of the genes 
named after these complementation groups causes FA. Proposed roles for the FA pathway 
include involvement in circumventing stalled replication forks, HR, TLS, enzymatic DNA 
processing, and cell-cycle regulation (Kennedy & D'Andrea, 2005; Pang & Andreassen, 2009; 
Kratz et al., 2010).  

8.1 Fanconi anemia and DNA repair   
At least 8 of the FA complementation groups (FANCA, B, C, E, F, G, L, and M) and two 
associated proteins, FAAP24 and FAAP100, form an E3 enzyme complex required for 
monoubiquitination of FANCD2 (Ciccia et al., 2007; Ling et al., 2007). Loss of any subunit of 
this FA core complex negatively alters complex formation and prevents FANCD2 
monoubiquitination (Huang & D'andrea, 2006). Specifically, monoubiquitination of 
FANCD2 occurs at K561 during S-phase during normal cell-cycle progression as well as 
following DNA damage (Kennedy & D'Andrea, 2005). The latter event is linked to FANCD2 
localization to chromatin and colocalization with other DNA damage signalling proteins 
such as FANCD1, Brca2, Rad51, Nbs1, and PCNA (Kennedy & D'Andrea, 2005; Nijman et 
al., 2005). FANCL is capable of autoubiquitination in vitro and is required for 
monoubiquitination of FANCD2 and its relocation to damage-associated nuclear foci, 
suggesting that FANCL is the catalytic component of the FA core complex (Meetei et al., 
2003; Huang & D'andrea, 2006). Brca1 has the potential to serve as an E3 enzyme for 
FANCD2 in vitro, but genetic evidence hints that Brca1 is not required for FANCD2 
monoubiquitination (Vandenberg et al., 2003). Instead, Brca1 may modulate 
monoubiquitination of FANCD2 or the stability of the modified protein (Meetei et al., 2003). 
UBE2T, which directly binds FANCL, is the E2 enzyme involved in monoubiquitination of 
FANCD2 (Machida et al., 2006). UBE2T engages in a negative feedback loop, commencing 
self-inactivation by automonoubiquitination in vivo (Machida et al., 2006). RPA1 and ATR 
are required for efficient FANCD2 monoubiquitination, and ATM is not necessary in this 
process (Andreassen et al., 2004). Similarly, silencing of ATR, but not of ATM, suppresses 
FANCD2 foci formation following exposure of cells to DNA crosslinking agents 
(Andreassen et al., 2004). As with PCNA, the DUB Usp1 associates with and regulates 
monoubiquitination of FANCD2, and Usp1 inhibition increases FANCD2 
monoubiquitination (Nijman et al., 2005).  
FANCD2 and FANCI share sequence homology (Smogorzewska et al., 2007). Small 
interfering RNAs (siRNAs) directed against FANCD2, FANCI, and FANCA suppress HR, 
suggesting a role of these proteins in the DSB repair pathway. Like FANCD2, FANCI is 
ubiquitinated following DNA damage or during normal S-phase. These two enzymes form a 
complex, known as ID, which dictates FANCD2 localization in damage-associated nuclear 
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important component in the recruitment of TLS polymerases to stalled replication forks 
(Plosky et al., 2006). Ubiquitinated PCNA also substantially activates Pol η and Rev1 in vitro 
(Garg & Burgers, 2005). Unmodified PCNA stimulates Pol ζ-mediated TLS, and no 
significant differences in this type of TLS are observed upon substitution of unmodified 
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Importantly, it appears as if ubiquitination of, rather than sumoylation of, PCNA 
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monoubiquitination (Vandenberg et al., 2003). Instead, Brca1 may modulate 
monoubiquitination of FANCD2 or the stability of the modified protein (Meetei et al., 2003). 
UBE2T, which directly binds FANCL, is the E2 enzyme involved in monoubiquitination of 
FANCD2 (Machida et al., 2006). UBE2T engages in a negative feedback loop, commencing 
self-inactivation by automonoubiquitination in vivo (Machida et al., 2006). RPA1 and ATR 
are required for efficient FANCD2 monoubiquitination, and ATM is not necessary in this 
process (Andreassen et al., 2004). Similarly, silencing of ATR, but not of ATM, suppresses 
FANCD2 foci formation following exposure of cells to DNA crosslinking agents 
(Andreassen et al., 2004). As with PCNA, the DUB Usp1 associates with and regulates 
monoubiquitination of FANCD2, and Usp1 inhibition increases FANCD2 
monoubiquitination (Nijman et al., 2005).  
FANCD2 and FANCI share sequence homology (Smogorzewska et al., 2007). Small 
interfering RNAs (siRNAs) directed against FANCD2, FANCI, and FANCA suppress HR, 
suggesting a role of these proteins in the DSB repair pathway. Like FANCD2, FANCI is 
ubiquitinated following DNA damage or during normal S-phase. These two enzymes form a 
complex, known as ID, which dictates FANCD2 localization in damage-associated nuclear 
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foci. FANCD2 and FANCI are interdependent in that ubiquitin modification of each protein 
is dependent upon ubiquitin modification of the other (Smogorzewska et al., 2007). FANCI 
also restricts monoubiquitination of FANCD2 to the correct lysine residue in vivo (Alpi et al., 
2008). FANCD2-ubiquitin and FANCD2-histone H2B fusion proteins harbouring an arginine 
substitution to remove the monoubiquitin site of FANCD2 have been shown to colocalize to 
chromatin and to reverse DNA-crosslink hypersensitivity of FANCD2-deficient cells 
(Matsushita et al., 2005). However, these fusion proteins do not complement FANCC-, 
FANCG-, or FANCL-deficient cells, suggesting that the members of the FA core complex 
play roles outside that of monoubiquitination and chromatin targeting of FANCD2 
(Matsushita et al., 2005). The link between monoubiquitination of FANCD2/FANCI and 
recruitment of the ID complex to chromatin remains unclear (Al-Hakim et al., 2010). Recent 
findings surrounding the FANCD2-associated nuclease KIAA1018/FAN1 provide valuable 
information regarding the functional importance of ID complex ubiquitination. FAN1 is a 
conserved protein with an N-terminal ubiquitin-binding zinc finger (UBZ) and a C-terminal 
nuclease domain (Kratz et al., 2010; Liu et al., 2010; MacKay et al., 2010; Smogorzewska et 
al., 2010). FAN1 interacts with FANCD2 and FANCI, and loss of FAN1 is associated with 
hypersensitivity to and defective repair of intrastrand crosslinks. The UBZ of FAN1 targets 
the protein to damage-induced nuclear foci since deletion of the UBZ prevents FAN1 from 
accumulating at sites of damage (Kratz et al., 2010; Liu et al., 2010; MacKay et al., 2010; 
Smogorzewska et al., 2010). Importantly, this recruitment of FAN1 is dependent upon 
interaction of its UBZ domain with monoubiquitinated FANCD2. Although the mechanism 
of FAN1 is still being elucidated, it will be interesting to determine whether other factors 
which also recognize ID complex monoubiquitination are recruited to sites of damage by 
crosslinking agents (Al-Hakim et al., 2010).  

9. Proteasome inhibitors and DNA repair 
Proteasome inhibitors include synthetic molecules and natural products (Groll et al., 2009). 
Most small molecule proteasome inhibitors are peptide derivatives that bind to the 
proteolytic active sites of the 20S proteasome (Huang & Chen, 2009). Specifically, 
bortezomib (PS-341, Velcade) is a dipeptidyl boric acid that selectively and reversibly 
inhibits the β5-subunit of the 20S with high affinity (Berkers et al., 2005). Clinically, 
bortezomib administration results in tumor shrinkage through events such as cellular 
growth arrest, increased apoptosis, and decreased angiogenesis (Russo et al., 2007; Gilardini 
et al., 2008). The mechanisms by which bortezomib exerts its effects, however, remain 
controversial. It has been shown that bortezomib stabilizes p21, p27, p53, proapoptotic 
proteins such as Bid and Bax, and the transcription factor Myc (McConkey & Zhu, 2008; 
Orlowski & Kuhn, 2008). Inhibition of NF-κB and of anti-apoptotic proteins, generation of 
reactive oxygen species (ROS), and increases in endoplasmic reticulum (ER) stress have also 
been implicated by some and repudiated by others as potential bortezomib-stimulated 
outcomes (Chen et al., 2010). Nevertheless, although the exact mechanisms of bortezomib-
induced cell death remain inconclusive, current research hints at a role of DNA repair in this 
process.  
Bortezomib has been shown to enhance the DNA damage response. In a genome-wide 
siRNA screen to identify genetic components linked to bortezomib-induced cell death, 
knockdown of proteins responsible for HR was found to be protective against cell death 

 
The Ubiquitin-Proteasome System and DNA Repair 

 

271 

(Chen et al., 2010). Bortezomib treatment leads to stabilization of Rad51, upregulation of 
ATM-dependant phosphorylation of H2AFX, CHK2, SMC1A, and TP53 and of ATR-
dependent phosphorylation of CHK1, as well as increased monoubiquitination of FANCD2 
(Chen et al., 2010). Bortezomib has also been shown to inhibit basal and DNA damage-
induced monoubiquitination of FANCD2 but not of PCNA (Jacquemont & Taniguchi, 2007).  
A phase 3 clinical trial of bortezomib with melphalan and prednisone, the standard 
treatment of multiple myeloma patients, is currently ongoing with patients who cannot 
receive high-dose therapy (Chen et al., 2005; San Miguel et al., 2008). HR and FA are thought 
to be required for resistance to melphalan, a chemotherapeutic DNA alkylating agent, and 
bortezomib plus melphalan and prednisone produces outcomes greater than melphalan-
prednisone alone (Wang et al., 2001; Chen et al., 2005). Since bortezomib appears to interfere 
with DNA-damage signaling, sensitization of cancer cells to melphalan and prednisone 
coud be due to the influence of the proteasome on one or more DNA repair pathway(s). 
Treatment of cells first with ionizing radiation or DNA crosslinking agents and secondly 
with bortezomib delays formation of phospho-ATM, 53BP1, Nbs1, and Brca1 foci and 
inhibits formation of FANCD2 and Rad51 foci. However, γ-H2AX, MDC1, and RPA foci are 
unaffected by these treatments, suggesting that early DNA damage signaling remains intact 
in these cells. This and similar results found using the proteasome inhibitors MG132 and 
epoxomicin (Jacquemont & Taniguchi, 2007; Takeshita et al., 2009) again suggest the 
requirement for UPS in DNA repair progression.  

10. Conclusion 
Here, we have summarized some of the current understanding of the relation of UPS to 
NER, BER, MMR, DSB, PRR, and FA repair. However, the influence of the UPS on DNA 
repair is not restricted to these repair mechanisms, as evidence suggests that the UPS also 
affects pathways beyond the scope of this review, such as direct repair by MGMT (O6-
methylguanine-DNA methyltransferase) (Vlachostergios et al., 2009a). Much evidence 
shows that the UPS is a potent regulator of repair following DNA damage. It will no doubt 
be interesting and beneficial to expand our knowledge of the UPS and DNA repair by using 
proteasome inhibitors such as bortezomib in conjunction with different chemotherapeutic 
and irradiation treatments.  
The obligatory cooperation between DNA repair and UPS is clearly preserved throughout 
eukaryotic evolution (Daulny & Tansey, 2009); upon consideration, this is a very logical 
example of the interdependence of seemingly disparate biological systems. Sequential 
enzymatic activity is a hallmark of well-regulated biological processes. In DNA repair, it 
appears in many cases that replacement of one enzyme with another depends on its tightly 
regulated proteolysis or other UPS-mediated modification (Hardeland et al., 2002a; 
Steinacher & Schar, 2005a; Parsons et al., 2008a). The UPS has the necessary degree of 
control to execute the proteolysis in a manner required, enabling the repair processes to 
advance through different stages. A well-orchestrated activity of the two processes suggests 
that DNA repair and the UPS have co-evolved to provide living organisms with a way to 
cope with environmental DNA injuries. Increasingly complex UPS-mediated regulation of 
multifunctional repair enzymes such as PCNA, coinciding with evolution of higher 
eukaryotes, further supports this notion. 
It is interesting to note that DNA repair in prokaryotes, where there is no proteasome 
system, is regulated predominantly at the transcriptional level (Friedberg, 1996). This 
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findings surrounding the FANCD2-associated nuclease KIAA1018/FAN1 provide valuable 
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proteolytic active sites of the 20S proteasome (Huang & Chen, 2009). Specifically, 
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bortezomib administration results in tumor shrinkage through events such as cellular 
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reactive oxygen species (ROS), and increases in endoplasmic reticulum (ER) stress have also 
been implicated by some and repudiated by others as potential bortezomib-stimulated 
outcomes (Chen et al., 2010). Nevertheless, although the exact mechanisms of bortezomib-
induced cell death remain inconclusive, current research hints at a role of DNA repair in this 
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(Chen et al., 2010). Bortezomib treatment leads to stabilization of Rad51, upregulation of 
ATM-dependant phosphorylation of H2AFX, CHK2, SMC1A, and TP53 and of ATR-
dependent phosphorylation of CHK1, as well as increased monoubiquitination of FANCD2 
(Chen et al., 2010). Bortezomib has also been shown to inhibit basal and DNA damage-
induced monoubiquitination of FANCD2 but not of PCNA (Jacquemont & Taniguchi, 2007).  
A phase 3 clinical trial of bortezomib with melphalan and prednisone, the standard 
treatment of multiple myeloma patients, is currently ongoing with patients who cannot 
receive high-dose therapy (Chen et al., 2005; San Miguel et al., 2008). HR and FA are thought 
to be required for resistance to melphalan, a chemotherapeutic DNA alkylating agent, and 
bortezomib plus melphalan and prednisone produces outcomes greater than melphalan-
prednisone alone (Wang et al., 2001; Chen et al., 2005). Since bortezomib appears to interfere 
with DNA-damage signaling, sensitization of cancer cells to melphalan and prednisone 
coud be due to the influence of the proteasome on one or more DNA repair pathway(s). 
Treatment of cells first with ionizing radiation or DNA crosslinking agents and secondly 
with bortezomib delays formation of phospho-ATM, 53BP1, Nbs1, and Brca1 foci and 
inhibits formation of FANCD2 and Rad51 foci. However, γ-H2AX, MDC1, and RPA foci are 
unaffected by these treatments, suggesting that early DNA damage signaling remains intact 
in these cells. This and similar results found using the proteasome inhibitors MG132 and 
epoxomicin (Jacquemont & Taniguchi, 2007; Takeshita et al., 2009) again suggest the 
requirement for UPS in DNA repair progression.  

10. Conclusion 
Here, we have summarized some of the current understanding of the relation of UPS to 
NER, BER, MMR, DSB, PRR, and FA repair. However, the influence of the UPS on DNA 
repair is not restricted to these repair mechanisms, as evidence suggests that the UPS also 
affects pathways beyond the scope of this review, such as direct repair by MGMT (O6-
methylguanine-DNA methyltransferase) (Vlachostergios et al., 2009a). Much evidence 
shows that the UPS is a potent regulator of repair following DNA damage. It will no doubt 
be interesting and beneficial to expand our knowledge of the UPS and DNA repair by using 
proteasome inhibitors such as bortezomib in conjunction with different chemotherapeutic 
and irradiation treatments.  
The obligatory cooperation between DNA repair and UPS is clearly preserved throughout 
eukaryotic evolution (Daulny & Tansey, 2009); upon consideration, this is a very logical 
example of the interdependence of seemingly disparate biological systems. Sequential 
enzymatic activity is a hallmark of well-regulated biological processes. In DNA repair, it 
appears in many cases that replacement of one enzyme with another depends on its tightly 
regulated proteolysis or other UPS-mediated modification (Hardeland et al., 2002a; 
Steinacher & Schar, 2005a; Parsons et al., 2008a). The UPS has the necessary degree of 
control to execute the proteolysis in a manner required, enabling the repair processes to 
advance through different stages. A well-orchestrated activity of the two processes suggests 
that DNA repair and the UPS have co-evolved to provide living organisms with a way to 
cope with environmental DNA injuries. Increasingly complex UPS-mediated regulation of 
multifunctional repair enzymes such as PCNA, coinciding with evolution of higher 
eukaryotes, further supports this notion. 
It is interesting to note that DNA repair in prokaryotes, where there is no proteasome 
system, is regulated predominantly at the transcriptional level (Friedberg, 1996). This 
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regulation often involves the removal of a single protein (a transcriptional repressor), which 
allows for a particular operon to be expressed. In eukaryotes, while there are a few DNA 
repair proteins that are transcriptionally regulated (for example, PCNA and DNA 
polymerase most DNA repair is regulated at the level of post-translational modifications 
such as phosphorylation, acetylation, protein complex formation, as well as 
monoubiquitination, polyubiquitination, sumoylation, etc. (Vlachostergios et al., 2009b; 
Vlachostergios et al., 2009a). The removal of specific proteins is needed for the DNA repair 
process progression in eukaryotic cells, but this removal in eukaryotes is more complex than 
the repressor system of DNA repair regulation prokaryotes—it requires the complex UPS to 
regulate protein accumulation and turnover (Motegi et al., 2009). It is possible that the 
expansion of the eukaryotic genome to contain large numbers genes on several 
chromosomes made it necessary for proteasome complexes to co-exist and control DNA 
repair protein quantities at the level of protein degradation.  
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1. Introduction 
All living cells have a tendency to maintain their genomic stability with as few mutations as 
possible. This is of crucial importance to the normal function of cells in complex 
environments, correctly timed cell cycle progression, and a commitment to apoptosis when 
appropriate (Wood, et al., 2001). In this context, the balance between constancy and 
mutability in the context of genomic stability must be precisely regulated and controlled. To 
achieve this objective, a number of multiple and overlapping DNA repair pathways have 
been crafted within the cell (Harper & Elledge, 2007). Nevertheless, an elevated activity of 
these pathways could significantly decrease cancer cells’ sensitivity to many known 
anticancer agents and, consequently, increase their antitumor drug resistance. This 
unforeseen role stems from the fact that most cancer chemotherapy in clinical use today, 
directly or indirectly damage DNA by causing single- or double-stranded DNA breaks or by 
interfering with the functions of crucial DNA interacting proteins. As a natural cellular 
response, following the detection of damage, DNA repair pathways attempt to restore the 
genome and restore the normal state of the cell. During this course, the cell’s fate is mainly 
determined by the effectiveness of DNA repair mechanisms which allow the cell to survive 
or, if the damage is too heavy, induce apoptosis, causing the cell to die (Harper & Elledge, 
2007). Consequently, to improve existing cancer therapies, DNA repair pathways have been 
considered as novel therapeutic targets. Several DNA repair inhibitors have been reported, 
some of which have been recently proven to be successful (Damia & D'Incalci, 2007)  
This review paper focuses on our efforts directed at in silico searches for inhibitors of 
proteins that control the DNA repair circuitry. The targets chosen here play critical roles in 
tumor cell initiation and progression, hence their regulation offers promise for the 
improvement of current cancer therapy. Two of these targets are DNA repair proteins that 
are directly linked to the hallmark “relapse” or “drug resistance” phenomena. These are 
Excision Repair Cross-Complementation Group 1 (ERCC1) (Kang, et al., 2006), and DNA 
polymerase beta (pol β) (Parsons, et al., 2004). The former is a key player in Nucleotide 
Excision Repair (NER), while the latter is the error-prone polymerase of Base Excision 
Repair (BER). The third target is p53 (Teodoro, et al., 2007), a so-called guardian protein of 
the genome that is inactivated in more than half of all human cancers investigated. An 
additional aim of this review is to share with the reader our experience as a computational 
drug discovery group by describing the virtual screening protocol we have developed in 
order to successfully address these biological problems. This chapter is divided into two 
main sections. The first gives a description of the computational workflow that we typically 
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1. Introduction 
All living cells have a tendency to maintain their genomic stability with as few mutations as 
possible. This is of crucial importance to the normal function of cells in complex 
environments, correctly timed cell cycle progression, and a commitment to apoptosis when 
appropriate (Wood, et al., 2001). In this context, the balance between constancy and 
mutability in the context of genomic stability must be precisely regulated and controlled. To 
achieve this objective, a number of multiple and overlapping DNA repair pathways have 
been crafted within the cell (Harper & Elledge, 2007). Nevertheless, an elevated activity of 
these pathways could significantly decrease cancer cells’ sensitivity to many known 
anticancer agents and, consequently, increase their antitumor drug resistance. This 
unforeseen role stems from the fact that most cancer chemotherapy in clinical use today, 
directly or indirectly damage DNA by causing single- or double-stranded DNA breaks or by 
interfering with the functions of crucial DNA interacting proteins. As a natural cellular 
response, following the detection of damage, DNA repair pathways attempt to restore the 
genome and restore the normal state of the cell. During this course, the cell’s fate is mainly 
determined by the effectiveness of DNA repair mechanisms which allow the cell to survive 
or, if the damage is too heavy, induce apoptosis, causing the cell to die (Harper & Elledge, 
2007). Consequently, to improve existing cancer therapies, DNA repair pathways have been 
considered as novel therapeutic targets. Several DNA repair inhibitors have been reported, 
some of which have been recently proven to be successful (Damia & D'Incalci, 2007)  
This review paper focuses on our efforts directed at in silico searches for inhibitors of 
proteins that control the DNA repair circuitry. The targets chosen here play critical roles in 
tumor cell initiation and progression, hence their regulation offers promise for the 
improvement of current cancer therapy. Two of these targets are DNA repair proteins that 
are directly linked to the hallmark “relapse” or “drug resistance” phenomena. These are 
Excision Repair Cross-Complementation Group 1 (ERCC1) (Kang, et al., 2006), and DNA 
polymerase beta (pol β) (Parsons, et al., 2004). The former is a key player in Nucleotide 
Excision Repair (NER), while the latter is the error-prone polymerase of Base Excision 
Repair (BER). The third target is p53 (Teodoro, et al., 2007), a so-called guardian protein of 
the genome that is inactivated in more than half of all human cancers investigated. An 
additional aim of this review is to share with the reader our experience as a computational 
drug discovery group by describing the virtual screening protocol we have developed in 
order to successfully address these biological problems. This chapter is divided into two 
main sections. The first gives a description of the computational workflow that we typically 
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follow in our virtual screening tasks. The second is a summary of our findings for the 
individual targets listed above. 

2. An improved virtual screening (VS) protocol 
Fig. 1 illustrates the essential steps taken in order to execute the virtual screening (VS) 
protocol used in our lab. In a nutshell, the developed protocol employs molecular docking, 
molecular dynamics simulations and clustering techniques to filter a given library of 
compounds for inhibitors of a particular target. The concepts behind VS and other 
computational tools are described elsewhere (Limin, et al., 2011); (Stahura & Bajorath, 2004). 
However, a detailed description and rationale behind each step of this workflow are 
summarized below. Except for a few steps that need carful preparation, the whole process 
has been automated. It starts with a collection of 3D structures of ligands and a well-
prepared target structure. It finally yields a set of top hit structures in their preferred 
binding modes with the target. Although the following steps were applied to the three 
specific targets described in the following section, the procedure is general and the same 
method is applicable to almost any bio-molecular target. 

2.1 Target preparation 
2.1.1 Primary assessment of target structure 
In general, the downloaded “crude” crystal structure of a target contains many details that 
must be taken into account. This includes non-standard amino acids; co-factors; other small 
molecules that are present due to the crystallization process; ions and co-crystallized water 
molecules. For most small molecules like polyethylene glycol, it is advisable to remove them 
from the structure, since they are not included in the native form of the target but were 
required for the crystallization process. Moreover, non-standard amino acids must be 
carefully assessed and modeled. In many protein structures, these unusual amino acids lack 
several atoms because most structure handling packages do not check automatically inspect 
for them. Their parameters must be appended to the used Force Field (FF) before starting 
further simulations. Co-factors, ions and co-crystallized water molecules should be included 
within the simulated structure. 
Water molecules that are located close to or within the binding site can mediate several 
interactions with the ligands. However, it is important to find out which water molecules 
are conserved within these regions. Any unpreserved (misplaced) water molecule can 
obstruct the docking simulation and lead to incorrect results. One way to identify important 
water molecules is to compare several crystal structures of the same target (if applicable) 
and choose the water molecules to be kept during the docking procedure. When a limited 
number of target structures is available, it is important to run different docking exercises by 
removing/keeping these water molecules and selecting the cases that lead to realistic and 
favorable binding modes.  
An additional decision-making tool for the selection of water molecules is to use prediction 
software packages (e. g. ConSolv 1.0) that check whether a bound water molecule is likely to 
be conserved or displaced in other, independently solved crystallographic structures of the 
same target.  
Finally, it is necessary to verify that no parts of the protein structure are missing. These 
missing residues are usually mentioned at the header of the Protein Data Bank (PDB)-file 
and must be added and relaxed within the target structure. Regarding the targets that were 
studied in this work, all missing amino acids were distant away from the binding site. 

 
Virtual Screening for DNA Repair Inhibitors 

 

289 

 
Fig. 1. Description of the implemented computational workflow. See text for more details. 
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Nonetheless, we added and relaxed them using molecular dynamics (MD) simulations 
before running the docking experiments (see below). 

2.1.2 Identifying the binding site 
The starting point of any VS study is the identification of the binding site within the target 
protein. This portion of the protein is directly related to the biological activity that needs to 
be regulated. At this stage, it is important to consult previously published work and 
determine if there are any known active compounds that bind to the target protein (positive 
controls) and to ascertain their binding location. If the binding site is not exactly known, 
however, there is a set of active molecular structures that exist, one should run a series of 
blind docking experiments until a suitable and experimentally verified binding site is found 
(Bennett, et al., 2010); (Hazan, et al., 2008). Regarding the three targets that we focus on here, 
the binding sites were accurately known, mainly because they are protein-protein 
interaction sites (e.g. ERCC1-XPA and p53-MDM2/MDM4), or protein-DNA binding sites 
(e.g. DNA-pol β) where crystal structures of the interacting subunits are available. 

2.1.3 Protonation states of charged residues 
Proper adjustment of the protonation states, “the assignment of Hydrogen atoms” of the 
ionizable groups, contained by the target structure is important for any successful VS 
simulation. These residues play key roles in inter-protein, protein-solvent and protein-
ligand interactions. The protonation states can be determined by predicting the pKa value of 
charged residues and comparing it to the pH value at which the simulation is performed. In 
this work, all protonation states of ionizable residues were calculated using the software 
PROBKA and adjusted at physiological pH of 7.0 (H. Li, et al., 2005). PROBKA is a very fast 
and accurate method that relates the structure and environment of the charged residues to 
the change of the pKa values from their intrinsic ones. Once the protonation states have 
been decided, all hydrogen atoms are then added to the system according to a given force 
field (FF). For the three targets, the AMBER99SB FF was used (Hornak, et al., 2006). At this 
stage, the protein structure is ready for the docking or MD simulations. 

2.2 Ligand collection preparation 
In parallel with target preparation, the organization and cleaning up of the set of 
compounds is undertaken for in silico screening. Currently, there are many suitable, easy to 
access compound databases that contain millions of molecules spanning various structural 
families. Prior to any screening exercises, one should decide on a set of compounds to be 
filtered and build up a virtual compound collection (VCC) of compounds. This collection 
will be repeatedly used against many targets. A typical VCC should include marketed 
drugs, lead-like compounds, fragment structures, commercially available chemicals and 
other high-activity molecules. It is also important to represent these molecules in different 
protonation, stereo and conformational states. An effective VCC should be constructed from 
molecules that are suitable for further lead optimizations, after they show biological activity. 

2.2.1 Construction of the VCC 
Five different databases comprise the core of our VCC. These are the National Cancer 
Institute diversity set (NCIDS), the DrugBank database (Wishart, et al., 2006), subsets of the 
ZINC database (Irwin & Shoichet, 2005) and finally, the French national chemical library “la 

 
Virtual Screening for DNA Repair Inhibitors 

 

291 

Chimiothèque Nationale” (CN). Some of them are used in the first iteration of VS and others 
are retained for higher-order screening exercises. 
The NCIDS is a collection of approximately 2,000 compounds that are structurally 
representative of a wide range of molecules, representing almost 140,000 compounds that 
are available for testing at the NCI. A number of its ligands contain rare earth elements and 
cannot be properly parameterized for docking experiments, leaving us with 1,883 
compounds that can be actually used. We use a cleaned 3D version of the NCIDS formatted 
for use in AutoDock (the main docking program used by us) (Goodsell & Olson, 1990) and 
was prepared by the AutoDock Scripps team. What makes the NCIDS so valuable and 
extensively screened by many groups (even in HTS) is that its individual molecules have 
distinctive structures and are the cluster representatives of their parent families. Having 
screened and ranked the molecules, one can re-screen the subset of the representative 
structures, instead of screening the entire NCI set of compounds.  
The DrugBank database is not only a set of molecules representing FDA-approved (and 
investigational) drugs, but also it is a unique bioinformatics and cheminformatics resource 
since it relates each drug to its target(s). It includes details about the different pathways, 
structural information and chemical characteristics of these targets and the way they are 
involved in a particular disease. This information is stored on a freely accessible website that 
is linked to other databases (KEGG, PubChem, ChEBI, PDB, Swiss-Prot and GenBank) and 
to a range of structure displaying applets. The DrugBank collection includes ~4,800 drug 
structures including >1,350 FDA-approved small molecule drugs, 123 FDA-approved 
biotech (protein/peptide) drugs, 71 nutraceuticals and >3,243 experimental drugs. Once a 
hit is identified from this library, it is simply a drug. This means it overcomes many barriers 
of preclinical and clinical testing and development and can be directly tested for its novel 
biological activity. Moreover, a hit from this collection may explain a mysterious side effect 
that would not be discovered before its identification as a regulator of the examined target. 
ZINC is a free database dedicated to VS It includes more than 13 million purchasable 
compounds most of which are “drug-like” or “lead-like”. These compounds are available in 
several 3D formats and compatible with several docking programs. The ZINC database has 
many other interesting features. For example, one can easily create a subset of the whole 
database with any given set of properties such as specific functional groups, molecular 
weight, and a calculated logP. Most of the compounds also exist in multiple protonation 
states suitable for different pH values, several tautomeric forms, all possible 
stereochemistries, and different 3D conformations. The database is also organized so that 
the origin of each molecule is known. That is, one can determine the vendor and original 
catalog number for each commercial source of a compound. Similarly to the DrugBank 
database, a molecule can be annotated for its function or activity. It also has a powerful web 
server that helps in searching, browsing, creating subsets, and downloading some or all of 
the molecules in the database.  
The CN chemical library (~100,000 compounds) is a repository of all synthetic, natural 
compounds and natural extracts in the existing French public laboratories. This database is 
divided into two main categories. The first part includes information about all synthetic 
products, while the second contains the natural compounds and extracts. In this work, we 
used the whole CN database in our screening. In contrast to the previously mentioned 
databases, compounds in this library are represented by 2D SDF structures with no 
hydrogen atoms attached. This required a number of cleaning and preparation steps before 
using them in our VS simulations (see below). 
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2.2.2 Enriching the VCC core 
This is where ligand-based methods come to play a significant role in the pre-screening 
process. Any molecule that is known to bind to the target-binding site can serve as a positive 
control. Such molecules can be identified through published articles or previous patents. 
Besides their function in directing and verifying the simulation parameters, they can be used 
as seeds in the searches for similar chemical structures to enrich the VCC. This is a crucial 
step, which should be taken even if the identified similar structures have been previously 
removed from the VCC in its early construction steps.  
Following this strategy, we have used known inhibitors for the p53-MDM2 interaction (see 
section 3.2) and DNA pol β (see section 3.3) to enrich their representative VCCs For the 
ERCC1-XPA interaction (see section 3.1), initially, there was no active compound confirmed 
to bind to the ERCC1 pocket. Hence, for the first round of VS, we started from scratch and 
did not apply this enrichment method. However, it was used in the second round of 
screening, after the first iteration identified a list of novel binders to the ERCC1 target. 

2.2.3 Cleaning up the VCC 
Having decided which collection of compounds to use in the screening process, one should 
spend time and effort to ensure the quality of the used ligand structures. As mentioned 
before, it is important to adopt proper protonation and conformational states for the ligands. 
For example, the original CN library of compounds is a collection of 2D structures with no 
hydrogen atoms. Ligands in this state are not suitable for docking using many of the 
popular docking programs. These software packages require 3D structures with proper 
placement of hydrogen atoms. One solution to this problem, which was followed in the 
ERCC1-XPA case (see section 3.1), is to use conversion software that can translate the 2D 
information into its 3D representative structure Many of such programs are available (e.g. 
Open Babel and LigPrep from Schrödinger). We prefer LigPrep for this task because it 
produces structures with few errors compared to Open Babel, especially in bond connection 
and hydrogen atoms assignment.  

2.3 Generation of an ensemble of target structures 
Proteins are inherently dynamical macromolecules. Their dynamical behavior is essential in 
order to recognize and bind to other molecules inside the cell. Although many attempts 
have been made to partly include the flexibility of the molecular target within docking 
algorithms (Schneider & Bohm, 2002), there are still many barriers and challenges that 
impede progress in this field. One major challenge is the enormous number of 
conformations that are accessible to the target under equilibrium conditions The range of 
these conformations is very wide and includes many local and global movements within the 
structure of the protein. These dynamical transitions can be as small as minor rotations of 
the side-chains or as large as the complete dislocation of domains within the same target. 
There are many crystal structures in the PDB that give evidence to this bizarre dynamical 
behavior. These conformational changes can be illustrated by comparing different crystal 
structures of the same target, especially, between its bound and unbound forms.  

2.3.1 Hybrid MD-docking methods 
One way to accommodate receptor flexibility and to offer more accurate scoring techniques 
is to implement a hybrid method between docking and MD simulations. Originally, the use 
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of MD simulations in VS studies was intended to create a set of receptor conformations 
(Broughton, 2000; Carlson, et al., 2000). However, it was always debatable whether to use 
structures derived from MD simulations or NMR data. In our opinion, if a reasonable 
ensemble of NMR structures exist, one should consider using them all, instead of running 
long MD simulations. However, if the VS exercise departs from a single X-ray crystal 
structure, it is important to generate such an ensemble using MD simulations. 
In this context, a successful approach, reported by McCammon and his team, is the relaxed 
complex scheme (RCS)(Lin, et al., 2002; Amaro, et al., 2008). This method, illustrated in Fig. 
2, forms the foundation of the VS protocol presented here. In the RCS approach, all-atom 
MD simulations (e.g., 2-5 ns simulation) are applied to explore the conformational space of 
the target, while docking is subsequently used for the fast screening of drug libraries against 
an ensemble of receptor conformations This ensemble is extracted at predetermined time 
intervals (e.g., 10 ps) from the simulation, resulting in hundreds of thousands of protein 
conformations. Each conformation is then used as a target for an independent docking 
experiment. 

2.3.2 Principle component analysis and sampling convergence   
A typical MD trajectory displays the time dependence of atomistic Cartesian coordinates. 
Although the duration of the whole trajectory is typically very short (at best, on the order of 
hundreds of ns) compared to real life biological dynamics, it involves a huge number of 
snapshots that contain a mixture of fast and slow modes of motion. It is impossible to 
segregate or understand this mixed dynamics through simple analysis (e.g. visual 
inspection). However, covariance, or principle component, analysis (PCA) can break up 
these two types of motions and extract the essential dynamics (ED) spanned by the protein 
structure. This essential dynamics represents the collective movements that are directly 
linked to the function of the protein and are essential for its role. In fact, PCA transforms the 
original space of correlated variables from a large MD simulation into a reduced space of 
independent variables (Garcia, 1992); (Amadei, et al., 1993). For a typical protein, the 
system’s dimensionality is thereby reduced from tens of thousands to fewer than fifty 
degrees of freedom. 
 

 
Fig. 2. Schematic illustration of the basic idea behind the relaxed complex scheme developed 
by McCammon et al.(Lin, et al., 2002). 
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of MD simulations in VS studies was intended to create a set of receptor conformations 
(Broughton, 2000; Carlson, et al., 2000). However, it was always debatable whether to use 
structures derived from MD simulations or NMR data. In our opinion, if a reasonable 
ensemble of NMR structures exist, one should consider using them all, instead of running 
long MD simulations. However, if the VS exercise departs from a single X-ray crystal 
structure, it is important to generate such an ensemble using MD simulations. 
In this context, a successful approach, reported by McCammon and his team, is the relaxed 
complex scheme (RCS)(Lin, et al., 2002; Amaro, et al., 2008). This method, illustrated in Fig. 
2, forms the foundation of the VS protocol presented here. In the RCS approach, all-atom 
MD simulations (e.g., 2-5 ns simulation) are applied to explore the conformational space of 
the target, while docking is subsequently used for the fast screening of drug libraries against 
an ensemble of receptor conformations This ensemble is extracted at predetermined time 
intervals (e.g., 10 ps) from the simulation, resulting in hundreds of thousands of protein 
conformations. Each conformation is then used as a target for an independent docking 
experiment. 

2.3.2 Principle component analysis and sampling convergence   
A typical MD trajectory displays the time dependence of atomistic Cartesian coordinates. 
Although the duration of the whole trajectory is typically very short (at best, on the order of 
hundreds of ns) compared to real life biological dynamics, it involves a huge number of 
snapshots that contain a mixture of fast and slow modes of motion. It is impossible to 
segregate or understand this mixed dynamics through simple analysis (e.g. visual 
inspection). However, covariance, or principle component, analysis (PCA) can break up 
these two types of motions and extract the essential dynamics (ED) spanned by the protein 
structure. This essential dynamics represents the collective movements that are directly 
linked to the function of the protein and are essential for its role. In fact, PCA transforms the 
original space of correlated variables from a large MD simulation into a reduced space of 
independent variables (Garcia, 1992); (Amadei, et al., 1993). For a typical protein, the 
system’s dimensionality is thereby reduced from tens of thousands to fewer than fifty 
degrees of freedom. 
 

 
Fig. 2. Schematic illustration of the basic idea behind the relaxed complex scheme developed 
by McCammon et al.(Lin, et al., 2002). 
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To perform PCA for a subset of N atoms, the entire MD trajectory is RMSD fitted to a 
reference structure, in order to remove all rotations and translations. The covariance matrix 
can then be calculated from their Cartesian atomic co-ordinates as: 

   ij i i j jr r r r     
 
(1) 

where ri  represents the three Cartesian co-ordinates ( ,  or i i ix y z ) and the eigenvectors of the 
covariance matrix constitute the essential vectors of the motion. It is generally accepted that 
the larger an eigenvalue, the more important its corresponding eigenvector in the collective 
motion. PCA can also be employed to predict the completeness of sampling during the MD 
simulation. This step is critical and was used in three cases to answer a very important 
question: when to stop the simulation and start extracting the dominant conformations of 
the protein? In this, we follow a method proposed by Hess (Hess, 2002) that divides an MD 
trajectory into separate parts, and their normalized overlap is calculated using the covariant 
matrices for each pair of parts: 
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where C1 and C2 are the covariant matrices, and the symbol tr denotes the trace operation. If 
the overlap is 0, then the two sets are considered to be orthogonal, whereas an overlap of 1 
indicates that the matrices are identical. In this context, for the three targets studied 
described below, the individual whole trajectories were divided into three parts and the 
normalized overlap between each pair was calculated to determine the completeness of 
sampling.  

2.3.3 Iterative clustering to extract dominant conformations 
Once a sufficient sampling is confirmed through the aforementioned PC calculations, 
clustering analysis is used to extract a set of target structures that represent dominant 
conformations. Unfortunately, there is no universally accepted clustering algorithm or 
parameters that can be used to extract all information contained within the MD simulation. 
However, recent studies suggest that a number of clustering algorithms, such as average-
linkage, means and self-organizing maps (SOM) can be used accurately to cluster MD data 
(Shao, et al., 2007). In this work, the clustering quality was anticipated by calculating a 
number of clustering metrics. These metrics can reveal the optimal number of clusters to be 
extracted and their population size. These are the Davies-Bouldin index (DBI)(Davies DL & 
Bouldin DW, 1979) and the "elbow criterion" (Shao, et al., 2007). A high-quality clustering 
scheme is correlated with high DBI values. On the other hand, using the elbow criterion, the 
percentage of variance explained by the data is expected to plateau for cluster counts 
exceeding the optimal number of clusters. Using these metrics, by varying the number of 
clusters, one should expect for adequate clustering, a local minimum for DBI and a 
horizontal line for the percentage of variance explained by the data. Fig. 3 describes an 
example of such calculations. 
Our implementation employs an iterative clustering algorithm using the above-mentioned 
hypothesis. The procedure is established as an in-house code using the PTRAJ utility of 
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AMBER10 (Case, et al., 2005). A modified version of the code is also used to cluster the 
docking results. MD trajectories’ clustering runs the average-linkage algorithm for a number 
of clusters ranging from 5 to 150 clusters. Structures are extracted at 2 ps intervals over the 
entire simulation time. In order to remove the overall rotation and translation, all Catoms 
are fitted to the minimized initial structure. RMSD-clustering is performed on the residues 
contained in the investigated binding sites. These residues are clustered into groups of 
similar conformations using the atom-positional RMSD of the entire amino acid, including 
side chains and hydrogen atoms, as the similarity criterion. The centroid of each cluster, the 
structure having the smallest RMSD to all members of the cluster, is chosen as the cluster 
representative structure and the most dominant structures are used as rigid templates for 
the ensemble-based docking experiments (see below). 

2.4 Docking ligands to the ensemble of target structures 
As stated above, the outcome of the iterative clustering step is an ensemble of protein 
structures that are used as targets for docking. The main docking program that was used for 
the three cases analyzed was AutoDock version 4 (Garrett MM, et al., 1999). AutoDock is 
one of the most popular docking packages that utilize different conformational search 
methods, including Simulated Annealing (SA), traditional Genetic Algorithm (GA), and 
Lamarckian Genetic Algorithm (LGA). Here, we use the LGA approach. The approach is 
well-described in the original paper by Morris et al. (Garrett MM, et al., 1999). 

2.4.1 Automated clustering of docked poses 
AutoDock can cluster output poses into subgroups depending on their RMSD values 
referred to a reference structure. Although this approach is widely used, the number of 
clusters and the population size of each cluster strongly depends on the RMSD cut-off used. 
Consequently, it is impossible to predict the optimal cut-off for the RMSD in order to 
produce a clustering pattern with the highest confidence. This motivated us to use an 
alternative approach when clustering the docked ligand structures In fact, we extended and 
automated the clustering methodology that was used in section 2.3.3 to couple the elbow 
criterion (Shao J, et al., 2007) with the clustering module of PTRAJ (Case, et al., 2005). This 
method exploits the fact that the percentage of variance exhibited by the data (λ), is expected 
to plateau for cluster counts exceeding the optimal number. 
The percentage of variance is defined by: 

 
SSR
SST

    (3) 

where (SSR) is the sum-of-squares regression from each cluster summed over all clusters 
and (SST) is the total sum of squares. Here, we used the SOM algorithm to cluster the 
docking results. This modified clustering program increases the number of clusters required 
until the percentage of variance exhibited by the data ( ) plateaus. The convergence of 
clustering can be determined by calculating the first and second derivatives of the 
percentage of variance with respect to the clusters number ( d/ dN  and d2 / dN 2) after each 
attempt to increase the cluster counts. The clustering process then stops at an acceptable 
value for these derivatives that is close to zero. In this way, the clustering procedure 
depends only on the system itself and adjusts itself to arrive at the optimal clustering 
pattern for that specific system. 
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normalized overlap between each pair was calculated to determine the completeness of 
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2.3.3 Iterative clustering to extract dominant conformations 
Once a sufficient sampling is confirmed through the aforementioned PC calculations, 
clustering analysis is used to extract a set of target structures that represent dominant 
conformations. Unfortunately, there is no universally accepted clustering algorithm or 
parameters that can be used to extract all information contained within the MD simulation. 
However, recent studies suggest that a number of clustering algorithms, such as average-
linkage, means and self-organizing maps (SOM) can be used accurately to cluster MD data 
(Shao, et al., 2007). In this work, the clustering quality was anticipated by calculating a 
number of clustering metrics. These metrics can reveal the optimal number of clusters to be 
extracted and their population size. These are the Davies-Bouldin index (DBI)(Davies DL & 
Bouldin DW, 1979) and the "elbow criterion" (Shao, et al., 2007). A high-quality clustering 
scheme is correlated with high DBI values. On the other hand, using the elbow criterion, the 
percentage of variance explained by the data is expected to plateau for cluster counts 
exceeding the optimal number of clusters. Using these metrics, by varying the number of 
clusters, one should expect for adequate clustering, a local minimum for DBI and a 
horizontal line for the percentage of variance explained by the data. Fig. 3 describes an 
example of such calculations. 
Our implementation employs an iterative clustering algorithm using the above-mentioned 
hypothesis. The procedure is established as an in-house code using the PTRAJ utility of 
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AMBER10 (Case, et al., 2005). A modified version of the code is also used to cluster the 
docking results. MD trajectories’ clustering runs the average-linkage algorithm for a number 
of clusters ranging from 5 to 150 clusters. Structures are extracted at 2 ps intervals over the 
entire simulation time. In order to remove the overall rotation and translation, all Catoms 
are fitted to the minimized initial structure. RMSD-clustering is performed on the residues 
contained in the investigated binding sites. These residues are clustered into groups of 
similar conformations using the atom-positional RMSD of the entire amino acid, including 
side chains and hydrogen atoms, as the similarity criterion. The centroid of each cluster, the 
structure having the smallest RMSD to all members of the cluster, is chosen as the cluster 
representative structure and the most dominant structures are used as rigid templates for 
the ensemble-based docking experiments (see below). 

2.4 Docking ligands to the ensemble of target structures 
As stated above, the outcome of the iterative clustering step is an ensemble of protein 
structures that are used as targets for docking. The main docking program that was used for 
the three cases analyzed was AutoDock version 4 (Garrett MM, et al., 1999). AutoDock is 
one of the most popular docking packages that utilize different conformational search 
methods, including Simulated Annealing (SA), traditional Genetic Algorithm (GA), and 
Lamarckian Genetic Algorithm (LGA). Here, we use the LGA approach. The approach is 
well-described in the original paper by Morris et al. (Garrett MM, et al., 1999). 

2.4.1 Automated clustering of docked poses 
AutoDock can cluster output poses into subgroups depending on their RMSD values 
referred to a reference structure. Although this approach is widely used, the number of 
clusters and the population size of each cluster strongly depends on the RMSD cut-off used. 
Consequently, it is impossible to predict the optimal cut-off for the RMSD in order to 
produce a clustering pattern with the highest confidence. This motivated us to use an 
alternative approach when clustering the docked ligand structures In fact, we extended and 
automated the clustering methodology that was used in section 2.3.3 to couple the elbow 
criterion (Shao J, et al., 2007) with the clustering module of PTRAJ (Case, et al., 2005). This 
method exploits the fact that the percentage of variance exhibited by the data (λ), is expected 
to plateau for cluster counts exceeding the optimal number. 
The percentage of variance is defined by: 
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where (SSR) is the sum-of-squares regression from each cluster summed over all clusters 
and (SST) is the total sum of squares. Here, we used the SOM algorithm to cluster the 
docking results. This modified clustering program increases the number of clusters required 
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clustering can be determined by calculating the first and second derivatives of the 
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value for these derivatives that is close to zero. In this way, the clustering procedure 
depends only on the system itself and adjusts itself to arrive at the optimal clustering 
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Fig. 3. Clustering Analysis. A high-quality clustering is obtained when a local minimum in 
DBI correlates with saturation in the SSR/SST ratio (K. Barakat, et al., 2010). 

2.4.2 Preliminary ranking of docking results 
The VS protocol then sorts the docking results by the lowest binding energy of the most 
populated cluster. The compounds can also be ranked using their weighted average binding 
energies according to the following formula: 

 
Weighted Average Binding Energy (WABE) =

percent ditribution(i) x binding energy
M

i


  (4) 

where i is the index number of each ensemble cluster, whose percent distribution sums up 
to 100% and M is number of different structures included in the ensemble. The VS protocol 
only considers a compound among the top hits if the most populated cluster from any of the 
VS experiments includes at least 25% of all docked conformations. The top N hits of the 
combined docking runs construct an irredundant set of promising compounds that are used 
for further analysis. In this work, a typical preliminary set (N) includes from 200 to 500 
compounds. 

2.4.3 Visual inspection and selection of a focused set of hits 
Visual inspection of the preliminary set of hits is necessary before proceeding to the later 
computationally rigorous steps. Although this step involves more human intervention, it 
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assures the quality of the docking results, which are not precise in terms of ranking or the 
final selection of binding geometries. 

2.5 Molecular dynamics simulations on selected hit-target complexes 
There are many factors (e.g. water content, protein flexibility, etc.) that are not well 
characterized within the docking context (Warren, et al., 2006). During this step, the VS 
protocol aims at accounting for these factors by performing MD simulations. Each 
simulation starts from the final docked structure. The important aspect at this stage is the 
solvation of the docked models. It is generally accepted that water molecules are not only 
involved in solvation/desolvation of the protein-ligand complexes, but also mediate their 
interactions and help in generating more suitable binding modes. MD simulations relax the 
structures, rearrange water and ion molecules and generate trajectories that are used during 
the next step of binding energy calculations. The output obtained from this step is a set of 
snapshots representing the trajectory of the MD simulations for each complex. Although this 
procedure requires extensive computational resources, it tends to improve the protein–
ligand interactions and enhance their molecular complementarity. 

2.6 Rescoring of hits using the MM-PBSA method 
Besides using MD simulations to refine the docked structures, another essential constraint 
for a successful VS experiment is to accurately predict the binding energies. To correctly 
perform this task, we need to move away from simple docking scoring methods. However, 
we are also restricted by the need for a fairly fast method that can be applied to many 
systems at a reasonable computational cost. In this context, the VS protocol utilizes a fast 
and efficient scoring method to suggest the final ranked set of top hits. This method is the 
molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) technique. The method 
was initially proposed by Kollman et al. (Kollman, et al., 2000) and it combines molecular 
mechanics with continuum solvation models. The method has been extensively tested on 
many systems and shown to reproduce, with an acceptable range of accuracy, experimental 
binding data. It was also validated as a VS refining tool and revealed excellent results in 
predicting the actual binding affinities and in discriminating true binders from inactive 
(decoy) compounds (Abagyan & Totrov, 2001; Schneider & Bohm, 2002; Shoichet, et al., 
1993). Its main advantages are the lack of adjustable parameters and the option of using a 
single MD simulation for the complete system to determine all energy values. 
In this work we used the MM-PBSA method as implemented in AMBER. The total free 
energy is the sum of average molecular mechanical gas-phase energies (EMM), solvation 
free energies (Gsolv), and entropy contributions (-TSsolute) of the binding reaction: 

 MM solv soluteG E G TS     (5) 

The total molecular mechanical energies can be further decomposed into contributions from 
electrostatic (Eele), van der Walls (Evdw) and internal energies (Eint): 

  protein ligand ligand proteinprotein ligando
gas solv solv solvG G G G G          (6) 

Furthermore, the solvation free energy can be expressed as a sum of non-electrostatic and 
electrostatic contributions: 

 
nonele ele

solv solv solvG G G       (7) 
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The non-electrostatic part was approximated by a linear function of the (SASA). That is: 

 2x ,  where 7.2 cal/mol/Anonele
solvG SASA      (8) 

3. Targeting DNA repair proteins 
Below is a description of our target proteins and a summary of the results we found after 
applying the above-mentioned VS protocol to regulate their activity. 

3.1 Case I: inhibitors of the ERCC1-XPA interaction 
Platinum-based cancer therapy is one of the most efficacious treatments for many cancer 
types including testes, ovary, head, neck, and lung cancers (Boulikas & Vougiouka, 2003). 
While generally efficient at inducing apoptosis, acquired resistance to platinum compounds 
has limited their efficacy and therefore reduced successful clinical use of these agents 
(McGuire & Ozols, 1998). One way of acquiring this type of drug resistance is the 
remarkable high activity of the Nucleotide Excision Repair (NER) pathway (Rabik & Dolan, 
2007). 
Although many proteins are involved in the NER machinery, only the over-expression 
ERCC1 (a 33-kDa protein) correlates with the augmented platinum resistance. This 
spectacular conclusion has been reached from several independent clinical trial 
investigations on ovarian (Kang, et al., 2006), colorectal (Shirota, et al., 2001), and non–small 
cell lung cancer (Lord, et al., 2002). ERCC1 forms a tight heterodimer endonuclease complex 
with XPF. At the final stages of NER, the ERCC1-XPF enzyme cleaves the damaged DNA 
strand at the phosphodiester bonds on the 5’ side of the damage. Prior to the incision step in 
NER, the ERCC1-XPF endonuclease is recruited to the damaged DNA site through a 
secondary interaction between ERCC1 and XPA (L. Li, et al., 1994). This protein-protein 
interaction is necessary for a functional NER mechanism.  
The NMR crystal structure was resolved by Tsodikov’s group (Tsodikov, et al., 2007). The 
critical residue-residue interactions as determined through our binding energy predictions 
are shown in Fig. 4. A 14-residue peptide from XPA that includes three essential consecutive 
glycines (residues 72–74) is buried within a hydrophobic cleft within the central domain of 
ERCC1. This peptide has two critical characteristics (Tsodikov, et al., 2007). First, it is 
necessary and sufficient for binding to ERCC1. Second, and more importantly, it can 
compete with the full-length XPA protein in binding to ERCC1 and disrupting NER in vitro. 
Moreover, there is no other cellular function beyond NER that has been observed for XPA 
(Rosenberg, et al., 2001). These observations, coupled with the available crystal structure of 
this interaction make ERCC1 and XPA an extremely attractive target for computationally 
based development of small molecule inhibitors that are targeted for use in combination 
therapies involving cisplatin.  

3.1.1 Two-stage filtering procedure 
Following the VS protocol described in section 2, we carried out a two-stage virtual 
screening procedure. Top hits from the first iteration were used as positive controls for the 
second First, we screened relatively small chemical libraries from the constructed VCC (see 
section 2.2.1). The objective at this stage was to discover novel lead compounds that can be 
used as positive controls for subsequent screening simulations and experiments. 
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Furthermore, we wished to construct a pharmacophore model that can guide future 
research toward discovering potent and specific inhibitors of this interaction. A detailed 
description of the parameters used and the results obtained in this study can be found in the 
published manuscript (K. H. Barakat, et al., 2009). Here, we summarize the major steps and 
report important findings. 
 

 
Fig. 4. An illustration of the XPA-ERCC1 protein-protein interaction. The binding between 
ERCC1 (teal) and XPA (red). 

Prior to the screening process, it was important to determine precisely the key residues that 
mediated the ERCC1-XPA interaction (see Fig. 4). To do so, we used binding energy 
decomposition analysis using the MM-PBSA method in order to mark the essential residues 
from both sides. Residues within ERCC1 highlighted the binding site of the target. 
Following that, we extended the MD simulations up to 50 ns and extracted 6 dominant 
structures using clustering analysis. The length of the simulation was determined by 
convergence of the normalized overlap using PCA (see section 2.3.2 for details). Beside the 6 
extracted structures we added 2 more protein conformations, one for a minimized initial 
structure and the other was an equilibrated conformation obtained from PCA. We also tried 
two docking alternatives. The intention was to compare docking against one target structure 
with flexible side chains to docking against eight rigid protein conformations. Flexible 
docking exploited the findings of the earlier analysis of binding energy decomposition, 
where we found Y145 to contribute more than 25% of the overall binding energy (data not 
shown). Hence, we decided to allow the full side-chain flexibility for this residue in docking 
to the minimized initial structure. In the other approach, we docked the two compound 
libraries to the eight rigid models of the target. We also used 3 different methods to rank the 
compounds; all of them were based on the AutoDock scoring function. In all ranking 
methods we used only the binding modes that possessed the largest docking cluster. The 
first ranking method was based on the minimum energy of the flexible docking run. The 
second used the average binding energy from the eight different rigid simulations. The final 
ranking was based on the weighted average binding energy using Equ. 4. 
The binding mode for three selected top hits within their most favored binding site 
conformations is shown in Fig. 5. Electrostatic surface maps are included to provide an 
additional perspective of the charge distribution in the ERCC1 cavity. The binding cleft is 
mainly positively charged with small negatively charged spots on boundaries of the binding 
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Moreover, there is no other cellular function beyond NER that has been observed for XPA 
(Rosenberg, et al., 2001). These observations, coupled with the available crystal structure of 
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second First, we screened relatively small chemical libraries from the constructed VCC (see 
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used as positive controls for subsequent screening simulations and experiments. 

 
Virtual Screening for DNA Repair Inhibitors 

 

299 

Furthermore, we wished to construct a pharmacophore model that can guide future 
research toward discovering potent and specific inhibitors of this interaction. A detailed 
description of the parameters used and the results obtained in this study can be found in the 
published manuscript (K. H. Barakat, et al., 2009). Here, we summarize the major steps and 
report important findings. 
 

 
Fig. 4. An illustration of the XPA-ERCC1 protein-protein interaction. The binding between 
ERCC1 (teal) and XPA (red). 

Prior to the screening process, it was important to determine precisely the key residues that 
mediated the ERCC1-XPA interaction (see Fig. 4). To do so, we used binding energy 
decomposition analysis using the MM-PBSA method in order to mark the essential residues 
from both sides. Residues within ERCC1 highlighted the binding site of the target. 
Following that, we extended the MD simulations up to 50 ns and extracted 6 dominant 
structures using clustering analysis. The length of the simulation was determined by 
convergence of the normalized overlap using PCA (see section 2.3.2 for details). Beside the 6 
extracted structures we added 2 more protein conformations, one for a minimized initial 
structure and the other was an equilibrated conformation obtained from PCA. We also tried 
two docking alternatives. The intention was to compare docking against one target structure 
with flexible side chains to docking against eight rigid protein conformations. Flexible 
docking exploited the findings of the earlier analysis of binding energy decomposition, 
where we found Y145 to contribute more than 25% of the overall binding energy (data not 
shown). Hence, we decided to allow the full side-chain flexibility for this residue in docking 
to the minimized initial structure. In the other approach, we docked the two compound 
libraries to the eight rigid models of the target. We also used 3 different methods to rank the 
compounds; all of them were based on the AutoDock scoring function. In all ranking 
methods we used only the binding modes that possessed the largest docking cluster. The 
first ranking method was based on the minimum energy of the flexible docking run. The 
second used the average binding energy from the eight different rigid simulations. The final 
ranking was based on the weighted average binding energy using Equ. 4. 
The binding mode for three selected top hits within their most favored binding site 
conformations is shown in Fig. 5. Electrostatic surface maps are included to provide an 
additional perspective of the charge distribution in the ERCC1 cavity. The binding cleft is 
mainly positively charged with small negatively charged spots on boundaries of the binding 
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site. This electrostatic potential distribution indicates that the binding site may exhibit a 
weak positive electrostatic potential. Although, the charge distribution changed slightly 
between the two representative binding sites indicating the perseverance of its overall 
shape, the positive potential is apparent on closed conformation. It is worth mentioning that 
thirty compounds out of this study were experimentally tested and two of them (including 
the one shown in Fig. 5-A) exhibited positive activity. These two identified top hits were 
then used as positive controls during the second stage of VS (see below). 
 

 
Fig. 5. Three selected hits within their preferred binding site conformations.  

Two important lessons were learnt from the first stage and guided us toward more 
successful outcomes in the second round of screening. The first was to use NMR structures 
when available, instead of carrying out long MD simulations to extract dominant 
conformations of the target. The second lesson was to employ more accurate methods in 
ranking of the compounds, instead of depending solely on the docking scoring function, no 
matter which combination of scoring methods was used (i.e. average or weighted average 
binding energies). Hence, in executing the second screening simulation we used 10 NMR 
target structures, a larger library of compounds (CN chemical library ~100,000 compounds), 
and the MM-PBSA scoring method to rank the top hits. Eleven compounds from the top hits 
of this screening were tested experimentally. Five compounds showed positive activity 
leading to a significantly better-hit rate than the initial round of screening (data not shown). 
The top hit of the second round of ERCC1 screening is shown in Fig. 6. 
 

 
Fig. 6. The top hit from the second screening against the ERCC1 target. 

3.2 Case II: dual inhibitors of p53-MDM2/4 
Over the last two decades, the tumor suppressor protein p53 has been called the “guardian 
of the genome”. P53 earned this label due to its vital roles in cell cycle, apoptosis, DNA 
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repair and senescence (Teodoro, et al., 2007). In these processes, p53 responds to cellular 
stresses, such as hypoxia and DNA damage, by accumulating in the nucleus and activating 
various pathways to maintain the cell’s functional normality (Vogelstein, et al., 2000). As 
such, tumor cells have developed numerous ways to disable its function. Certainly, the gene 
TP53, which encodes for p53, is mutated or deleted in ~50% of human cancers (Feki & 
Irminger-Finger, 2004). In the remaining human cancers, while p53 retains its wild type 
structure, its activity is eradicated by its main cellular inhibitors, murine double minute 2/4 
(MDM2/4) proteins (Kubbutat, et al., 1997; Kussie, et al., 1996). Originally, MDM2 was 
discovered as the main regulator of p53 activity. It acts as an E3 ubiquitin ligase that exports 
p53 out of the nucleus and promotes its degradation. Moreover, by binding to the 
transactivation domain of p53 within the nucleus, MDM2 inhibits p53 function as a 
transcription factor for other proteins. Consequently, over-expression of MDM2 reduces the 
cellular ability to activate the p53 pathway under stress conditions (Fakharzadeh, et al., 
1991).  
Structurally related to MDM2, MDM4 (also known as MDMX or HDMX) is a second cellular 
regulator of p53 (Shvarts, et al., 1996). Although MDM4 lacks the intrinsic E3 ligase activity 
of MDM2, current models suggest that it acts as a major p53 transcriptional antagonist 
independent of MDM2 (Toledo, et al., 2006). The binding domains of p53 within MDM2 and 
MDM4 are very similar (V. Bottger, et al., 1999), offering promise for the discovery of new 
small molecule compounds that can simultaneously target the two proteins. 
 

 
Fig. 7. Illustration of the P53-MDM2 interaction. The p53-binding site within MDM2 
(purple) is shown in molecular surface representation with the residues constituting the 
binding site are highlighted in purple. P53 (orange) is shown in ribbon representation. 

The high-resolution crystal structure of the p53-MDM2 complex demonstrated the 
essentialinteracting regions located in the MDM2-p53 interface (see  
Fig. 7) (Kussie, et al., 1996). Essentially, p53 forms an amphipathic-helix peptide (residues 
15-29) that is partly buried inside a small but deep, hydrophobic groove on the surface of the 
MDM2 N-terminal domain (residues 19-102). This interaction involves four key residues 
from p53, namely F19, L22, W23 and L26 and at least 13 residues from MDM2 (L54, L57, I61, 
M62, Y67, Q72, V75, F86, F91, V93, I99, Y100 and I103) (A. Bottger, et al., 1997). Interestingly, 
10 out of the 13 most important MDM2 residues described above are conserved in MDMX, 
which indicates that the binding site of p53 within the surface of MDMX is similar to, but 
not identical with, that of MDM2. 
The last decade witnessed the identification of many small-molecule p53-MDM2 inhibitors 
with promising binding affinities (Patel & Player, 2008). These are analogs of cis-imidazoline 
(Nutlins) (Vassilev, 2004), spiro-oxindole (MI-63 and MI219) (Dastidar, et al., 2008; Ding, et 
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not identical with, that of MDM2. 
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(Nutlins) (Vassilev, 2004), spiro-oxindole (MI-63 and MI219) (Dastidar, et al., 2008; Ding, et 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

302 

al., 2006), benzodiazepinedione (TDP665759) (Grasberger, et al., 2005), terphenyl,(L. Chen, et 
al., 2005), quilinol,(Lu, et al., 2006), chalcone (Stoll, et al., 2001) and sulfonamide (Galatin & 
Abraham, 2004). Only three compounds, namely, Nutlin-3, MI-219 and TDP665759 showed 
sufficiently high binding affinity, and desirable pharmacokinetic profiles in cells (Shangary 
& Wang, 2008) to be seriously considered for clinical development. However, these 
compounds are more highly selective for MDM2 than for its homolog MDM4. Even nutlin-3 
has been shown to be inactive in cancer cells that over-express MDM4 (B. Hu, et al., 2006), 
opening a new avenue in p53 research and requiring a new generation of MDM2-inhibitors 
that can target its homolog, MDM4, as well. 

3.2.1 Screening against two targets 
In our efforts to discover novel compounds that can restore the p53 activity we screened for 
dual inhibitors of the p53 interactions with both MDM2 and MDM4 (K. Barakat, et al., 2010). 
Our strategy followed from the evident similarity between the p53 binding sites within the 
two proteins. We first filtered a subset of our VCC for MDM2 inhibitors Top hits from this 
search were then screened against the MDM4 target. Compounds that can simultaneously 
bind to the two targets were considered as potential dual inhibitors. Our VCC-subset 
included the NCI diversity set, DrugBank compounds. We also enriched the docked 
compounds with more than 3,168 derivative structures extracted from the known MDM2-
inhibitors. This enrichment was obvious, as similar targets are more than likely to bind 
similar compounds. The initial screening against MDM2 used 28 dominant protein 
conformations. These conformations represented the apo- and holo-MDM2’s collective 
conformational dynamics and were extracted from MD simulations, PCA and clustering 
analyses. 
 

Compound MDM2 Ranking (kcal/mol) MDM4 Ranking (kcal/mol) 
MM-PBSA AutoDock Experimental MM-PBSA AutoDock Experimental 

MI-219 -10.6  1.5 -9.1  2.2 -11.4 -5.3   1.5 -6.8  2.2 -5.9 
Nutlin-3 -9.3  1.3 -8.2  2.2 -9.7 -6.1   1.6 -5.8  2.2 Negligible 

TDP665759 -9.5  1.5 -9.1  2.2 -8.4 -5.6   1.4 -8.2  2.2 Negligible 
PMI -10.4  1.6 N/A -11.6 -12.8  1.5 N/A -11.5 

Table 1. Relative ranking of positive controls using the two scoring methods compared to 
experimental data. 

Scoring of the top MDM2 hits employed two ranking steps. First was a docking-based 
ranking similar to what was described in the previous ERCC1 study. The objective was to 
suggest a modest number (300 in this case) of promising hits for the subsequent re-ranking 
step. This final scoring utilized the MM-PBSA method. Prior to the application of the MM-
PBSA method and as described in Fig. 1, all 300 hits were prepared through all-atoms and 
solvated MD simulations. We also included a recently discovered peptidic MDM2/4 dual 
inhibitor (PMI) in the rescoring step (Pazgier, et al., 2009). The 300 suggested MDM2 top hits 
were also docked to the p53-binding site within MDM4 followed by rescoring their binding 
using MD and MM-PBSA calculations. Table 1 describes the relative ranking of the used 
positive controls. The apparent IC50 values for Nutlin3, MI-219, TDP665759 and PMI in 
binding to MDM2 are 90 nM, 5 nM, 704 nM (Koblish, et al., 2006; Vassilev, 2007) and 3.4 
nM35 at 250C, respectively. We did not find explicit values for the binding affinities of the 
three non-peptide molecules regarding their binding to MDM4, hoverer, it has been 
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experimentally confirmed that these compounds are weak binders to MDMX (Vassilev, 
2007) (Pazgier, et al., 2009). 
Although the discrepancy in the MM-PBSA calculations for the interactions of the four 
inhibitors with MDM2 was about 1 kcal/mol, the predicted values were in an excellent 
agreement with the experimental data compared to the values obtained by the AutoDock 
scoring function (see Table 1). These results also illustrated the limitations of AutoDock 
scoring function in eliminating false positive ligands, i.e. compounds that cannot practically 
bind but are predicted to bind, from active compounds. For example, the TDP665759 
compound was predicted to bind to MDM4 with a relatively high binding energy compared 
to the rest of the compounds. On the other hand, the MM-PBSA approach selected the real 
binders for the two protein targets. For MDM2, the four ligands can bind strongly to the 
protein, while, for MDM4, only the PMI peptide can bind with a very high binding energy. 
 

 
         (a)    (b)         (c) 

Fig. 8. Structural variations between MDM2 (yellow) and MDMX (red) and their effect on 
the binding modes of Nutlin-3 (a) and two selected hits form the predicted MDM2/MDM4 
inhibitors (b and c). Tyr100 and Leu99 of MDM2 and the same residues in MDM4 are shown 
in Licorice representations with the same color as that of the two proteins. For each 
compound, the binding mode within MDM2 is shown in green and within MDM4 is shown 
in gray. Tyr99 and Leu98 prevent Nutlin-3 from binding to MDM4 with the same binding 
conformation adopted by Nutlin-2 within the MDM2-pocket (blue). The conformation of 
nutlin-2 was extracted from the MDM2-nutlin crystal structure 1RV1. On the other hand, 
compounds Pub#11952782 (b) and ZINC04629876 (c) from the suggested MDM2/MDM4 
inhibitor list can tolerate the structural variations in the two binding sites in order to 
maximize their interactions with the proteins. 

Not only did this study reveal a number of promising hits that can simultaneously bind to 
the two targets, but it also explained why known MDM2-inhibitors such as Nutlin 3 could 
not bind to MDM4. Although the two binding sites are fairly similar, the MDM4 pocket 
seemed to be more compact than that of MDM2. This was mainly due to the three residues 
Pro95, Ser96 and Pro97 in MDM4 that have been replaced by His96, Arg97 and Lys98 in 
MDM2 (see Fig. 8). 
These substitutions are located on one of the alpha helices that comprise the p53 binding site 
within the two proteins. Consequently, the proline residues (Pro95 and Pro97) in MDM4 
shifted this helical domain in MDM4 relative to MDM2 and caused Lys98 and Tyr99 to 
protrude into the p53-binding cleft within MDM4, making it shallower and less accessible to 
many of the MDM2 top hits we found. Moreover, we noticed very minor differences in the 
electrostatic potential distributions around the surfaces of the two proteins (data not 
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shown), where MDM2 was more positively charged in certain regions deeply located within 
the binding site. These slight variations in both shape and electrical properties of the two 
proteins played a considerable role in governing the final conformation adopted by the 
ligands.  
This observation is clear when comparing the binding modes of nutlin within the two 
pockets (see Fig. 8-a). While Tyr100 and Leu99 of MDM2 extend the binding site allowing 
nutlin to intimately bind to MDM2, the same residues in MDM4 clash with the drug 
preventing it from taking the normal conformation that was adopted within MDM2. On the 
other hand, Fig. 8b-c show how two compounds from the discovered set of proposed 
MDM2/MDM4 inhibitors were able to tolerate the structural variations between the two 
binding sites. 

3.3 Case III: inhibitors of DNA polymerase beta 
DNA polymerase beta (pol), the smallest naturally occurring DNA polymerase enzyme, 
belongs to the X-family of DNA polymerases (Uchiyama, et al., 2009). DNA pol is a vital 
member of the base excision repair (BER) pathway (Beard & Wilson, 2006). The enzyme 
plays a significant role in chemotherapeutic agent resistance, as its over-expression reduces 
the efficacy of anticancer drug therapies including bleomycin (Parsons, et al., 2004), 
monofunctional alkylating agents (Liu, et al., 2002), cisplatin (Hoffmann, et al., 1996), and 
other platinum-based compounds.. Furthermore, small-scale studies on different types of 
cancer showed that pol is mutated in approximately 30% of tumors, which in turn reduces 
pol fidelity in DNA synthesis exposing the genome to serious and often deleterious 
mutations (Chan, et al., 2007; Starcevic, et al., 2004). Based on these findings, pol, the error-
prone polymerase of BER, has been seriously considered as a promising therapeutic target 
for cancer treatment. 
Many inhibitors of DNA pol have been identified during the last two decades. To name but 
a few, this list includes polypeptides (Husain, et al., 1995), fatty acids (Mizushina, et al., 
1996), triterpenoids (Tanaka, et al., 1998), sulfolipids (Mizushina, et al., 1998), polar lipids 
(Ogawa, Murate, Izuta, et al., 1998), secondary bile acids (Ogawa, Murate, Suzuki, et al., 
1998), phenalenone-derivatives (Perpelescu, et al., 2002),  anacardic acid (J. Z. Chen, Y.; 
Wang, L.; Sucheck, S.; Snow, A.; Hecht, S., 1998), harbinatic acid (Deng, et al., 1999), 
flavanoid derivatives (Maloney, et al., 2005), and pamoic acid (H. Y. Hu, et al., 2004). 
However, most of these inhibitors are either not potent enough or lack sufficient specificity 
to eventually become approved drugs. Among these compounds pamoic acid (PA) was one 
of the few compounds that had promising activity against pol and a well-defined binding 
mode. The compound was initially discovered by Hu and his co-workers (H. Y. Hu, et al., 
2004) Their NMR analysis revealed that PA binds to the 8-kDa domain of pol and 
suggested that the binding pocket is located between the two helices: helix-2 and helix-4 of 
the 8-kDa domain. Interestingly, the same region has been recognized in different studies to 
be essential in the DNA binding and deoxyribose phosphate lyase activities of the enzyme 
(Pelletier, et al., 1994). The precise interactions between PA and the lyase domain of pol 
were further investigated in a different study (Hazan, et al., 2008) which used a combination 
protocol of blind docking and NMR analysis to confirm the earlier findings of Hu et al (H. Y. 
Hu, et al., 2004). 
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3.3.1 Screening against the lyase active site of pol 
Following the procedure described in Fig. 1, we focused our search space on the binding site 
of PA, using it as a positive control. Our aim was to discover more potent drug candidates 
through filtering a library of ~12,500 compounds against 11 protein structures. The 
molecules tested included the NCI diversity set, the DrugBank set of small-molecules and 
more than 9,000 fragment structures with drug-like properties extracted from the ZINC 
database (see section 2.2.1 for a detailed description of these compound libraries). The top 
300 hits that showed strong affinity for pol have been validated and rescored using a more 
robust scoring function, the MM-PBSA method.  
 
 

 
 

Fig. 9. Binding modes of selected hits. Pol is shown in yellow, important protein residues  
are shown in blue, and the different atoms of the bound compounds are shown by their 
representative colors (carbon in gray, oxygen in red, nitrogen in blue and hydrogen in white). 

The reported KD value for PA binding to pol is 9 µM (H. Y. Hu, et al., 2004). Using the 
AutoDock scoring function, we obtained a value of -6.2 kcal/mol as an estimate for this 
binding energy. Although this value is in excellent agreement with the experimental 
measurement (-6.9 kcal/mol) as calculated using the KD value, based on the previously 
described studies, docking scoring functions were not efficient in discriminating false 
positives in VS experiments and are biased toward their training set of compounds (Tondi, 
et al., 1999). Consequently, in this work, the top 300 hits were rescored using the MM-PBSA 
method in order to validate their docking results and confirm their binding to the protein. 
Fig. 9 demonstrates the binding modes of the top three hits of the MM-PBSA ranking. 
Similarly to a substantial number of our suggested top hits, the shown compounds are small 
in size, however, they occupy a considerable portion of the DNA-binding pocket. These lead 
compounds can be employed as the basis for a further fragment-based drug design step, in 
order to construct potent and more specific pol β inhibitors. 

4. Conclusion 
DNA repair pathways control the balance between genomic stability’s constancy and 
mutability (Harper & Elledge, 2007). The mode of action of modern anticancer treatments is 
by inducing damage to the DNA. Over-expression of proteins involved in the DNA repair 
circuitry boosts the repair activity, removes most of the induced damage and hence, reduces 
the efficacy of DNA-damaging agents. This unexpected mechanism represents one of the 
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major factors behind the antitumor drug resistance phenomena observed for these agents 
(Harper & Elledge, 2007). Therefore. DNA repair proteins are currently considered as 
valuable targets to improve cancer therapy (Damia & D'Incalci, 2007). 
Our group has been involved in in silico searches for novel inhibitors of a number of DNA 
repair proteins. This chapter reviews our efforts in applying computational high throughput 
screening methods to filter compound libraries for such inhibitors. The chapter contains two 
main parts. First is a detailed description of all the computational steps that are used in the 
virtual screening workflow that we follow. Second is a summary of the results we found in 
applying this protocol to three important DNA repair targets. The three targets are ERCC1-
XPA (K. H. Barakat, et al., 2009), an important element of the NER pathway; MDM2 and 
MDM4 (K. Barakat, et al., 2010), the two cellular inhibitors of p53; and finally DNA pol (K. 
Barakat, et al., In press); (K. Barakat & Tuszynski, 2011), the error prone polymerase of BER. 
The aim of this review is to share with the reader our experience in this field from a 
computational drug discovery perspective. Furthermore, we have attempted to demonstrate 
that computational tools can be easily applied to DNA repair proteins and eventually arrive 
at compounds capable of regulating their activities.  
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1. Introduction 
Each mitochondrion consists of 16,569 base pairs which encodes 37 genes, all of which are 
essential for normal mitochondrial function (Anderson et al., 1981). Each human cell 
contains several hundred copies of mitochondrial DNA, encoding 13 genes that are required 
for oxidative phosphorylation, 22 transfer RNAs and 2 ribosomal RNAs (Anderson et al., 
1981). Mitochondria are vital organelles, which generate the majority of the cells energy 
through oxidative phosphorylation (Wallace, 2005). During this process, reactive oxygen 
species (ROS) are produced, that can leak out and react with a range of cellular components, 
including the mitochondrial genome (Richter et al., 1988). Therefore, it has been suggested 
that levels of oxidative DNA damage are higher in mitochondrial DNA than in nuclear 
DNA, with mitochondrial DNA accumulating mutations at a 10- to 50- fold higher rate 
(Hudson et al., 1998; Michikawa et al., 1999; Pakendorf and Stoneking, 2005; Yakes and Van 
Houten, 1997). If this mitochondrial DNA damage is not repaired, it can lead to disruption 
of the electron transport chain and increased generation of ROS, possibly resulting in 
vicious cycle of ROS production and mitochondrial DNA damage, leading to energy 
depletion and ultimately cell death (Harman, 1972; Miquel et al., 1980). Therefore suggesting 
that mitochondria must employ some form of repair or defence mechanism against such 
forms of deleterious damage. 
The integrity of mitochondrial DNA repair plays a central role in maintaining homeostasis 
in the cell and thus the efficient repair of mitochondrial DNA damage serves as an essential 
function in cellular survival. In comparison to nuclear DNA repair, our knowledge 
regarding mitochondrial DNA repair is limited. In fact, it was originally believed that 
mitochondria employed no repair mechanisms and damaged DNA was not repaired, but 
was merely degraded. This was primarily based on a study published in 1974, which 
demonstrated the inability of mitochondria to remove cyclobutyl pyrimidine dimers after 
exposure to ultraviolet light (Clayton et al., 1974). This theory remained for many years, but 
now it is abundantly clear that multiple DNA repair pathways and the controlled 
degradation of mitochondrial DNA, work together to maintain the integrity of the 
mitochondrial genome (Berneburg et al., 2006; Liu and Demple, 2010). Initially the repair of 
most mitochondrial DNA damage was thought to be limited to short-patch base excision 
repair (BER) (Stierum et al., 1999). However, the complex range of DNA lesions inflicted on 
mitochondrial DNA by ROS and potential replication errors indicated that such a restricted 
repair mechanism would be insufficient. Our knowledge of mitochondrial DNA repair has 
recently witnessed a rapid expansion and it is now evident that mitochondria also employ 
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1. Introduction 
Each mitochondrion consists of 16,569 base pairs which encodes 37 genes, all of which are 
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through oxidative phosphorylation (Wallace, 2005). During this process, reactive oxygen 
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vicious cycle of ROS production and mitochondrial DNA damage, leading to energy 
depletion and ultimately cell death (Harman, 1972; Miquel et al., 1980). Therefore suggesting 
that mitochondria must employ some form of repair or defence mechanism against such 
forms of deleterious damage. 
The integrity of mitochondrial DNA repair plays a central role in maintaining homeostasis 
in the cell and thus the efficient repair of mitochondrial DNA damage serves as an essential 
function in cellular survival. In comparison to nuclear DNA repair, our knowledge 
regarding mitochondrial DNA repair is limited. In fact, it was originally believed that 
mitochondria employed no repair mechanisms and damaged DNA was not repaired, but 
was merely degraded. This was primarily based on a study published in 1974, which 
demonstrated the inability of mitochondria to remove cyclobutyl pyrimidine dimers after 
exposure to ultraviolet light (Clayton et al., 1974). This theory remained for many years, but 
now it is abundantly clear that multiple DNA repair pathways and the controlled 
degradation of mitochondrial DNA, work together to maintain the integrity of the 
mitochondrial genome (Berneburg et al., 2006; Liu and Demple, 2010). Initially the repair of 
most mitochondrial DNA damage was thought to be limited to short-patch base excision 
repair (BER) (Stierum et al., 1999). However, the complex range of DNA lesions inflicted on 
mitochondrial DNA by ROS and potential replication errors indicated that such a restricted 
repair mechanism would be insufficient. Our knowledge of mitochondrial DNA repair has 
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DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

314 

long-patch BER (Akbari et al., 2008; Liu et al., 2008; Szczesny et al., 2008; Zheng et al., 2008), 
mismatch repair (de Souza-Pinto et al., 2009; Mason et al., 2003), homologous recombination 
and non-homologous end-joining (Bacman et al., 2009; Fukui and Moraes, 2009; Thyagarajan 
et al., 1996). In addition, sanitation of the mitochondrial deoxynucleotide triphosphate 
(dNTP) pool and selective degradation of heavily damaged mitochondrial DNA play 
important roles in maintaining mitochondrial DNA integrity and preventing cell death 
(Bacman et al., 2009; Ichikawa et al., 2008; Shokolenko et al., 2009). The majority of the 
proteins dedicated to DNA repair have to be transcribed and translated from nuclear DNA 
where they are encoded and imported into the mitochondrion (Bohr, 2002).  
Many inherited diseases result from mutations in the mitochondrial genome or due to 
mutations in nuclear genes that encode mitochondrial components (Chan and Copeland, 
2009; Horvath et al., 2009; Tuppen et al., 2010). Somatic mutations in mitochondrial DNA are 
increasingly linked to common diseases, including age-related degenerative disorders and 
cancers. Specifically, mitochondrial DNA mutations have been detected in colorectal 
(Habano et al., 1998; Polyak et al., 1998), breast (Parrella et al., 2001; Radpour et al., 2009) 
bladder (Copeland et al., 2002; Dasgupta et al., 2008; Wada et al., 2006), lung (Dai et al., 2006; 
Jin et al., 2007; Suzuki et al., 2003), head and neck cancers (Dasgupta et al., 2010) (Allegra et 
al., 2006; Mithani et al., 2007), amongst others. Furthermore, some evidence also exists 
suggesting that mutations in mitochondrial DNA can even accelerate disease progression 
(Ishikawa and Hayashi, 2010; Lee et al., 2010). Although many associations between 
mitochondrial DNA mutations and cancer have been shown, a functional link to 
mitochondrial DNA repair still requires further investigation. Increasing evidence also 
suggests that mitochondrial DNA damage accumulates with age. However conflicting 
reports argue whether aging is due to the accumulation of mitochondrial DNA damage or 
perhaps modifications in mitochondrial DNA repair mechanisms may cause accumulation 
of DNA damage associated with aging (Boesch et al., 2011; Gruber et al., 2008; Obulesu and 
Rao, 2010).  

2. Mitochondrial DNA repair pathways 
Our DNA, both nuclear and mitochondrial, is constantly exposed to endogenous and 
exogenous agents that induce DNA lesions and genomic instability (De Bont and van 
Larebeke, 2004; Sander et al., 2005). In the absence of DNA repair, the genome would be 
unable to survive the multitude of lesions that form throughout the cell cycle. Therefore, a 
range of molecular mechanisms has evolved that ensures that damaged DNA is effectively 
repaired. These pathways coordinate the repair of DNA lesions and the stalling of the cell 
cycle to allow repair to occur (Harper and Elledge, 2007). DNA repair mechanisms have 
been extensively studied in the nucleus and increasing data demonstrates how distinct DNA 
lesions are repaired by different DNA repair pathways including homologous 
recombination, non-homologous end joining, base excision repair, nucleotide excision 
repair, mismatch repair, and translesion synthesis (Hoeijmakers, 2009). The relevance of the 
DNA repair pathways in the maintenance of genome integrity and cellular survival is 
evidenced by the critical consequences in the survival of organisms when deficiencies in key 
enzymes of the DNA repair pathways occur (Martin et al., 2008).  
In contrast to the repertoire of nuclear DNA repair pathways, for many years, the repair of 
mitochondrial DNA damage was thought to be limited to short-patch BER (Stierum et al., 
1999). However more recently with increasing knowledge of the likely array of lesions 
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inflicted on mitochondrial DNA, it was suggested that such a limited repair repertoire 
would be insufficient. Studies have identified an expanded range of mitochondrial DNA 
repair processes including long-patch base excision repair, mismatch repair, homologous 
recombination and nonhomologous end-joining (Boesch et al., 2011; Liu and Demple, 2010; 
Yang et al., 2008). It is still generally considered that there is no nucleotide excision repair 
(NER) in the mitochondria. However, it has been shown that the NER gene, Cockayne 
syndrome B (CSB) is involved in the removal of oxidative DNA damage from the nucleus, 
such that CSB-deficient cells demonstrated reduced repair rates of 8-oxoG DNA lesions and 
extracts from CSB-deficient cells fail to incise oligonucleotides containing 8-oxoG (Balajee et 
al., 1999) (Dianov et al., 1999; Le Page et al., 2000; Selzer et al., 2002). CSB has also been 
shown to act in concert with OGG1 in the repair of these lesions (Tuo et al., 2002; Tuo et al., 
2001). Due to the generation of ROS in the mitochondria and the increased levels of 
oxidative damage it was hypothesized that mitochondria-targeted CSB could have a role in 
repair of mitochondrial DNA. To this end, Stevnsner et al. demonstrated that CSB-deficient 
cells exhibited a reduced ability to repair 8-oxoG in the mitochondria, suggesting possible 
NER activity (Stevnsner et al., 2002a). Similarly, the presence of translesion synthesis (TLS) 
in mitochondria has not been fully elucidated. In the nucleus, TLS is carried out by 
specialized polymerases, which have the ability to copy defective DNA templates. The 
possibility of mitochondrial TLS has been suggested due to the fact that the mitochondrial 
polymerase POLG is capable of mutagenic bypass through DNA lesions introducing dA 
opposite an AP site or an 8-oxodG (Graziewicz et al., 2007; Pinz et al., 1995) and also 
opposite benzo[a]pyrene and benzo[c]phenanthrene diol epoxide adducts of 
deoxyguanosine and deoxyadenosine (Graziewicz et al., 2004). To date, the presence of TLS 
activity in vivo in mitochondria remains to be shown. For both NER and TLS, further 
research is necessary to define the precise mechanisms of these processes in the 
mitochondria.  

2.1 Base excision repair 
The mitochondrial DNA sits on the inner side of the mitochondrial inner membrane, where 
most reactive oxygen species (ROS) are generated, rendering it highly susceptible to 
oxidative damage. BER is one of the main pathways for the repair of oxidized modifications 
both in nuclear and mitochondrial DNA (Slupphaug et al., 2003). As mentioned above, 
previously the repair of mitochondrial DNA damage and in particular oxidative DNA 
damage was thought to be limited to short-patch BER (Stierum et al., 1999), which replaces a 
single nucleotide by the sequential action of DNA glycosylases, an apurinic/apyrimidinic 
(AP) endonuclease, a DNA polymerase, an abasic lyase activity and DNA ligase (Dianov et 
al., 2001)(Figure 1). In addition to oxidative DNA damage, BER is the primary pathway 
required for repair of small DNA modifications induced by alkylaltion and deamination. As 
in nuclear BER, mitochondrial BER is initiated with recognition of the modified base and its 
removal is followed by processing of the apurinic/apyrimidinic (AP) site, incorporation of 
the correct nucleotide and finally strand ligation (Chan et al., 2006; Dianov et al., 2001). A 
schematic representation of the BER pathway in mitochondria is illustrated in Figure 1. 
The 1st step of BER is initiated by DNA glycosylases, which recognize the modified base and 
cleave the N-glycosidic bond, resulting in an abasic site. It has been shown that a number of 
glycosylases are bi-functional DNA glycosylases such that they also have AP lyase activity, 
which enables the cleavage of the DNA backbone (Robertson et al., 2009). Mitochondrial and  
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(dNTP) pool and selective degradation of heavily damaged mitochondrial DNA play 
important roles in maintaining mitochondrial DNA integrity and preventing cell death 
(Bacman et al., 2009; Ichikawa et al., 2008; Shokolenko et al., 2009). The majority of the 
proteins dedicated to DNA repair have to be transcribed and translated from nuclear DNA 
where they are encoded and imported into the mitochondrion (Bohr, 2002).  
Many inherited diseases result from mutations in the mitochondrial genome or due to 
mutations in nuclear genes that encode mitochondrial components (Chan and Copeland, 
2009; Horvath et al., 2009; Tuppen et al., 2010). Somatic mutations in mitochondrial DNA are 
increasingly linked to common diseases, including age-related degenerative disorders and 
cancers. Specifically, mitochondrial DNA mutations have been detected in colorectal 
(Habano et al., 1998; Polyak et al., 1998), breast (Parrella et al., 2001; Radpour et al., 2009) 
bladder (Copeland et al., 2002; Dasgupta et al., 2008; Wada et al., 2006), lung (Dai et al., 2006; 
Jin et al., 2007; Suzuki et al., 2003), head and neck cancers (Dasgupta et al., 2010) (Allegra et 
al., 2006; Mithani et al., 2007), amongst others. Furthermore, some evidence also exists 
suggesting that mutations in mitochondrial DNA can even accelerate disease progression 
(Ishikawa and Hayashi, 2010; Lee et al., 2010). Although many associations between 
mitochondrial DNA mutations and cancer have been shown, a functional link to 
mitochondrial DNA repair still requires further investigation. Increasing evidence also 
suggests that mitochondrial DNA damage accumulates with age. However conflicting 
reports argue whether aging is due to the accumulation of mitochondrial DNA damage or 
perhaps modifications in mitochondrial DNA repair mechanisms may cause accumulation 
of DNA damage associated with aging (Boesch et al., 2011; Gruber et al., 2008; Obulesu and 
Rao, 2010).  

2. Mitochondrial DNA repair pathways 
Our DNA, both nuclear and mitochondrial, is constantly exposed to endogenous and 
exogenous agents that induce DNA lesions and genomic instability (De Bont and van 
Larebeke, 2004; Sander et al., 2005). In the absence of DNA repair, the genome would be 
unable to survive the multitude of lesions that form throughout the cell cycle. Therefore, a 
range of molecular mechanisms has evolved that ensures that damaged DNA is effectively 
repaired. These pathways coordinate the repair of DNA lesions and the stalling of the cell 
cycle to allow repair to occur (Harper and Elledge, 2007). DNA repair mechanisms have 
been extensively studied in the nucleus and increasing data demonstrates how distinct DNA 
lesions are repaired by different DNA repair pathways including homologous 
recombination, non-homologous end joining, base excision repair, nucleotide excision 
repair, mismatch repair, and translesion synthesis (Hoeijmakers, 2009). The relevance of the 
DNA repair pathways in the maintenance of genome integrity and cellular survival is 
evidenced by the critical consequences in the survival of organisms when deficiencies in key 
enzymes of the DNA repair pathways occur (Martin et al., 2008).  
In contrast to the repertoire of nuclear DNA repair pathways, for many years, the repair of 
mitochondrial DNA damage was thought to be limited to short-patch BER (Stierum et al., 
1999). However more recently with increasing knowledge of the likely array of lesions 

 
Mitochondrial DNA Repair 

 

315 

inflicted on mitochondrial DNA, it was suggested that such a limited repair repertoire 
would be insufficient. Studies have identified an expanded range of mitochondrial DNA 
repair processes including long-patch base excision repair, mismatch repair, homologous 
recombination and nonhomologous end-joining (Boesch et al., 2011; Liu and Demple, 2010; 
Yang et al., 2008). It is still generally considered that there is no nucleotide excision repair 
(NER) in the mitochondria. However, it has been shown that the NER gene, Cockayne 
syndrome B (CSB) is involved in the removal of oxidative DNA damage from the nucleus, 
such that CSB-deficient cells demonstrated reduced repair rates of 8-oxoG DNA lesions and 
extracts from CSB-deficient cells fail to incise oligonucleotides containing 8-oxoG (Balajee et 
al., 1999) (Dianov et al., 1999; Le Page et al., 2000; Selzer et al., 2002). CSB has also been 
shown to act in concert with OGG1 in the repair of these lesions (Tuo et al., 2002; Tuo et al., 
2001). Due to the generation of ROS in the mitochondria and the increased levels of 
oxidative damage it was hypothesized that mitochondria-targeted CSB could have a role in 
repair of mitochondrial DNA. To this end, Stevnsner et al. demonstrated that CSB-deficient 
cells exhibited a reduced ability to repair 8-oxoG in the mitochondria, suggesting possible 
NER activity (Stevnsner et al., 2002a). Similarly, the presence of translesion synthesis (TLS) 
in mitochondria has not been fully elucidated. In the nucleus, TLS is carried out by 
specialized polymerases, which have the ability to copy defective DNA templates. The 
possibility of mitochondrial TLS has been suggested due to the fact that the mitochondrial 
polymerase POLG is capable of mutagenic bypass through DNA lesions introducing dA 
opposite an AP site or an 8-oxodG (Graziewicz et al., 2007; Pinz et al., 1995) and also 
opposite benzo[a]pyrene and benzo[c]phenanthrene diol epoxide adducts of 
deoxyguanosine and deoxyadenosine (Graziewicz et al., 2004). To date, the presence of TLS 
activity in vivo in mitochondria remains to be shown. For both NER and TLS, further 
research is necessary to define the precise mechanisms of these processes in the 
mitochondria.  

2.1 Base excision repair 
The mitochondrial DNA sits on the inner side of the mitochondrial inner membrane, where 
most reactive oxygen species (ROS) are generated, rendering it highly susceptible to 
oxidative damage. BER is one of the main pathways for the repair of oxidized modifications 
both in nuclear and mitochondrial DNA (Slupphaug et al., 2003). As mentioned above, 
previously the repair of mitochondrial DNA damage and in particular oxidative DNA 
damage was thought to be limited to short-patch BER (Stierum et al., 1999), which replaces a 
single nucleotide by the sequential action of DNA glycosylases, an apurinic/apyrimidinic 
(AP) endonuclease, a DNA polymerase, an abasic lyase activity and DNA ligase (Dianov et 
al., 2001)(Figure 1). In addition to oxidative DNA damage, BER is the primary pathway 
required for repair of small DNA modifications induced by alkylaltion and deamination. As 
in nuclear BER, mitochondrial BER is initiated with recognition of the modified base and its 
removal is followed by processing of the apurinic/apyrimidinic (AP) site, incorporation of 
the correct nucleotide and finally strand ligation (Chan et al., 2006; Dianov et al., 2001). A 
schematic representation of the BER pathway in mitochondria is illustrated in Figure 1. 
The 1st step of BER is initiated by DNA glycosylases, which recognize the modified base and 
cleave the N-glycosidic bond, resulting in an abasic site. It has been shown that a number of 
glycosylases are bi-functional DNA glycosylases such that they also have AP lyase activity, 
which enables the cleavage of the DNA backbone (Robertson et al., 2009). Mitochondrial and  
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Fig. 1. Schematic representation of the BER pathway in mitochondria. 

nuclear glycosylases are encoded by the same nuclear gene, however isoforms are generated 
by alternative transcription initiation sites and alternative splicing (Bohr, 2002; Nilsen et al., 
1997). The mitochondrial DNA glycosylases include the 8-oxoguanine DNA glycosylase-1 
(OGG1), the uracil DNA glycosylase (UNG), MYH, endonuclease III homolog (NTH1) and 
the NEIL glycosylases. OGG1 is a bi-functional glycosylase that is required for the 
recognition and cleavage of 8-hydroxy-guanine (8-oxoG) oxidative DNA lesions from 
double-stranded DNA (Kuznetsov et al., 2005). UNG was the 1st glycosylase to be identified 
and is involved in the removal of uracil from DNA, generated by deamination of cytosine or 
by misincorporation of dUMP (Lindahl, 1974). The removal of uracil is vital, because of its 
ability to pair with adenine resulting in GC to AT transition mutations upon replication 
(Darwanto et al., 2009). MYH is involved in the removal of adenine misinserted opposite 8-
oxoG (Takao et al., 1999). NTH1 is also involved in the removal of oxidized DNA lesions 
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(Takao et al., 2002). The NEIL glycosylases are responsible for excising oxidative DNA 
lesions such as 2,6-diamino-5-foramidopyrimidine (FapyG) and 4,6-diamino-5-
formamidopyrimidine (FapyA) (Doublie et al., 2004). There are three main isoforms, NEIL1, 
NEIL2 and NEIL3, which are present in both the nucleus and the mitochondria (Gredilla et 
al., 2010b; Hazra et al., 2002a; Hazra et al., 2002b). Whilst partial redundancy has been 
described for these glycosylases, NEIL1 knock-out mice accumulate mitochondrial DNA 
deletions to a greater extent than wild-type mice and also develop symptoms associated 
with metabolic syndrome (Vartanian et al., 2006).  
After recognition and cleavage of the modified base by the specific DNA glycosylase, an 
abasic site is formed. The AP endonuclease (APE1) is involved in this step of repair. APE1 
cleaves on the immediate 5’ side of the AP site, leaving a 3’ hydroxyl and 5’-deoxyribose-5-
phosphate (5’-dRP) residue (Masuda et al., 1998). APE1 is the major endonuclease in 
mammalian cells in both the nucleus and the mitochondria (Tell et al., 2005). The functional 
importance of APE1 is highlighted by the findings that knockout mice for the APE1 gene are 
embryonic lethal at very early stages (6–8 days) suggesting that cell survival is critically 
compromised in the absence of APE1 (Ludwig et al., 1998; Xanthoudakis et al., 1996). 
Heterologous expression of APE1 restores resistance to DNA-damaging agents in AP 
endonuclease-deficient cells (Li et al., 2008). APE1 is the only AP endonuclease in 
mitochondrion, and loss of mitochondrial APE1, not of the nuclear APE1 (Chattopadhyay et 
al., 2006), is believed to be responsible for triggering apoptosis, therefore highlighting APE1 
as a potential therapeutic target. (Li et al., 2008). 
Once the AP site has been processed by APE1, the only known mitochondrial DNA 
polymerase, POLG is required to insert the correct nucleotide in the generated gap (Ropp 
and Copeland, 1996). Two different BER pathways exist depending on the number of 
nucleotides that is incorporated by POLG. Short-patch BER involves the incorporation of 
one single nucleotide into the gap, while long-patch BER involves the incorporation of 
several nucleotides, usually in the range of 2 to 7 (Robertson et al., 2009). During the long-
patch BER process, this incorporation of multiple nucleotides results in the exposure of the 
original DNA strand as a single-stranded overhang or a flap structure (Xu et al., 2008). 
Therefore increasing the complexity of long-patch BER, as additional enzymatic activities 
are required to process this flap. Increasing evidence suggests that in both the nucleus and 
the mitochondria, this structure is recognized and cleaved by the flap endonuclease, FEN1 
(Kalifa et al., 2009; Klungland and Lindahl, 1997). Although FEN1 is clearly involved in 
mitochondrial BER, studies have suggested the existence of additional activities involving 
the enzyme Dna2 can also enable the process. Dna2 was originally identified in yeast as a 
nuclear DNA helicase with an endonuclease activity required for removing part of an RNA 
or DNA flap structure (Zheng et al., 2008) and yeast Dna2 has been known for some time to 
function in the nucleus along with FEN1 to process 5′ flaps (Budd and Campbell, 1997). 
Significantly, the major isoform of Dna2 is localized to the mitochondria. (Copeland and 
Longley, 2008; Duxin et al., 2009). Current work implies that mammals have evolved to 
utilize FEN1 as the only nuclear flap endonuclease, whereas both FEN1 and DNA2 appear 
to function together in mitochondria (Duxin et al., 2009). 
The final process in the mitochondrial BER pathway involves sealing of the nick, which 
requires the mitochondrial DNA ligase, Ligase III. It was shown to be an ATP independent 
enzyme, similar to the nuclear DNA ligase (Lakshmipathy and Campbell, 1999b). It is 
involved in both mitochondrial replication and repair. Recently it has been demonstrated 
that Ligase III is critical for mitochondrial DNA maintenance and viability, but is 
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Fig. 1. Schematic representation of the BER pathway in mitochondria. 
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(Takao et al., 2002). The NEIL glycosylases are responsible for excising oxidative DNA 
lesions such as 2,6-diamino-5-foramidopyrimidine (FapyG) and 4,6-diamino-5-
formamidopyrimidine (FapyA) (Doublie et al., 2004). There are three main isoforms, NEIL1, 
NEIL2 and NEIL3, which are present in both the nucleus and the mitochondria (Gredilla et 
al., 2010b; Hazra et al., 2002a; Hazra et al., 2002b). Whilst partial redundancy has been 
described for these glycosylases, NEIL1 knock-out mice accumulate mitochondrial DNA 
deletions to a greater extent than wild-type mice and also develop symptoms associated 
with metabolic syndrome (Vartanian et al., 2006).  
After recognition and cleavage of the modified base by the specific DNA glycosylase, an 
abasic site is formed. The AP endonuclease (APE1) is involved in this step of repair. APE1 
cleaves on the immediate 5’ side of the AP site, leaving a 3’ hydroxyl and 5’-deoxyribose-5-
phosphate (5’-dRP) residue (Masuda et al., 1998). APE1 is the major endonuclease in 
mammalian cells in both the nucleus and the mitochondria (Tell et al., 2005). The functional 
importance of APE1 is highlighted by the findings that knockout mice for the APE1 gene are 
embryonic lethal at very early stages (6–8 days) suggesting that cell survival is critically 
compromised in the absence of APE1 (Ludwig et al., 1998; Xanthoudakis et al., 1996). 
Heterologous expression of APE1 restores resistance to DNA-damaging agents in AP 
endonuclease-deficient cells (Li et al., 2008). APE1 is the only AP endonuclease in 
mitochondrion, and loss of mitochondrial APE1, not of the nuclear APE1 (Chattopadhyay et 
al., 2006), is believed to be responsible for triggering apoptosis, therefore highlighting APE1 
as a potential therapeutic target. (Li et al., 2008). 
Once the AP site has been processed by APE1, the only known mitochondrial DNA 
polymerase, POLG is required to insert the correct nucleotide in the generated gap (Ropp 
and Copeland, 1996). Two different BER pathways exist depending on the number of 
nucleotides that is incorporated by POLG. Short-patch BER involves the incorporation of 
one single nucleotide into the gap, while long-patch BER involves the incorporation of 
several nucleotides, usually in the range of 2 to 7 (Robertson et al., 2009). During the long-
patch BER process, this incorporation of multiple nucleotides results in the exposure of the 
original DNA strand as a single-stranded overhang or a flap structure (Xu et al., 2008). 
Therefore increasing the complexity of long-patch BER, as additional enzymatic activities 
are required to process this flap. Increasing evidence suggests that in both the nucleus and 
the mitochondria, this structure is recognized and cleaved by the flap endonuclease, FEN1 
(Kalifa et al., 2009; Klungland and Lindahl, 1997). Although FEN1 is clearly involved in 
mitochondrial BER, studies have suggested the existence of additional activities involving 
the enzyme Dna2 can also enable the process. Dna2 was originally identified in yeast as a 
nuclear DNA helicase with an endonuclease activity required for removing part of an RNA 
or DNA flap structure (Zheng et al., 2008) and yeast Dna2 has been known for some time to 
function in the nucleus along with FEN1 to process 5′ flaps (Budd and Campbell, 1997). 
Significantly, the major isoform of Dna2 is localized to the mitochondria. (Copeland and 
Longley, 2008; Duxin et al., 2009). Current work implies that mammals have evolved to 
utilize FEN1 as the only nuclear flap endonuclease, whereas both FEN1 and DNA2 appear 
to function together in mitochondria (Duxin et al., 2009). 
The final process in the mitochondrial BER pathway involves sealing of the nick, which 
requires the mitochondrial DNA ligase, Ligase III. It was shown to be an ATP independent 
enzyme, similar to the nuclear DNA ligase (Lakshmipathy and Campbell, 1999b). It is 
involved in both mitochondrial replication and repair. Recently it has been demonstrated 
that Ligase III is critical for mitochondrial DNA maintenance and viability, but is 
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dispensable for Xrcc1-mediated nuclear BER (Gao et al., 2011; Simsek et al., 2011). Depletion 
of DNA ligase III in the mitochondria by antisense DNA ligase III mRNA expression led to a 
decrease in cellular mitochondrial DNA copy number and increased levels of single-strand 
DNA breaks within the mitochondrial genome (Lakshmipathy and Campbell, 2001). 
Ongoing investigations on how the organization of mitochondrial DNA affects BER 
suggests that mitochondrial DNA association to the inner mitochondrial membrane may be 
critical for efficient BER (Boesch et al., 2010).  

2.2 Mismatch repair 
The presence of mismatch repair (MMR) activity in the mitochondria is a controversial area. 
In 2003, Mason et al. demonstrated that mitochondrial extracts from rat liver exhibited a low 
but significant MMR activity and that this activity was independent, of one of the main 
nuclear MMR proteins, MSH2 (Mason et al., 2003). Therefore suggesting that the 
mitochondrial MMR pathway may be distinct from nuclear MMR. To date, data suggesting 
the presence of the nuclear MMR proteins in the mitochondria has been conflicting. In 2009, 
de Souza-Pinto et al. detected the classical MMR proteins MSH3, MSH6 and MLH1 in the 
nuclei but not in mitochondria (de Souza-Pinto et al., 2009). However we and others, have 
detected the presence of MLH1, but not MSH2, in the mitochondria of human tumor cells 
and mouse liver, respectively (Martin et al., 2010; Mootha et al., 2003). Furthermore, our 
recent data suggests a role for MLH1 in mitochondrial oxidative DNA repair, such that 
MLH1 deficiency in combination with silencing of the mitochondrial genes, POLG and 
PINK1, amongst others results in an accumulation in mitochondrial 8-oxoG lesions, 
incompatible with cell viability (Martin et al., 2011; Martin et al., 2010). Studies have also 
suggested that mitochondrial DNA mismatch-binding activity is due to the Y-box-binding 
protein, YB-1 (de Souza-Pinto et al., 2009). Mitochondrial extracts depleted of YB-1 
demonstrated a significantly reduced mismatch-binding and repair activity and also a 
reduced rate of cellular respiration, suggestive of mitochondrial dysfunction. Significantly, 
silencing of YB-1 by RNA interference (RNAi) also resulted in increased mitochondrial DNA 
mutagenesis, therefore suggesting that mitochondria do have a MMR pathway, which 
involves YB-1. The YB-1 mediated mitochondrial mismatch-binding activity was shown to 
have no bias in favor of the matrix strand and is therefore prone to the introduction of 
mutations. Recent data has suggested that it can specifically recognize and bind base 
mismatches and small insertion/deletion loops. In S. cerevisiae, Msh1 which is a homologue 
of the bacterial MutS component, can repair G:A mispairs in mitochondrial DNA, which are 
generated by replication past 8-oxodG, as well as other mismatches (Chi and Kolodner, 
1994). Msh1 is also thought to be involved in mitochondrial DNA recombination, which 
may help prevent oxidative lesion-induced instability of the mitochondrial genome 
(Dzierzbicki et al., 2004; Kaniak et al., 2009; Mookerjee et al., 2005). To date the full extent of 
mismatch repair activity in mammalian mitochondria remains to be elucidated. BER may 
also be involved in repairing mitochondrial mismatches and therefore it is possible that 
proteins that participate in mitochondrial BER may have a role in the downstream activities 
of the mitochondrial MMR pathway.  

2.3 Homologous recombination 
Double-strand breaks (DSBs) represent one of the most lethal forms of DNA damage. In the 
nucleus, even one DSB can be lethal whilst in contrast because the mitochondria possess 
multiple copies of wild type mitochondrial DNA, this can compensate resulting in a less 
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critical presence of a DSB. Even so, DSB repair has been identified in the mitochondria. In 
general, homologous recombination (HR) is the primary mechanism for error-free repair of 
DSBs. HR also plays a critical role in facilitating replication fork progression when the 
polymerase complex encounters a blocking DNA lesion. In 1995, Ling et al identified the 
presence of HR in mitochondria in yeast (Ling et al., 1995). It has also been shown that 
mitochondria are able to repair DSBs in Chinese hamster ovary cells (LeDoux et al., 1992). 
Rad51, the central mediator of nuclear HR, Rad51C and XRCC3, have all been shown to 
localize to the mitochondria in human cells (Sage et al., 2010). Rad51 has been shown to bind 
mitochondrial DNA following exposure to cells upon oxidative stress. Rad51-mediated 
activity is necessary for regulating mitochondrial DNA copy number under conditions of 
oxidative stress and this activity requires the functions of Rad51C and XRCC3. In the 
nucleus, Rad51 and XRCC3 have been shown to cooperate in regulating replication fork 
progression on damaged chromosomes, therefore it has been suggested that mitochondrial 
Rad51, Rad51C and XRCC3 ensure faithful completion of mitochondrial DNA replication as 
the fork encounters blocking lesions. In addition, a study by Thyagarajan et al., have 
demonstrated that human mitochondrial extracts have the ability to catalyze HR of different 
DNA substrates (Thyagarajan et al., 1996). Further evidence of mitochondrial HR analyzed 
segregated mitochondrial DNA mutations in a heteroplasmic mitochondrial DNA 
population and identified combinations of these two mutations in different mitochondrial 
DNA molecules indicating HR and crossing over events between mitochondrial DNA 
molecules with segregated mutations (Zsurka et al., 2004). BRCA1, the breast and ovarian 
cancer susceptibility gene, which plays a role in the HR pathway, has also been shown to 
localize to the mitochondria and was found to colocalize with mitochondrial DNA clusters 
(Coene et al., 2005). 

2.4 Non-homologous end joining 
Studies have shown that mitochondrial protein extracts possess non-homologous end-
joining (NHEJ) activity. NHEJ is highly precise in the case of DNA with cohesive ends while 
blunt-ended DNA are rejoined with less efficiency and precision (Roth et al., 1985). In 
mitochondrial extracts, it has been demonstrated that both cohesive and blunt-ended DNA 
substrates can be rejoined, although the latter with much lower efficiency (Lakshmipathy 
and Campbell, 1999a). Irrespective of which DNA substrate was used, the majority of 
recovered products were precisely repaired. Analysis of imprecisely repaired products 
revealed the presence of deletions that spanned direct repeat sequences. These deletions 
were similar to those observed in the mitochondrial DNA of certain pathological states as 
well as in aging cells. Ku80 is required for nuclear NHEJ due to its DNA end-joining 
activity. Mammalian mitochondrial DNA end-joining activity was reported to be practically 
indistinguishable from that of the nuclear activity. This observation led to the investigation 
and subsequent demonstration that Ku80 is also required for mammalian mitochondrial 
DNA end-joining activity (Feldmann et al., 2000). 

3. Mitochondrial DNA degradation 
The possibility of mitochondrial degradation was first proposed because of early studies 
suggesting that UV-induced pyrimidine dimmers were not repaired in mammalian 
mitochondria (Clayton et al., 1974). Furthermore, in response to treatment with mutagenic 
agents such as ethylmethane sulfonate, N-methyl-N’-nitrosoguanidine and benzo(a)pyrene, 
mitochondrial DNA from HeLa cells only accumulated few mutations suggesting that 
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dispensable for Xrcc1-mediated nuclear BER (Gao et al., 2011; Simsek et al., 2011). Depletion 
of DNA ligase III in the mitochondria by antisense DNA ligase III mRNA expression led to a 
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nuclei but not in mitochondria (de Souza-Pinto et al., 2009). However we and others, have 
detected the presence of MLH1, but not MSH2, in the mitochondria of human tumor cells 
and mouse liver, respectively (Martin et al., 2010; Mootha et al., 2003). Furthermore, our 
recent data suggests a role for MLH1 in mitochondrial oxidative DNA repair, such that 
MLH1 deficiency in combination with silencing of the mitochondrial genes, POLG and 
PINK1, amongst others results in an accumulation in mitochondrial 8-oxoG lesions, 
incompatible with cell viability (Martin et al., 2011; Martin et al., 2010). Studies have also 
suggested that mitochondrial DNA mismatch-binding activity is due to the Y-box-binding 
protein, YB-1 (de Souza-Pinto et al., 2009). Mitochondrial extracts depleted of YB-1 
demonstrated a significantly reduced mismatch-binding and repair activity and also a 
reduced rate of cellular respiration, suggestive of mitochondrial dysfunction. Significantly, 
silencing of YB-1 by RNA interference (RNAi) also resulted in increased mitochondrial DNA 
mutagenesis, therefore suggesting that mitochondria do have a MMR pathway, which 
involves YB-1. The YB-1 mediated mitochondrial mismatch-binding activity was shown to 
have no bias in favor of the matrix strand and is therefore prone to the introduction of 
mutations. Recent data has suggested that it can specifically recognize and bind base 
mismatches and small insertion/deletion loops. In S. cerevisiae, Msh1 which is a homologue 
of the bacterial MutS component, can repair G:A mispairs in mitochondrial DNA, which are 
generated by replication past 8-oxodG, as well as other mismatches (Chi and Kolodner, 
1994). Msh1 is also thought to be involved in mitochondrial DNA recombination, which 
may help prevent oxidative lesion-induced instability of the mitochondrial genome 
(Dzierzbicki et al., 2004; Kaniak et al., 2009; Mookerjee et al., 2005). To date the full extent of 
mismatch repair activity in mammalian mitochondria remains to be elucidated. BER may 
also be involved in repairing mitochondrial mismatches and therefore it is possible that 
proteins that participate in mitochondrial BER may have a role in the downstream activities 
of the mitochondrial MMR pathway.  

2.3 Homologous recombination 
Double-strand breaks (DSBs) represent one of the most lethal forms of DNA damage. In the 
nucleus, even one DSB can be lethal whilst in contrast because the mitochondria possess 
multiple copies of wild type mitochondrial DNA, this can compensate resulting in a less 
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critical presence of a DSB. Even so, DSB repair has been identified in the mitochondria. In 
general, homologous recombination (HR) is the primary mechanism for error-free repair of 
DSBs. HR also plays a critical role in facilitating replication fork progression when the 
polymerase complex encounters a blocking DNA lesion. In 1995, Ling et al identified the 
presence of HR in mitochondria in yeast (Ling et al., 1995). It has also been shown that 
mitochondria are able to repair DSBs in Chinese hamster ovary cells (LeDoux et al., 1992). 
Rad51, the central mediator of nuclear HR, Rad51C and XRCC3, have all been shown to 
localize to the mitochondria in human cells (Sage et al., 2010). Rad51 has been shown to bind 
mitochondrial DNA following exposure to cells upon oxidative stress. Rad51-mediated 
activity is necessary for regulating mitochondrial DNA copy number under conditions of 
oxidative stress and this activity requires the functions of Rad51C and XRCC3. In the 
nucleus, Rad51 and XRCC3 have been shown to cooperate in regulating replication fork 
progression on damaged chromosomes, therefore it has been suggested that mitochondrial 
Rad51, Rad51C and XRCC3 ensure faithful completion of mitochondrial DNA replication as 
the fork encounters blocking lesions. In addition, a study by Thyagarajan et al., have 
demonstrated that human mitochondrial extracts have the ability to catalyze HR of different 
DNA substrates (Thyagarajan et al., 1996). Further evidence of mitochondrial HR analyzed 
segregated mitochondrial DNA mutations in a heteroplasmic mitochondrial DNA 
population and identified combinations of these two mutations in different mitochondrial 
DNA molecules indicating HR and crossing over events between mitochondrial DNA 
molecules with segregated mutations (Zsurka et al., 2004). BRCA1, the breast and ovarian 
cancer susceptibility gene, which plays a role in the HR pathway, has also been shown to 
localize to the mitochondria and was found to colocalize with mitochondrial DNA clusters 
(Coene et al., 2005). 

2.4 Non-homologous end joining 
Studies have shown that mitochondrial protein extracts possess non-homologous end-
joining (NHEJ) activity. NHEJ is highly precise in the case of DNA with cohesive ends while 
blunt-ended DNA are rejoined with less efficiency and precision (Roth et al., 1985). In 
mitochondrial extracts, it has been demonstrated that both cohesive and blunt-ended DNA 
substrates can be rejoined, although the latter with much lower efficiency (Lakshmipathy 
and Campbell, 1999a). Irrespective of which DNA substrate was used, the majority of 
recovered products were precisely repaired. Analysis of imprecisely repaired products 
revealed the presence of deletions that spanned direct repeat sequences. These deletions 
were similar to those observed in the mitochondrial DNA of certain pathological states as 
well as in aging cells. Ku80 is required for nuclear NHEJ due to its DNA end-joining 
activity. Mammalian mitochondrial DNA end-joining activity was reported to be practically 
indistinguishable from that of the nuclear activity. This observation led to the investigation 
and subsequent demonstration that Ku80 is also required for mammalian mitochondrial 
DNA end-joining activity (Feldmann et al., 2000). 

3. Mitochondrial DNA degradation 
The possibility of mitochondrial degradation was first proposed because of early studies 
suggesting that UV-induced pyrimidine dimmers were not repaired in mammalian 
mitochondria (Clayton et al., 1974). Furthermore, in response to treatment with mutagenic 
agents such as ethylmethane sulfonate, N-methyl-N’-nitrosoguanidine and benzo(a)pyrene, 
mitochondrial DNA from HeLa cells only accumulated few mutations suggesting that 
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mitochondrial DNA accumulating excessive amounts of damage or irreparable lesions, is 
not replicated (Mita et al., 1988). More recently, further investigation into this process has 
revealed that extensive or persistent DSBs result in mitochondrial DNA degradation 
(Alexeyev et al., 2008; Bacman et al., 2009; Fukui and Moraes, 2009). Such that the signal that 
triggers mitochondrial DNA degradation has been attributed to DSBs, generated by stalled 
DNA or RNA polymerases on the damaged mitochondrial DNA template. Degradation of 
these molecules prevents mutagenesis and maintains mitochondrial DNA integrity. In the 
case of UV-induced pyrimidine dimers and benzo(a)pyrene-induced adducts, the stalled 
RNA or DNA polymerase would trigger the degradation process. More recently, studies 
have suggested that oxidative stress can lead to the degradation of mitochondrial DNA and 
that strand breaks and abasic sites prevail over mutagenic base lesions in ROS-damaged 
mitochondrial DNA (Shokolenko et al., 2009). Furthermore, inhibition of abasic site 
processing by APE1 and inhibition of BER by methoxyamine treatment enhanced this 
degradation in response to oxidative damage, suggesting that the inability to repair 
mitochondrial DNA damage may be the signal for its degradation (Shokolenko et al., 2009). 
The elimination of damaged mitochondrial DNA was preceded by the accumulation of 
linear mitochondrial DNA molecules, which potentially represent degradation 
intermediates. These intermediates, unlike undamaged circular mitochondrial DNA 
molecules, are susceptible to exonucleolitic degradation thus ensuring the specificity of the 
process. Therefore supporting the observation by Suter and Richter who demonstrated that 
8-oxoG content of circular mitochondrial DNA is low and does not increase in response to 
oxidative insult in contrast to fragmented mitochondrial DNA which had very high 8-oxoG 
content, that further increased after oxidative stress (Suter and Richter, 1999). 

3.1 Mitochondrial DNA degradation nuclease 
The Endonuclease G (EndoG) was initially proposed to be the nuclease responsible for 
selectively degrading non-replicable mitochondrial DNA. Such that Ikeda and Ozaki 
showed that mitochondrial EndoG is more active in vitro on oxidatively modified DNA 
compared to undamaged DNA suggesting that it may be involved in the degradation of 
oxidatively damaged mitochondrial DNA (Ikeda and Ozaki, 1997). However, more recent 
studies illustrated that EndoG-deficient cells or EndoG null mice showed no accumulation 
in mitochondria DNA mutation rate or defects in mitochondrial structure, therefore 
suggesting that EndoG may not be the exclusive nuclease involved (Irvine et al., 2005). 
Davies et al. reported that upon removal of EndoG activity from the mitochondria, another 
nuclease activity can be detected internal to the inner mitochondrial membrane (Davies et 
al., 2003). This exonuclease causes a gradual degradation of amplified DNA and linearized 
pBR322 plasmid DNA without the site-specific cleavage seen with EndoG. However they 
also showed that when supercoiled mitochondrial DNA is used as a substrate, both endo- 
and exonuclease activities could be detected. Whether the endo- and exonucleolytic 
activities arise from the same nuclease or from separate enzymes remains under 
investigation. 

4. Sanitation of the mitochondrial deoxynucleotide triphosphate pool 
So far, we have only discussed repair and damage of mitochondrial DNA, however the free 
deoxynucleotide triphosphate (dNTP) pool is also exposed to oxidation and other stresses. 
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dNTPs are the precursors used by DNA polymerases for replication and repair of nuclear 
and mitochondrial DNA. The cell employs specialized enzymes that remove for example, 
oxidized dNTPs that otherwise may be incorrectly incorporated during DNA synthesis such 
as 8-oxo-2’-deoxyguanosine triphosphate (8-oxo-dGTP). 8-oxo-dGTP can be potentially 
incorporated opposite A by POLG, resulting in 8-oxodG:dA base pairs which are resistant to 
the proof-reading activity of POLG, ultimately resulting in AT to CG transversions (Hanes 
et al., 2006; Pursell et al., 2008). As a defense to such activities, MUTYH, present in both the 
nucleus and mitochondria, has the ability to remove the misincorporated adenine, enabling 
insertion of dCMP and removal of the 8-oxoguanine by BER (Takao et al., 1999; van Loon 
and Hubscher, 2009). Oxidation of the mitochondrial dNTP pool represents a significant 
threat to mitochondrial DNA integrity with the 8-oxo-dGTP concentrations in mitochondrial 
extracts from rat tissues ranging from 1-10% of the total dGTP (Pursell et al., 2008).  
The major defense mechanisms against 8-oxo-dGTP, is its elimination from the dNTP pool 
by the mitochondrial MTH1 (Kang et al., 1995; Nakabeppu, 2001). MTH1 can hydrolyze 8-
oxodGTP to 8-oxodGMP, which is not a substrate for DNA polymerases and therefore 
would not be incorporated into the DNA. MTH1 can also hydrolyze, 8-oxo-2’-
deoxyadenosine triphosphate and 2-hydroxy-2’-deoxtadenosine triphosphate to the 
monophosphates (Sakai et al., 2002). 8-oxoG accumulation in mitochondrial DNA was 
observed in MTH1-null mouse embryonic fibroblasts following hydrogen peroxide 
treatment and in dopaminergic neurons from MTH1-null mice following 1-methyl-4-
phenyl-1,2,3,6,-tetreadropyridine treatment (Yamaguchi et al., 2006; Yoshimura et al., 2003). 
MTH1 was also shown to protect cells from the cytotoxicity of sodium nitoprusside by 
preventing 8-oxoG accumulation in mitochondrial DNA (Ichikawa et al., 2008). Taken 
together, this strongly suggests that MTH1 plays a critical role in protecting mitochondrial 
DNA from oxidized dNTPs.  
The DUT gene, which encodes a UTPase which can remove dUTP from the nucleotide pool, 
also encodes an alternative splice variant that is located to mitochondria (Ladner and 
Caradonna, 1997). dUTP can arise from deamination of dTTP. The mitochondrial protein is 
23 kDa and is constitutively expressed, in contrast to the nuclear isoform, which is cell cycle 
regulated. If modified dNTPs are incorporated into mitochondrial DNA they must be 
removed via the BER pathway, which can repair modifications of single nucleotides already 
incorporated in DNA. 

5. Mitochondrial DNA repair and disease 
Accumulating data increasingly shows the involvement of various mitochondrial DNA 
mutations in human diseases. Several disorders such as myopathy, optic atrophy and Leigh 
syndrome arise as a result of mitochondrial alterations (Edmond, 2009). In addition, a 
number of pathologies are also caused by mutations in nuclear genes that encode for 
mitochondrial proteins (Chan and Copeland, 2009; Horvath et al., 2009; Tuppen et al., 2010). 
The most common genetic defect seen in individuals with mitochondrial DNA-associated 
disease are deletions (Holt et al., 1988; Shoffner et al., 1989) or point mutations (Goto et al., 
1990; Wallace et al., 1988). Mitochondrial DNA deletions have been shown to be important 
in pathogenesis in a number of ways. Single mitochondrial DNA deletions are a common 
cause of sporadic mitochondrial disease and an identical mitochondrial DNA deletion is 
present in all cells of the affected tissue (Schaefer et al., 2008). Some individuals with 
mitochondrial disease have multiple mitochondrial DNA deletions in the affected tissues, 
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mitochondrial DNA accumulating excessive amounts of damage or irreparable lesions, is 
not replicated (Mita et al., 1988). More recently, further investigation into this process has 
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(Alexeyev et al., 2008; Bacman et al., 2009; Fukui and Moraes, 2009). Such that the signal that 
triggers mitochondrial DNA degradation has been attributed to DSBs, generated by stalled 
DNA or RNA polymerases on the damaged mitochondrial DNA template. Degradation of 
these molecules prevents mutagenesis and maintains mitochondrial DNA integrity. In the 
case of UV-induced pyrimidine dimers and benzo(a)pyrene-induced adducts, the stalled 
RNA or DNA polymerase would trigger the degradation process. More recently, studies 
have suggested that oxidative stress can lead to the degradation of mitochondrial DNA and 
that strand breaks and abasic sites prevail over mutagenic base lesions in ROS-damaged 
mitochondrial DNA (Shokolenko et al., 2009). Furthermore, inhibition of abasic site 
processing by APE1 and inhibition of BER by methoxyamine treatment enhanced this 
degradation in response to oxidative damage, suggesting that the inability to repair 
mitochondrial DNA damage may be the signal for its degradation (Shokolenko et al., 2009). 
The elimination of damaged mitochondrial DNA was preceded by the accumulation of 
linear mitochondrial DNA molecules, which potentially represent degradation 
intermediates. These intermediates, unlike undamaged circular mitochondrial DNA 
molecules, are susceptible to exonucleolitic degradation thus ensuring the specificity of the 
process. Therefore supporting the observation by Suter and Richter who demonstrated that 
8-oxoG content of circular mitochondrial DNA is low and does not increase in response to 
oxidative insult in contrast to fragmented mitochondrial DNA which had very high 8-oxoG 
content, that further increased after oxidative stress (Suter and Richter, 1999). 

3.1 Mitochondrial DNA degradation nuclease 
The Endonuclease G (EndoG) was initially proposed to be the nuclease responsible for 
selectively degrading non-replicable mitochondrial DNA. Such that Ikeda and Ozaki 
showed that mitochondrial EndoG is more active in vitro on oxidatively modified DNA 
compared to undamaged DNA suggesting that it may be involved in the degradation of 
oxidatively damaged mitochondrial DNA (Ikeda and Ozaki, 1997). However, more recent 
studies illustrated that EndoG-deficient cells or EndoG null mice showed no accumulation 
in mitochondria DNA mutation rate or defects in mitochondrial structure, therefore 
suggesting that EndoG may not be the exclusive nuclease involved (Irvine et al., 2005). 
Davies et al. reported that upon removal of EndoG activity from the mitochondria, another 
nuclease activity can be detected internal to the inner mitochondrial membrane (Davies et 
al., 2003). This exonuclease causes a gradual degradation of amplified DNA and linearized 
pBR322 plasmid DNA without the site-specific cleavage seen with EndoG. However they 
also showed that when supercoiled mitochondrial DNA is used as a substrate, both endo- 
and exonuclease activities could be detected. Whether the endo- and exonucleolytic 
activities arise from the same nuclease or from separate enzymes remains under 
investigation. 
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dNTPs are the precursors used by DNA polymerases for replication and repair of nuclear 
and mitochondrial DNA. The cell employs specialized enzymes that remove for example, 
oxidized dNTPs that otherwise may be incorrectly incorporated during DNA synthesis such 
as 8-oxo-2’-deoxyguanosine triphosphate (8-oxo-dGTP). 8-oxo-dGTP can be potentially 
incorporated opposite A by POLG, resulting in 8-oxodG:dA base pairs which are resistant to 
the proof-reading activity of POLG, ultimately resulting in AT to CG transversions (Hanes 
et al., 2006; Pursell et al., 2008). As a defense to such activities, MUTYH, present in both the 
nucleus and mitochondria, has the ability to remove the misincorporated adenine, enabling 
insertion of dCMP and removal of the 8-oxoguanine by BER (Takao et al., 1999; van Loon 
and Hubscher, 2009). Oxidation of the mitochondrial dNTP pool represents a significant 
threat to mitochondrial DNA integrity with the 8-oxo-dGTP concentrations in mitochondrial 
extracts from rat tissues ranging from 1-10% of the total dGTP (Pursell et al., 2008).  
The major defense mechanisms against 8-oxo-dGTP, is its elimination from the dNTP pool 
by the mitochondrial MTH1 (Kang et al., 1995; Nakabeppu, 2001). MTH1 can hydrolyze 8-
oxodGTP to 8-oxodGMP, which is not a substrate for DNA polymerases and therefore 
would not be incorporated into the DNA. MTH1 can also hydrolyze, 8-oxo-2’-
deoxyadenosine triphosphate and 2-hydroxy-2’-deoxtadenosine triphosphate to the 
monophosphates (Sakai et al., 2002). 8-oxoG accumulation in mitochondrial DNA was 
observed in MTH1-null mouse embryonic fibroblasts following hydrogen peroxide 
treatment and in dopaminergic neurons from MTH1-null mice following 1-methyl-4-
phenyl-1,2,3,6,-tetreadropyridine treatment (Yamaguchi et al., 2006; Yoshimura et al., 2003). 
MTH1 was also shown to protect cells from the cytotoxicity of sodium nitoprusside by 
preventing 8-oxoG accumulation in mitochondrial DNA (Ichikawa et al., 2008). Taken 
together, this strongly suggests that MTH1 plays a critical role in protecting mitochondrial 
DNA from oxidized dNTPs.  
The DUT gene, which encodes a UTPase which can remove dUTP from the nucleotide pool, 
also encodes an alternative splice variant that is located to mitochondria (Ladner and 
Caradonna, 1997). dUTP can arise from deamination of dTTP. The mitochondrial protein is 
23 kDa and is constitutively expressed, in contrast to the nuclear isoform, which is cell cycle 
regulated. If modified dNTPs are incorporated into mitochondrial DNA they must be 
removed via the BER pathway, which can repair modifications of single nucleotides already 
incorporated in DNA. 

5. Mitochondrial DNA repair and disease 
Accumulating data increasingly shows the involvement of various mitochondrial DNA 
mutations in human diseases. Several disorders such as myopathy, optic atrophy and Leigh 
syndrome arise as a result of mitochondrial alterations (Edmond, 2009). In addition, a 
number of pathologies are also caused by mutations in nuclear genes that encode for 
mitochondrial proteins (Chan and Copeland, 2009; Horvath et al., 2009; Tuppen et al., 2010). 
The most common genetic defect seen in individuals with mitochondrial DNA-associated 
disease are deletions (Holt et al., 1988; Shoffner et al., 1989) or point mutations (Goto et al., 
1990; Wallace et al., 1988). Mitochondrial DNA deletions have been shown to be important 
in pathogenesis in a number of ways. Single mitochondrial DNA deletions are a common 
cause of sporadic mitochondrial disease and an identical mitochondrial DNA deletion is 
present in all cells of the affected tissue (Schaefer et al., 2008). Some individuals with 
mitochondrial disease have multiple mitochondrial DNA deletions in the affected tissues, 
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usually the muscle and the central nervous system (Taylor and Turnbull, 2005). These 
involve nuclear genes encoding proteins involved in either mitochondrial nucleotide 
metabolism or mitochondrial DNA maintenance. There are also a number of reports of 
mitochondrial deletions in aged post-mitotic tissues and individuals with 
neurodegenerative disease (Bender et al., 2006; Kraytsberg et al., 2006; Taylor and Turnbull, 
2005). These pathogenic mitochondrial DNA deletions have been suggested to be as a result 
of mitochondrial DNA repair. It has been postulated that mitochondrial deletions are 
initiated by single-stranded regions of mitochondrial DNA generated through exonuclease 
activity at DSBs (Krishnan et al., 2008). Ultimately, these single strands are free to anneal 
with microhomologous sequences such as repeat sequences on other single-stranded 
mitochondrial DNA or within the noncoding region (Haber, 2000). Once annealed, 
subsequent repair, ligation and degradation of the remaining exposed single strands would 
result in the formation of an intact mitochondrial genome harboring a deleted portion.  

5.1 Mitochondrial DNA repair and neurodegenerative disease 
Mitochondrial DNA damage is found in affected neurons in the majority of 
neurodegenerative disorders, and is often associated with oxidative DNA damage and 
mitochondrial dysfunction (de Moura et al., 2010). Accumulation of nuclear DNA and 
mitochondrial DNA lesions has been demonstrated to be a critical factor contributing to 
genomic instability and mitochondrial dysfunction in neurodegenerative diseases (Lin and 
Beal, 2006; Yang et al., 2008). DNA repair mechanisms are essential for the proper 
maintenance of the mammalian central nervous system. Therefore, deficiency in DNA 
repair, particularly in BER, is increasingly recognized as a major contributor to neuronal 
loss. Neurodegenerative diseases are increasingly associated with mutations in 
mitochondrial DNA strongly suggesting that neurons are particularly sensitive to 
mitochondrial dysfunction. Neurons in both the peripheral and central nervous systems are 
adversely affected by mitochondrial mutations (Wallace, 2001). Examples of 
neurodegenerative diseases associated with mitochondrial DNA damage and repair 
(Finsterer, 2006; Servidei, 2004) include but are not limited to: Alzheimers disease, 
Parkinsons disease and Huntingtons disease. The fact that many of these share similar 
neuropathological features with multiple neurodegenerative disorders, suggests a 
significant role for mitochondrial dysfunction in the pathogenesis of neurodegenerative 
disorders. 
Alzheimers Disease, the most common form of age-associated dementia, is a progressive 
and always fatal disorder characterized clinically by memory loss and behavioral 
abnormalities, and histopathologically by deposition of amyloid β-peptide (Aβ), cytoskeletal 
pathology, degeneration of synapses and neuronal death (Mattson, 2004). Several studies 
have shown that oxidative modification to both nuclear DNA and mitochondrial DNA are 
increased in brains of Alzheimers disease patients (Gabbita et al., 1998; Mecocci et al., 1994; 
Wang et al., 2005). An accumulation of 8-hydroxy-2-deoxyguanosine (8-OHdG) was 
observed in mitochondrial DNA isolated from cortical brain regions of Alzheimers patients 
(Mecocci et al., 1994). Furthermore significant BER dysfunction was observed in brains of 
Alzheimers patients, resulting from reduced UDG, OGG1 and POLB activities (Weissman et 
al., 2007). Parkinson's disease is the second most prevalent neurodegenerative disease, 
affecting approximately 2% of individuals over the age of 65 years (de Rijk et al., 1997; 
Mouradian, 2002). It is clinically characterized by resting tremor, postural instability, gait 
disturbance, bradykinesia and rigidity. Increasing evidence suggests that oxidative damage 
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to DNA, both nuclear and mitochondrial, contributes to the degeneration of dopaminergic 
neurons in Parkinsons disease (Alam et al., 1997). Swerdlow et al. demonstrated that 
mitochondria from Parkinsons patients exhibit increased production of ROS, decreased 
activity of complex I and increased DNA damage (Swerdlow et al., 1996). Huntington's 
disease is a dominantly inherited neurodegenerative disorder caused by expanded CAG 
trinucleotide repeats in the amino-terminal coding region of the huntingtin (Htt) gene 
(Cepeda et al., 2007). It was suggested that expansion of the CAG trinucleotide repeats in 
Huntingtons disease requires DNA break repair and involves several DNA repair enzymes 
including FEN1 (Lee and Park, 2002; Spiro et al., 1999). It was also proposed that faulty 
processing of strand breaks by FEN-1, initiates CAG repeat instability in mammalian cells 
(Spiro and McMurray, 2003). It was recently demonstrated that the accumulation of 
oxidative DNA lesions in brains and livers of Huntingtons mice, including 8-oxoG, 5-
hydroxyuracil (5-OHU), 5-hydroxycytosine (5-OHC), and formamidopyrimidine (FAPY), 
were correlated with the degree of trinucleotide expansion, suggesting that that initiation of 
CAG repeats may occur during removal of oxidative DNA lesions, and could be specifically 
associated with OGG1 activity (Kovtun et al., 2007). 

5.2 Mitochondrial DNA repair and cancer 
The extent to which cancer is caused by or is a consequence of mitochondrial genomic 
alterations is unknown, but substantial data suggest an involvement of mutations in 
mitochondrial DNA in the carcinogenic process. Mitochondrial defects have long been 
suspected to play an important role in the development and progression of cancer (Carew 
and Huang, 2002; Hockenbery, 2002; Warburg, 1956). However the majority of the existing 
data currently show an association of increased mitochondrial DNA mutations in different 
tumours with only little direct evidence for a functional role of these mutations. Tumour 
cells, in general, have increased levels of mitochondrial DNA transcripts, while both 
increases and decreases in the levels of tumour cell mitochondrial DNA have been reported. 
ROS-triggered mutagenesis of both mitochondrial DNA and nuclear DNA has been 
suggested to correlate with tumourigenesis. (Klaunig et al., 2010). Decreased nuclear and 
mitochondrial levels of the OGG1 glycosylase were observed in human lung cancers 
compared with normal cells (Karahalil et al., 2010). Furthermore, decreased OGG1 
expression was also observed in spontaneous hepatocellular carcinomas developed in 
mutant rats, in association with an accumulation of oxidative DNA damage and ROS 
generation (Choudhury et al., 2003). Colorectal cancers have been shown to exhibit 
increased somatic mitochondrial DNA mutations (Habano et al., 1998; Polyak et al., 1998). 
Significantly, all of these mutations were present in the majority of the tumour cells and 90% 
of them were detectable in all of the mitochondrial DNA present in cells, strongly 
suggesting that all mitochondrial DNA molecules in the mitochondrion contain the same 
mutation. Breast cancer also exhibit somatic mitochondrial DNA mutations (Parrella et al., 
2001; Radpour et al., 2009), in addition to kidney (Meierhofer et al., 2006) (Nagy et al., 2003), 
stomach (Hung et al., 2010; Jeong et al., 2010), prostate (Moro et al., 2009) (Parr et al., 2006) 
liver (Vivekanandan et al., 2010; Zhang et al., 2010), bladder (Dasgupta et al., 2008), head 
and neck (Allegra et al., 2006; Dasgupta et al., 2010; Mithani et al., 2007) and lung (Dai et al., 
2006; Jin et al., 2007; Suzuki et al., 2003). Furthermore increased mitochondrial DNA 
mutation frequencies were associated with hereditary paraganglioma (Muller et al., 2005; 
Taschner et al., 2001) and thyroid cancers (Abu-Amero et al., 2005; Rogounovitch et al., 
2004). Clayton and Smith further expanded studies of mitochondrial DNA structural 
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usually the muscle and the central nervous system (Taylor and Turnbull, 2005). These 
involve nuclear genes encoding proteins involved in either mitochondrial nucleotide 
metabolism or mitochondrial DNA maintenance. There are also a number of reports of 
mitochondrial deletions in aged post-mitotic tissues and individuals with 
neurodegenerative disease (Bender et al., 2006; Kraytsberg et al., 2006; Taylor and Turnbull, 
2005). These pathogenic mitochondrial DNA deletions have been suggested to be as a result 
of mitochondrial DNA repair. It has been postulated that mitochondrial deletions are 
initiated by single-stranded regions of mitochondrial DNA generated through exonuclease 
activity at DSBs (Krishnan et al., 2008). Ultimately, these single strands are free to anneal 
with microhomologous sequences such as repeat sequences on other single-stranded 
mitochondrial DNA or within the noncoding region (Haber, 2000). Once annealed, 
subsequent repair, ligation and degradation of the remaining exposed single strands would 
result in the formation of an intact mitochondrial genome harboring a deleted portion.  

5.1 Mitochondrial DNA repair and neurodegenerative disease 
Mitochondrial DNA damage is found in affected neurons in the majority of 
neurodegenerative disorders, and is often associated with oxidative DNA damage and 
mitochondrial dysfunction (de Moura et al., 2010). Accumulation of nuclear DNA and 
mitochondrial DNA lesions has been demonstrated to be a critical factor contributing to 
genomic instability and mitochondrial dysfunction in neurodegenerative diseases (Lin and 
Beal, 2006; Yang et al., 2008). DNA repair mechanisms are essential for the proper 
maintenance of the mammalian central nervous system. Therefore, deficiency in DNA 
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mitochondrial DNA strongly suggesting that neurons are particularly sensitive to 
mitochondrial dysfunction. Neurons in both the peripheral and central nervous systems are 
adversely affected by mitochondrial mutations (Wallace, 2001). Examples of 
neurodegenerative diseases associated with mitochondrial DNA damage and repair 
(Finsterer, 2006; Servidei, 2004) include but are not limited to: Alzheimers disease, 
Parkinsons disease and Huntingtons disease. The fact that many of these share similar 
neuropathological features with multiple neurodegenerative disorders, suggests a 
significant role for mitochondrial dysfunction in the pathogenesis of neurodegenerative 
disorders. 
Alzheimers Disease, the most common form of age-associated dementia, is a progressive 
and always fatal disorder characterized clinically by memory loss and behavioral 
abnormalities, and histopathologically by deposition of amyloid β-peptide (Aβ), cytoskeletal 
pathology, degeneration of synapses and neuronal death (Mattson, 2004). Several studies 
have shown that oxidative modification to both nuclear DNA and mitochondrial DNA are 
increased in brains of Alzheimers disease patients (Gabbita et al., 1998; Mecocci et al., 1994; 
Wang et al., 2005). An accumulation of 8-hydroxy-2-deoxyguanosine (8-OHdG) was 
observed in mitochondrial DNA isolated from cortical brain regions of Alzheimers patients 
(Mecocci et al., 1994). Furthermore significant BER dysfunction was observed in brains of 
Alzheimers patients, resulting from reduced UDG, OGG1 and POLB activities (Weissman et 
al., 2007). Parkinson's disease is the second most prevalent neurodegenerative disease, 
affecting approximately 2% of individuals over the age of 65 years (de Rijk et al., 1997; 
Mouradian, 2002). It is clinically characterized by resting tremor, postural instability, gait 
disturbance, bradykinesia and rigidity. Increasing evidence suggests that oxidative damage 
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to DNA, both nuclear and mitochondrial, contributes to the degeneration of dopaminergic 
neurons in Parkinsons disease (Alam et al., 1997). Swerdlow et al. demonstrated that 
mitochondria from Parkinsons patients exhibit increased production of ROS, decreased 
activity of complex I and increased DNA damage (Swerdlow et al., 1996). Huntington's 
disease is a dominantly inherited neurodegenerative disorder caused by expanded CAG 
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(Cepeda et al., 2007). It was suggested that expansion of the CAG trinucleotide repeats in 
Huntingtons disease requires DNA break repair and involves several DNA repair enzymes 
including FEN1 (Lee and Park, 2002; Spiro et al., 1999). It was also proposed that faulty 
processing of strand breaks by FEN-1, initiates CAG repeat instability in mammalian cells 
(Spiro and McMurray, 2003). It was recently demonstrated that the accumulation of 
oxidative DNA lesions in brains and livers of Huntingtons mice, including 8-oxoG, 5-
hydroxyuracil (5-OHU), 5-hydroxycytosine (5-OHC), and formamidopyrimidine (FAPY), 
were correlated with the degree of trinucleotide expansion, suggesting that that initiation of 
CAG repeats may occur during removal of oxidative DNA lesions, and could be specifically 
associated with OGG1 activity (Kovtun et al., 2007). 

5.2 Mitochondrial DNA repair and cancer 
The extent to which cancer is caused by or is a consequence of mitochondrial genomic 
alterations is unknown, but substantial data suggest an involvement of mutations in 
mitochondrial DNA in the carcinogenic process. Mitochondrial defects have long been 
suspected to play an important role in the development and progression of cancer (Carew 
and Huang, 2002; Hockenbery, 2002; Warburg, 1956). However the majority of the existing 
data currently show an association of increased mitochondrial DNA mutations in different 
tumours with only little direct evidence for a functional role of these mutations. Tumour 
cells, in general, have increased levels of mitochondrial DNA transcripts, while both 
increases and decreases in the levels of tumour cell mitochondrial DNA have been reported. 
ROS-triggered mutagenesis of both mitochondrial DNA and nuclear DNA has been 
suggested to correlate with tumourigenesis. (Klaunig et al., 2010). Decreased nuclear and 
mitochondrial levels of the OGG1 glycosylase were observed in human lung cancers 
compared with normal cells (Karahalil et al., 2010). Furthermore, decreased OGG1 
expression was also observed in spontaneous hepatocellular carcinomas developed in 
mutant rats, in association with an accumulation of oxidative DNA damage and ROS 
generation (Choudhury et al., 2003). Colorectal cancers have been shown to exhibit 
increased somatic mitochondrial DNA mutations (Habano et al., 1998; Polyak et al., 1998). 
Significantly, all of these mutations were present in the majority of the tumour cells and 90% 
of them were detectable in all of the mitochondrial DNA present in cells, strongly 
suggesting that all mitochondrial DNA molecules in the mitochondrion contain the same 
mutation. Breast cancer also exhibit somatic mitochondrial DNA mutations (Parrella et al., 
2001; Radpour et al., 2009), in addition to kidney (Meierhofer et al., 2006) (Nagy et al., 2003), 
stomach (Hung et al., 2010; Jeong et al., 2010), prostate (Moro et al., 2009) (Parr et al., 2006) 
liver (Vivekanandan et al., 2010; Zhang et al., 2010), bladder (Dasgupta et al., 2008), head 
and neck (Allegra et al., 2006; Dasgupta et al., 2010; Mithani et al., 2007) and lung (Dai et al., 
2006; Jin et al., 2007; Suzuki et al., 2003). Furthermore increased mitochondrial DNA 
mutation frequencies were associated with hereditary paraganglioma (Muller et al., 2005; 
Taschner et al., 2001) and thyroid cancers (Abu-Amero et al., 2005; Rogounovitch et al., 
2004). Clayton and Smith further expanded studies of mitochondrial DNA structural 
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changes in leukocytes of leukemic patients and also in patients with a variety of solid 
tumors (Clayton and Smith, 1975). 
Data suggesting a role for mitochondrial DNA in cancer regression comes from studies with 
the chemotherapy drugs, bis-2-chloroethylnitrosourea (BCNU) and temozolomide. These 
drugs induce cell death by alkylation of DNA bases to form mutagenic O6 methylguanine 
and interstrand cross-links (Ludlum, 1997; Newlands et al., 1997). The repair enzyme 
O6methyloguanine DNA methyltransferase (MGMT) removes O6methylguanine DNA 
damage (Bobola et al., 1995; Bobola et al., 1996). Studies have shown that transfecting 
haematopoietic cell lines with low repair activity for alkylated DNA damage with 
mitochondrial-targeted and nuclear-targeted MGMT generated resistance against the 
cytotoxic effects of BCNU and temozolomide (Cai et al., 2005). Significantly, this effect was 
more dependent on mitochondrial MGMT in comparison to the nuclear MGMT suggesting 
the contribution of mitochondrial DNA repair in the generation of drug-resistant tumour 
cells.  

6. Mitochondrial DNA repair and aging 
Many theories have been proposed to explain the phenomenon of aging (Kirkwood, 2005). 
Amongst these is the mitochondrial free radical theory of aging, which states that the 
accumulation of mitochondrial damage and the progressive accumulation of free radical 
damage in post-mitotic tissues, is the cause of aging (Harman, 1956). Because mitochondria 
are the main generators of ROS and consequently the main target of their DNA damaging 
effects, oxidative damage can result in increasing rates of mitochondrial DNA mutations. A 
vicious cycle can potentially occur as mitochondria encode for components of the 
respiratory chain and ATP synthase complexes, therefore mutations in the mitochondrial 
DNA may cause defects in oxidative phosphorylation resulting in an increased generation 
of ROS and further mitochondrial DNA damage (Miquel et al., 1980).  
The mitochondrial theory of ageing has been controversial, with numerous studies 
performed to elucidate the precise correlation between oxidative damage, mitochondrial 
mutations and aging. One prominent study involves the generation of a mouse model that 
illustrates an increase in mitochondrial DNA mutation and oxidative phosphorylation 
defects. This mouse model which carries an error-prone form of POLG was generated, and 
correlated with decreased life expectancy and a premature ageing phenotype (Kujoth et al., 
2005; Trifunovic et al., 2004). However there was little evidence of increased ROS or 
oxidative damage as a result of the mitochondrial DNA replication errors, suggesting the 
lack of the previously proposed “vicious cycle”. Studies of the various tissues of these mice, 
have suggested that it is the accumulation of mitochondrial DNA deletions and clonal 
expansion identified in the brain and heart that drive the premature aging phenotype 
(Vermulst et al., 2007)(Vermulst et al., 2008). More recently, an alternative study has now 
suggested that it is random point mutations occurring in mitochondrial DNA analyzed in 
the liver and heart that are the driving force behind the aging phenotype (Edgar et al., 2009). 
The discrepancies between the studies may be due to the analysis of either mitotic or post-
mitotic tissues. Such that, it has been suggested that in post-mitotic tissues, mitochondrial 
DNA deletions occur initially during repair of damaged DNA whilst in mitotic tissues it is 
thought that mitochondrial DNA point mutations are likely to be generated during 
replication (Reeve et al., 2009).  
A number of studies suggest that although oxidative damage of mitochondrial DNA does 
accumulate with age in mammalian cells, this accumulation does not regulate lifespan 
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(Arnheim and Cortopassi, 1992; Barja and Herrero, 2000). Similarly, in Drosophila, 
mitochondrial ROS production increases with age but does not influence its lifespan (Sanz et 
al., 2010). One reason has been postulated such that scavenging free radicals could increase 
life expectancy whilst increasing ROS may lead to premature cell death. To address this 
several transgenic models have been generated. Although over-expression of the 
mitochondrial Mn-superoxide dismutase (MnSOD) extends lifespan in Drosophila (Sun et 
al., 2002), it had no effect on lifespan in similarly over-expressing mice (Jang et al., 2009; 
Perez et al., 2009). An increase in ROS levels by inactivation of antioxidants does not display 
shortened lifespan, such that transgenic mice expressing only one allele of mitochondrial 
thioredoxin TRX2 do not display any decrease in life expectancy, whilst exhibiting 
significant defects in oxidative phosphorylation and increased hydrogen peroxide 
production (Jang et al., 2009). Therefore strongly suggesting that ROS generation during 
normal metabolism is unlikely to be the main or single cause of aging.  
A causative role for mitochondrial DNA damage in the development of aging remains to be 
proven, however damaged mitochondrial DNA accumulates with age suggesting a potential 
role for mitochondrial DNA repair. Mitochondrial DNA repair defects may contribute to the 
accumulation of DNA damage associated with aging (Druzhyna et al., 2008; Gredilla et al., 
2010a). Studies suggest that the 8-oxoG DNA lesion is one of the most abundant oxidative 
lesions which accumulates with age in the mitochondria. However, in apparent contrast the 
overall OGG1 8-oxoG glycosylase activity has been shown to increase with age in 
mammalian cells (Stevnsner et al., 2002b). Further studies have postulated that while the 
overall OGG1 content in the mitochondria increases with age, the amount of OGG1 in the 
mitochondrial inner compartment decreases resulting in the observed accumulation of 8-
oxoG in mitochondrial DNA with a large fraction of the enzyme remaining stuck to the 
membrane in the precursor form, which could not be translocated to and processed in the 
mitochondrial matrix. (Szczesny et al., 2003). A similar observation has been reported for the 
mitochondrial uracil DNA glycosylase, UDG, suggesting a deficiency in import in aged cells 
(Szczesny et al., 2003).  
Caloric restriction has been shown to reduce the accumulation of mitochondrial DNA 
mutations and increase lifespan (Aspnes et al., 1997; Cassano et al., 2004; Gredilla and Barja, 
2005). DNA repair in the nucleus has been shown to be enhanced by caloric restriction and 
promote genomic stability (Heydari et al., 2007). However, studies in the mitochondria have 
shown that mitochondrial BER capacity did not change in liver and actually decreased in the 
brain and kidney of caloric restricted rats (Stuart et al., 2004). This decrease in BER correlates 
with the observation that mitochondria from caloric restricted rodents generate ROS and 
accumulate oxidative DNA damage at lower rates than non-restricted animals (Gredilla and 
Barja, 2005). Therefore it has been suggested that when the levels of ROS and mitochondrial 
DNA damage are significantly reduced, it may enable the organism to require less energy 
required for mitochondrial DNA repair.  

7. Conclusion 
Originally thought to be absent, DNA repair mechanisms in the mitochondria are now well 
established. Whilst all the core enzymatic components of the BER pathway have been 
identified in the mitochondria, the precise mechanisms of the remaining pathways have 
been less well investigated. For example, identification and characterization of the key 
players in the mitochondrial MMR pathway and a potential role for NER proteins in the 
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changes in leukocytes of leukemic patients and also in patients with a variety of solid 
tumors (Clayton and Smith, 1975). 
Data suggesting a role for mitochondrial DNA in cancer regression comes from studies with 
the chemotherapy drugs, bis-2-chloroethylnitrosourea (BCNU) and temozolomide. These 
drugs induce cell death by alkylation of DNA bases to form mutagenic O6 methylguanine 
and interstrand cross-links (Ludlum, 1997; Newlands et al., 1997). The repair enzyme 
O6methyloguanine DNA methyltransferase (MGMT) removes O6methylguanine DNA 
damage (Bobola et al., 1995; Bobola et al., 1996). Studies have shown that transfecting 
haematopoietic cell lines with low repair activity for alkylated DNA damage with 
mitochondrial-targeted and nuclear-targeted MGMT generated resistance against the 
cytotoxic effects of BCNU and temozolomide (Cai et al., 2005). Significantly, this effect was 
more dependent on mitochondrial MGMT in comparison to the nuclear MGMT suggesting 
the contribution of mitochondrial DNA repair in the generation of drug-resistant tumour 
cells.  

6. Mitochondrial DNA repair and aging 
Many theories have been proposed to explain the phenomenon of aging (Kirkwood, 2005). 
Amongst these is the mitochondrial free radical theory of aging, which states that the 
accumulation of mitochondrial damage and the progressive accumulation of free radical 
damage in post-mitotic tissues, is the cause of aging (Harman, 1956). Because mitochondria 
are the main generators of ROS and consequently the main target of their DNA damaging 
effects, oxidative damage can result in increasing rates of mitochondrial DNA mutations. A 
vicious cycle can potentially occur as mitochondria encode for components of the 
respiratory chain and ATP synthase complexes, therefore mutations in the mitochondrial 
DNA may cause defects in oxidative phosphorylation resulting in an increased generation 
of ROS and further mitochondrial DNA damage (Miquel et al., 1980).  
The mitochondrial theory of ageing has been controversial, with numerous studies 
performed to elucidate the precise correlation between oxidative damage, mitochondrial 
mutations and aging. One prominent study involves the generation of a mouse model that 
illustrates an increase in mitochondrial DNA mutation and oxidative phosphorylation 
defects. This mouse model which carries an error-prone form of POLG was generated, and 
correlated with decreased life expectancy and a premature ageing phenotype (Kujoth et al., 
2005; Trifunovic et al., 2004). However there was little evidence of increased ROS or 
oxidative damage as a result of the mitochondrial DNA replication errors, suggesting the 
lack of the previously proposed “vicious cycle”. Studies of the various tissues of these mice, 
have suggested that it is the accumulation of mitochondrial DNA deletions and clonal 
expansion identified in the brain and heart that drive the premature aging phenotype 
(Vermulst et al., 2007)(Vermulst et al., 2008). More recently, an alternative study has now 
suggested that it is random point mutations occurring in mitochondrial DNA analyzed in 
the liver and heart that are the driving force behind the aging phenotype (Edgar et al., 2009). 
The discrepancies between the studies may be due to the analysis of either mitotic or post-
mitotic tissues. Such that, it has been suggested that in post-mitotic tissues, mitochondrial 
DNA deletions occur initially during repair of damaged DNA whilst in mitotic tissues it is 
thought that mitochondrial DNA point mutations are likely to be generated during 
replication (Reeve et al., 2009).  
A number of studies suggest that although oxidative damage of mitochondrial DNA does 
accumulate with age in mammalian cells, this accumulation does not regulate lifespan 
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(Arnheim and Cortopassi, 1992; Barja and Herrero, 2000). Similarly, in Drosophila, 
mitochondrial ROS production increases with age but does not influence its lifespan (Sanz et 
al., 2010). One reason has been postulated such that scavenging free radicals could increase 
life expectancy whilst increasing ROS may lead to premature cell death. To address this 
several transgenic models have been generated. Although over-expression of the 
mitochondrial Mn-superoxide dismutase (MnSOD) extends lifespan in Drosophila (Sun et 
al., 2002), it had no effect on lifespan in similarly over-expressing mice (Jang et al., 2009; 
Perez et al., 2009). An increase in ROS levels by inactivation of antioxidants does not display 
shortened lifespan, such that transgenic mice expressing only one allele of mitochondrial 
thioredoxin TRX2 do not display any decrease in life expectancy, whilst exhibiting 
significant defects in oxidative phosphorylation and increased hydrogen peroxide 
production (Jang et al., 2009). Therefore strongly suggesting that ROS generation during 
normal metabolism is unlikely to be the main or single cause of aging.  
A causative role for mitochondrial DNA damage in the development of aging remains to be 
proven, however damaged mitochondrial DNA accumulates with age suggesting a potential 
role for mitochondrial DNA repair. Mitochondrial DNA repair defects may contribute to the 
accumulation of DNA damage associated with aging (Druzhyna et al., 2008; Gredilla et al., 
2010a). Studies suggest that the 8-oxoG DNA lesion is one of the most abundant oxidative 
lesions which accumulates with age in the mitochondria. However, in apparent contrast the 
overall OGG1 8-oxoG glycosylase activity has been shown to increase with age in 
mammalian cells (Stevnsner et al., 2002b). Further studies have postulated that while the 
overall OGG1 content in the mitochondria increases with age, the amount of OGG1 in the 
mitochondrial inner compartment decreases resulting in the observed accumulation of 8-
oxoG in mitochondrial DNA with a large fraction of the enzyme remaining stuck to the 
membrane in the precursor form, which could not be translocated to and processed in the 
mitochondrial matrix. (Szczesny et al., 2003). A similar observation has been reported for the 
mitochondrial uracil DNA glycosylase, UDG, suggesting a deficiency in import in aged cells 
(Szczesny et al., 2003).  
Caloric restriction has been shown to reduce the accumulation of mitochondrial DNA 
mutations and increase lifespan (Aspnes et al., 1997; Cassano et al., 2004; Gredilla and Barja, 
2005). DNA repair in the nucleus has been shown to be enhanced by caloric restriction and 
promote genomic stability (Heydari et al., 2007). However, studies in the mitochondria have 
shown that mitochondrial BER capacity did not change in liver and actually decreased in the 
brain and kidney of caloric restricted rats (Stuart et al., 2004). This decrease in BER correlates 
with the observation that mitochondria from caloric restricted rodents generate ROS and 
accumulate oxidative DNA damage at lower rates than non-restricted animals (Gredilla and 
Barja, 2005). Therefore it has been suggested that when the levels of ROS and mitochondrial 
DNA damage are significantly reduced, it may enable the organism to require less energy 
required for mitochondrial DNA repair.  

7. Conclusion 
Originally thought to be absent, DNA repair mechanisms in the mitochondria are now well 
established. Whilst all the core enzymatic components of the BER pathway have been 
identified in the mitochondria, the precise mechanisms of the remaining pathways have 
been less well investigated. For example, identification and characterization of the key 
players in the mitochondrial MMR pathway and a potential role for NER proteins in the 
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repair of oxidative damage in the mitochondria remain unclear. Inactivation of many 
nuclear genes encoding key proteins, can impact mitochondrial DNA maintenance and 
result in an accumulation of DNA damage and ultimately mutations. Controversy 
surrounds the pathological nature of these mitochondrial DNA mutations, however 
increasing evidence links mitochondrial DNA integrity with carcinogenesis, 
neurodegenerative disease and aging. Taken together, future work requires an in dept 
analysis of the functional role of these mutations in human pathologies and aging.  
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1. Introduction 
In mammalian cells, genetic information is stored in two locations: in the nucleus and in 
mitochondria. Nuclear DNA (nDNA) is organized into chromosomes of which two sets are 
present per cell: one paternal, and one maternal. In contrast, mitochondrial DNA (mtDNA) 
inheritance is (with few exceptions) exclusively maternal, and is highly redundant, typically 
a few hundred to a few thousand copies per cell.  In many (but not all, (Noll et al., 1990)) cell 
types the bulk of ATP is produced by oxidative phosphorylation (OXPHOS) in 
mitochondria. Since mtDNA encodes components of four out of five mitochondrial 
respiratory complexes, it is not surprising that alterations in mtDNA result in 
(mitochondrial) disease (Holt et al., 1988; Lestienne & Ponsot, 1988; Wallace et al., 1988). 
Apart from mitochondrial disease, mutations in mtDNA are linked to a spectrum of diseases 
including cancer, diabetes, cardiovascular diseases and neurodegenerative disorders, as well 
as the normal process of aging (Wallace, 2005). Importantly, it has been established that not 
only mtDNA mutations, but also reduction in the mtDNA copy number can be pathogenic 
(Clay Montier et al., 2009; Rotig & Poulton, 2009). Understanding cellular mechanisms for 
the maintenance of mtDNA integrity and copy number is, therefore, of utmost importance 
since it can provide targets for clinical interventions aimed at prevention and treatment of 
human disease.   

2. Organization of the mitochondrial genome 
Human mtDNA (Figue 1) is approximately 16.6 kbp long and encodes two rRNAs, 22 
tRNAs and 13 polypeptides of which 7 are subunits of complex I (NADH dehydrogenase), 3 
are subunits of complex IV (cytochrome c oxidase), 2 are subunits of complex V (ATP 
synthase), and cytochrome b (a subunit of complex III). The density of genetic information 
in mtDNA is relatively high, with very short intergenic regions.  To increase this density 
some genes overlap, and some others lack complete termination codons, which are created 
by polyadenylation of corresponding mRNAs (Ojala et al., 1981). A short noncoding 
regulatory region in mtDNA harbours an origin of replication plus two promoters, one on 
each of the two complementary strands. These promoters generate polycistronic transcripts 
that are processed to produce mature rRNAs, tRNAs, and mRNAs and also are involved in 
the generation of the primer for replication of one of the strands.  
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synthase), and cytochrome b (a subunit of complex III). The density of genetic information 
in mtDNA is relatively high, with very short intergenic regions.  To increase this density 
some genes overlap, and some others lack complete termination codons, which are created 
by polyadenylation of corresponding mRNAs (Ojala et al., 1981). A short noncoding 
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each of the two complementary strands. These promoters generate polycistronic transcripts 
that are processed to produce mature rRNAs, tRNAs, and mRNAs and also are involved in 
the generation of the primer for replication of one of the strands.  
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Fig. 1. The map of human Mitochondrial DNA.  OH and OL, origins of heavy and light 
strand replication, respectively; ND1-ND6, subunits of NADH dehydrogenase (ETC 
complex I) subunits 1 through 6; COX1-COX3, subunits of cytochrome oxidase subunits 1 
through 3 (ETC complex IV), ATP6 and ATP8, subunits 6 and 8 of mitochondrial ATPase 
(complex V), Cyt b, cytochrome b (complex III). 

It has been determined that mitochondria contain, on average, two molecules of mtDNA 
(Cavelier et al., 2000).  However, mitochondria form a dynamic network which, in different 
cell types and under different physiological conditions, can assume a variety of 
conformations, the two extremes being “reticular” (mitochondria in the cell are fused to 
form a network of extended filaments) and “particular” (network is disintegrated into short 
fragments).  In both conformations, mitochondria perpetually undergo the processes of 
fission and fusion, thus mixing their contents. Therefore, the above definitions of 
“reticulate” and “particulate” mitochondrial conformations are relative terms referring to a 
snapshot of the mitochondrial network in a cell.  Nevertheless, these terms are useful as they 
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describe the prevalence of either mitochondrial fission (“particulate” conformation) or 
fusion (“reticulate” conformation) in a given cell under given physiological conditions.  In 
this light, the average number of mtDNA copies per mitochondrion determined in some 
studies (Cavelier et al., 2000) may simply reflect the extent of mitochondrial fragmentation 
under the assay conditions, which is defined by two factors: a) the mitochondrial 
conformation inside the cell, and b) the extent of mitochondrial fragmentation during 
isolation for the  analysis of mtDNA content.  
Nuclear genetic material is represented by nucleoprotein complexes consisting of DNA 
wrapped around a core octamer of histones forming “beads on a string”. This nucleosomal 
chromatin is further organized to form chromosomes. In contrast, the mitochondrial genome 
lacks histones, which has led to the widespread belief that the observed high rate of mtDNA 
mutagenesis (approximately 10-fold greater than in nDNA (Brown, W.M. et al., 1979; 
Ballard & Whitlock, 2004; Tatarenkov & Avise, 2007) can be explained by the lack of 
“protective” histones. This belief lacks direct experimental support and remains 
controversial as it contradicts some experimental evidence, which suggests that histones 
may enhance, rather than reduce DNA damage (Liang, R. et al., 1999; Liang, Q. & Dedon, 
2001), at least under some conditions, and that mtDNA-associated proteins are at least as 
protective against mutagenic insults as histones under other conditions (Guliaeva et al., 
2006). Moreover, mtDNA may be physically covered with TFAM (Alam et al., 2003), an 
HMG-like protein involved in mtDNA transcription and replication, a notion which is 
consistent with the limited accessibility of mtDNA to methytransferases (Rebelo et al., 2009). 
Considering the endosymbiotic theory of mitochondrial origin from an ancient prokaryote, 
it is perhaps not surprising that recent studies revealed similarities in packaging of mtDNA 
and bacterial chromosomes. Thus, it has been established that in the ECV304 cell line the 
3,500 copies of mtDNA are organized into ~475 nucleoids about 70 nm in diameter, each of 
them carrying 6-10 copies of mtDNA (Iborra et al., 2004). This organization insures similar 
DNA densities in mitochondrial and E. coli nucleoids, about 35 mg/ml (Iborra et al., 2004). 
Mitochondrial nucleoids are spaced more uniformly than would be expected by random 
distribution. This uniformity likely results from inability of nucleoids to diffuse freely due to 
their anchoring in the mitochondrial inner membrane. Nucleoids are found in close 
association with both microtubules and with KIF5B, a kinesin motor responsible for the 
movement of mitochondria along microtubules. (Iborra et al., 2004). Subsequent studies 
refined this model, and now mitochondrial nucleoids are viewed as layered structures 
consisting of a core, where replication and transcription of mtDNA occur, and peripheral 
regions, where translation of mitochondrial transcripts and assembly of newly synthesized 
polypeptides into respiratory complexes occurs (Bogenhagen, D.F. et al., 2008). 

3. Maintenance of mtDNA 
Normal functioning of the cell and organism critically depends upon proper maintenance of 
mtDNA integrity and copy number. This is achieved through intricate coordination of the 
processes of mtDNA replication, repair, and degradation (turnover). Below, we will review 
each of these processes in some detail. 

3.1 mtDNA replication 
It is generally accepted that replication of mtDNA is not linked to the cell cycle as strictly as 
replication of nDNA is. In fact, mtDNA replication occurs in all stages of the cell cycle and 
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chromatin is further organized to form chromosomes. In contrast, the mitochondrial genome 
lacks histones, which has led to the widespread belief that the observed high rate of mtDNA 
mutagenesis (approximately 10-fold greater than in nDNA (Brown, W.M. et al., 1979; 
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replication of nDNA is. In fact, mtDNA replication occurs in all stages of the cell cycle and 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

342 

persists even in nondividing cells (Bogenhagen, D. & Clayton, 1977; Clayton, 1982). DNA 
polymerase γ ( Pol γ) is the sole DNA polymerase identified in mitochondria. This enzyme 
is heterotrimeric and consists of a single 140 kDa catalytic subunit encoded by the POLG 
gene and two 55 kDa accessory subunits, encoded by POLG2. As the only DNA polymerase 
found in mitochondria, Pol γ is responsible for both replication and repair of mtDNA. 
Several other proteins play prominent roles in the mtDNA replication process. These are the 
DNA helicase Twinkle, a mitochondrial single-strand-binding protein (mtSSB), which 
mediates unwinding of mtDNA through its physical interaction with Twinkle (St John et al., 
2010), and a mitochondrial RNA polymerase, which generates primers for mtDNA 
replication with the assistance of mitochondrial transcription factors A (TFAM), B1 
(TFB1M), and B2 (TFB2M). While the major players in mtDNA replication are fairly well 
known, the exact mechanism remains controversial (reviewed in (Holt, 2009)).  
Electron microscopic observations of purified mtDNA molecules led to the adoption of the 
strand-displacement model (Robberson et al., 1972). In these experiments, the observation of 
extensive single-strand regions in mtDNA suggested that synthesis of the leading strand is 
uncoupled from that of the lagging strand. The leading strand synthesis is initiated at a 
fixed point and advances about two-thirds of the way around the mtDNA molecule before 
second strand synthesis is initiated (Holt, 2009). Recently, however, analysis of mtDNA 
replication intermediates in both mammalian tissues and cultured cells by two-dimensional 
agarose gel electrophoresis revealed the presence of products consistent with a strand-
coupled mechanism of replication (Holt et al., 2000). Subsequently, it was found that RNA is 
incorporated throughout the lagging strand (RITOLS mechanism, (Yasukawa et al., 2006)). 
This raised the possibility that the abundant single-strand regions observed in the earlier 
studies could be an artifact of RNA loss during DNA isolation and processing, and 
suggested that strand-coupled and RITOLS could be the only two mechanisms involved in 
mtDNA replication, thus excluding the earlier strand-displacement mechanism (Yasukawa 
et al., 2006). RITOLS appears to be initiated at several sites in the D-loop and proceeds 
unidirectionally (Yasukawa et al., 2006), whereas initiation of strand-coupled replication 
occurs over a broad region and is bidirectional (Yasukawa et al., 2005). However, the 
observation of stable non-replicative DNA-RNA hybrid loops formed by some 
mitochondrial transcripts casts a shadow on the authenticity of RITOLS in favor of the 
original asynchronous strand-displacement mechanism (Brown, T.A. et al., 2008). 

3.2 Damage and repair of mtDNA 
Mitochondrial genomes accumulate mutations approximately one order of magnitude faster 
than nDNA (Brown, W.M. et al., 1979; Ballard & Whitlock, 2004; Tatarenkov & Avise, 2007). 
This could be caused by a variety of factors, including an intrinsically lower fidelity of 
replication by mitochondria-specific DNA polymerase γ (Pol γ), a lower efficiency of 
mtDNA repair, or chronic exposure of mtDNA to noxious factors, such as Reactive Oxygen 
Species (ROS) or environmental genotoxins.  However, attempts to experimentally link 
mtDNA mutagenesis to exposure to carcinogens (Mita et al., 1988) or to reactive oxygen 
species (Shokolenko et al., 2009) proved unsuccessful, leading to the notion that mtDNA 
may be resistant to mutagenesis. To confound things even further, several studies have 
reported that nDNA is at least as sensitive to oxidative damage as mtDNA (Anson et al., 
1999; Anson et al., 2000; Lim et al., 2005), which undermines the earlier notion that the 
higher susceptibility of mtDNA to damage by ROS is the driving force behind its higher rate 
of mutagenesis (Richter et al., 1988).  
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The current progress in our understanding of mtDNA repair pathways has been reviewed 
recently (Liu & Demple, 2010).  Historically, the discovery that mitochondria are unable to 
repair ultraviolet (UV)-induced pyrimidine dimers (Clayton et al., 1974, 1975) and some 
types of alkylating damage (Miyaki et al., 1977), suggested that they may contain a reduced 
complement of DNA repair pathways. However, Anderson and Friedberg (Anderson & 
Friedberg, 1980) found uracil-DNA glycosylase activity in mitochondrial extracts, 
suggesting the presence of the base excision repair (BER) pathway. This was followed by a 
report of mitochondrial repair of O6-ethyl-2'-deoxyguanosine (Myers et al., 1988; Satoh et al., 
1988). This can be processed by direct reversal using O6-methyl guanine methyl transferase 
or by a nucleotide excision repair pathway. Subsequently, repair of a variety of mtDNA 
lesions by BER, including those arising from oxidative damage, was demonstrated 
(Pettepher et al., 1991; LeDoux et al., 1992; Driggers et al., 1993).  Recently, long-patch BER 
of oxidative DNA lesions (Akbari et al., 2008; Liu et al., 2008; Szczesny et al., 2008), and 
mismatch repair (de Souza-Pinto et al., 2009) have been reported in mammalian 
mitochondria. The presence in mammalian mitochondria of a DNA end binding activity 
(Coffey et al., 1999), and a ligase capable of joining both cohesive and blunt ends 
(Lakshmipathy & Campbell, 1999) suggested the presence of a non-homologous end joining 
pathway in mitochondria. Similarly, detection of recombination intermediates indicated that 
mtDNA can be repaired through a homologous recombination pathway (Kajander et al., 
2001; Kraytsberg et al., 2004). This notion was further supported by experiments on the 
induction of mtDNA double-strand breaks (DSBs) in vivo with the help of mitochondrially-
targeted restriction endonucleases. In these experiments, DSB repair was accompanied by 
the formation of mtDNA deletions, some of which had breakpoints flanked by direct 
repeats, thus implicating homologous recombination in the repair (Srivastava & Moraes, 
2005; Fukui & Moraes, 2008). To summarize, current experimental evidence suggests the 
presence in mitochondria of all major DNA repair pathways, with the exception of the 
nucleotide excision repair. Moreover, mitochondria appear to possess a unique mechanism 
for the maintenance of DNA integrity through degradation of damaged molecules (see 
below). Importantly BER, which is responsible for the repair of oxidative base lesions, is 
robust in mitochondria, as evidenced by observation that repair of 8-oxodG, the most 
prominent oxidative base lesion, is more efficient in mitochondria than in the nucleus 
(Thorslund et al., 2002). 

3.3 Degradation and maintenance of mtDNA integrity 
Unlike the nuclear genome, the mitochondrial genome is redundant, consisting of hundreds 
to thousands of copies per cell. Therefore, a “repair or die” constraint is not imposed on 
mtDNA. Conceivably, a substantial fraction of damaged mtDNA can be lost without 
detrimental effects, provided that this loss is compensated for by replication of new 
genomes. In fact, the loss and resynthesis of mtDNA was observed more than 40 years ago 
by Gross and Rabinowitz, who described mtDNA turnover (Gross & Rabinowitz, 1969). 
Many cell lines are fairly tolerant to the loss of mtDNA, and can survive both a gradual loss 
of mtDNA through chronic treatment with ethidium bromide (King & Attardi, 1989), and 
acute destruction of a fraction (Alexeyev et al., 2008) or even all of their mtDNA (Kukat et 
al., 2008) by mitochondrially targeted restriction endonucleases.  This is in a stark contrast to 
nDNA, in which persistent DSB can activate apoptosis. However, the hypothesis that 
turnover (degradation) of damaged mtDNA can be a mechanism used by mitochondria to 
deal with either excessive damage, or damage that can not be repaired did not take hold in 
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part due to the lack of direct experimental evidence supporting it and in part due to 
discovery of mitochondrial BER (Pettepher et al., 1991) , which shifted attention from 
unrepairable lesions to those that can be repaired. However, recent evidence reignited 
interest in mtDNA degradation.  
Ethanol has been reported to induce mtDNA loss in yeast (Ibeas & Jimenez, 1997). In mice, 
intragastric administration of ethanol induced oxidative stress and was accompanied by a 
reversible loss of mtDNA (Mansouri et al., 1999). The loss of mtDNA was approximately 
50% in all organs studied. It could be partially prevented by the antioxidants melatonin, 
vitamin E and coenzymeQ, and was followed by adaptive mtDNA resynthesis (Mansouri et 
al., 2001). Lipopolysaccharide, a known inducer of in vivo oxidative stress also induced, 
mtDNA depletion (Suliman et al., 2003). Angiotensin II induced mitochondrial ROS 
production and decreased skeletal muscle mtDNA content in mice (Mitsuishi et al., 2008). 
Degradation of mtDNA was observed in the rat model of cerebral ischemia/reperfusion 
(Chen et al., 2001). Similar to mtDNA depletion induced by intragastric ethanol 
administration, mtDNA levels returned to normal within 24h of cerebral 
ischemia/reperfusion (Chen et al., 2001). Finally, H2O2-induced oxidative stress in hamster 
fibroblasts was accompanied by Ca2+-dependent degradation of mtDNA (Crawford et al., 
1998). Taken together, these findings strongly suggested a link between oxidative stress 
(which may result in oxidative mtDNA damage) and mtDNA degradation, yet they stopped 
short of invoking degradation as protective mechanism. In an unrelated study, it was 
observed that mtDNA is resistant to mutagenesis induced by alkylating agents, and the 
authors suggested degradation of damaged mtDNA as one of the potential mechanisms for 
this resistance (Mita et al., 1988). However, mtDNA degradation under the experimental 
conditions of that study was not demonstrated (Mita et al., 1988).  
Recently, we attempted to study the relationship between experimentally induced oxidative 
stress and mtDNA mutagenesis. In initial experiments, superoxide radicals were generated 
on the matrix side of the mitochondrial inner membrane by treating cells with sublethal 
concentrations of the complex I inhibitor rotenone (St-Pierre et al., 2002; Muller et al., 2004). 
However, exposing human colon carcinoma cells or mouse embryonic fibroblasts to 
rotenone for 30 days did not result in a significant increase in the rate of mtDNA 
mutagenesis (Shokolenko et al., 2009). Similarly, repeated treatment of HCT116 colon cancer 
cells with H2O2 failed to induce significant mtDNA mutagenesis. Instead, DNA lesions that 
manifest themselves as strands breaks under denaturing conditions (single-strand breaks 
(SSBs) and DSBs, abasic sites, etc.) prevailed over premutagenic base modifications by a 
factor of 10.  Consistent with the hypothesis that unrepairable mtDNA molecules are 
degraded, treatment of cells with an inhibitor of BER methoxyamine, enhanced mtDNA 
degradation in response to both oxidative and alkylating damage (Shokolenko et al., 2009). 
The elimination of damaged mtDNA was preceded by the accumulation of linear mtDNA 
molecules, which may represent degradation intermediates, since, unlike undamaged 
circular molecules, they are susceptible to exonucleolytic degradation.   
The high rate of lesions (mostly, SSBs and abasic sites) in mtDNA induced by ROS suggests 
a mechanism by which mitochondria may maintain the integrity of their genetic 
information. In this model, oxidative stress induces in mtDNA lesions with a much higher 
(by the factor of 10, (Shokolenko et al., 2009)) frequency than mutagenic lesions. These 
lesions represent a block to transcription and replication of mtDNA, and when accumulated 
above a threshold level, they induce degradation of mtDNA molecule. Therefore, 
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degradation of mtDNA molecule is triggered before it accumulates mutagenic lesions. This 
model provides a mechanistic explanation for the observations made by Suter and Richter 
(Suter & Richter, 1999), who found that the 8-oxodG content of circular mtDNA is low and 
does not increase in response to oxidative insult. However, fragmented mtDNA had a very 
high 8-oxodG content, which increased further after oxidative stress. It incorporates the 
previously suggested notion of a possible contribution of APE1 to mtDNA degradation 
(Tomkinson et al., 1988; Tomkinson et al., 1990). The model is consistent with the 
observations of Yakes and van Houten (Yakes & Van Houten, 1997), who found that 
oxidative stress promoted a higher incidence of polymerase-blocking strand breaks and 
abasic sites in mtDNA than in nDNA. Recent studies using qPCR for the analysis of mtDNA 
provide further support for the notion of mtDNA degradation in response to oxidative 
stress (Rothfuss et al., 2010). Therefore, degradation of severely damaged mtDNA emerges 
as a unique, mitochondria-specific mechanism for the maintenance of DNA integrity.  
Degradation of damaged organellar DNA appears not to be unique to mammalian cells. 
Known examples of rapid organellar DNA turnover in plants and protists in response to 
ROS were reviewed recently by Bendich (Bendich, 2010).  

3.4 Degradation and maintenance of mtDNA copy number 
In most mammalian cells, mtDNA copy number is kept relatively constant at 1,000-10,000 
copies per cell, depending on the cell type and physiological conditions (Copeland, 2008).  
However, antiretroviral therapy (Arnaudo et al., 1991) and genetic defects in the 
components of the mtDNA replicating machinery (Rotig & Poulton, 2009) were 
demonstrated to induce a pathologic decrease in mtDNA content of the cell. Also, mtDNA 
copy number can be decreased in response to increased mtDNA damage, which is not met 
with a corresponding increase in repair (Shokolenko et al., 2009). For patients with genetic 
mitochondrial DNA depletion syndromes (MDS), there is no treatment other than 
supportive therapy (Poulton & Holt, 2009). Liver transplantation proved inefficient in two 
major forms of MDS associated with liver failure: Alpers-Huttenlocher syndrome and 
deoxyguanosine kinase (DGUOK) deficiency. In the former instance failure to achieve a 
therapeutic effect appears to be linked to the inevitable brain involvement, which may not 
be apparent until after the transplantation. Attempts to correct the hepatocerebral 
syndrome resulting from DGUOK deficiency through liver transplantation were reviewed 
recently (Rahman & Poulton, 2009). Infant death was observed in 6 out of the 9 cases 
reviewed. 
Since mtDNA copy number is maintained through an intricate coordination between two 
opposing processes, mtDNA synthesis and mtDNA degradation, we suggest that MDS 
should not be viewed merely as diseases of reduced mtDNA synthesis but rather as diseases 
of imbalance between synthesis and degradation of mtDNA. This view allows for a new, so 
far unexplored treatment strategy, i.e. inhibition of mtDNA degradation. Indeed, 
suppressed mtDNA replication due to mutations in Pol γ (patients with Alpers-
Huttenlocher syndrome), Twinkle helicase (patients with progressive external 
ophtalmoplegia), or due to ingestion of nucleotide reverse transcriptase inhibitors (AIDS 
patients) results in the establishment of a new, lower cellular mtDNA content, which is 
characterized by reduced rates of both mtDNA synthesis and degradation. Conversely, 
suppression of mtDNA degradation should lead to a new steady state with increased 
mtDNA content, and therefore could be therapeutic in patients with MDS. 
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4. Experimental approaches 
4.1 Quantitative southern blotting  
Southern Blot analysis can be used for the quantitation of various types of damage to 
mtDNA. This method is based on the detection of strand breaks within linearized mtDNA.  
Strand breaks can be generated either directly by noxious agents (e.g., by alkylating 
compounds or oxidative stress), or indirectly, after the treatment of damaged DNA with 
lesion-specific glycosylases, which remove damaged bases thus creating abasic sites.  
Examples of glycosylases widely used for this purpose include E. coli DNA-repair enzymes 
formamido-pyrimidine-DNA-glycosylase (FPG, recognizes oxidized purines) and 
endonuclease III (EndoIII, recognizes oxidized pyrimidines). Both enzymes are bifunctional 
glycosylases, i.e. they both remove damaged bases and incise the resulting abasic sites thus 
creating SSBs. Under alkaline conditions, the mtDNA strands separate and fragment at 
nicks resulting in a decreased hybridization signal from the treated (damaged) mtDNA 
(LeDoux et al., 1999). The membrane is exposed to an imaging screen, and the fraction of 
mtDNA remaining intact is calculated. This fraction can be used to calculate the lesion 
(break) frequency per length of intact fragment detected by hybridization using the formula:  

 BF = - ln(Treated/Control) (1) 

In other words, mtDNA break frequency (BF) in treated samples equals the negative natural 
logarithm of the ratio of mtDNA band intensities in treated and control samples.  
Several important caveats have to be noted in relation to this technique: 
1. Prior to analysis, circular mtDNA is linearized by digestion with restriction 

endonuclease.  
2. The technique relies on measuring mtDNA band intensities in treated vs. control 

samples. Therefore, loading equal amounts of total DNA per well of the gel, which 
depends on accurate DNA quantitation is very important. Since nDNA shows much 
lower sensitivity to oxidative damage than mtDNA, hybridization of the membrane to 
nDNA probe in addition to mtDNA probe can be used in addition to visual inspection 
of ethidium bromide stained gels as loading control when studying oxidative mtDNA 
damage. However, hybridization to a nDNA probe is not useful as a loading control 
when studying, certain types of alkylating DNA damage, when the difference in the 
damage of nuclear and mitochondrial genomes is not as dramatic. 

3. Isolation of mtDNA is impractical and is associated with the introduction of artifacts. 
Therefore, in this technique total cellular DNA is subjected to Southern hybridization. 
The use of a mtDNA-specific hybridization probe allows one to study only changes in 
mtDNA integrity. In a typical cell type studied by this technique, mtDNA constitutes 
only about 1-2% of total DNA. 

4. Quantitative Southern Blotting under denaturing (alkaline) conditions, by itself, does 
not discriminate between SSBs and DSBs. Therefore mtDNA containing DSBs, which 
repair inefficiently and therefore lead to mtDNA loss (Kukat et al., 2008), will appear 
the same as SSBs, which repair much better (Fig. 2, Mix 1 vs. Mix 2, left side). To 
discriminate between SSBs (repairable mtDNA damage) and DSBs (mtDNA 
degradation) we introduced an approach that involves running the same DNA samples 
under both alkaline and neutral conditions (Shokolenko et al., 2009). Samples 
containing DSBs appear the same under both conditions (Fig. 2, Mix 2, left side vs. right 
side). In contrast, mtDNA containing SSBs appears like mtDNA containing DSBs under 
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denaturing conditions, but under non-denaturing (neutral) conditions it behaves like 
undamaged control DNA (Fig. 2, Mix 1, left side vs. right side). 

Specific types of DNA damage can be detected as follows: 
1. DSBs convert circular mtDNA into a linear molecule. Therefore, qualitative detection of 

DSBs can be performed by Southern Blotting of total cellular DNA samples under non-
denaturing conditions using linearised mtDNA as a standard. The increase in the signal 
corresponding to linear mtDNA is interpreted as a result of DSB. It is helpful to digest 
total DNA with a restriction enzyme that does not cut mtDNA (e.g., BglII for human 
DNA). In our experience, failure to perform this step results in an absence or in a severe 
reduction of the hybridization signal. However, the method is not quantitative for two 
reasons: a) DSB repair in mtDNA is inefficient, and most linear mtDNA is degraded 
fairly quickly (Shokolenko et al., 2009), and b) mtDNA can concatenate, at least in some 
cell lines (Bedoya et al., 2009), and electrophoretic mobility of linear concatemers is 
distinct from that of linear mtDNA monomers. 

2. SSBs can be quantified as a difference in break frequencies detected using Southern 
Blotting under alkaline and neutral conditions (Fig. 2).  Alternatively, it can be 
calculated as break frequency in sample ran under the alkaline conditions using the 
same sample ran under neutral conditions as a control. 

3. Abasic sites. This type of lesion can be quantified as a difference in break frequency in 
two identical aliquots of the sample ran under alkaline conditions if one aliquot has 
been treated with methoxyamine prior to electrophoresis. Under alkaline conditions, 
abasic sites are converted into strand breaks through the process of beta-elimination. 
Modification of abasic sites with methoxyamine renders them alkali-resistant (Liuzzi & 
Talpaert-Borle, 1985; Scicchitano & Hanawalt, 1989). Alternatively, abasic sites can be 
quantified by comparing aliquots of methoxyamine-treated DNA run under the 
alkaline conditions after treatment with APE1 (control) and EndoIII (experimental).  
Methoxyamine-modified abasic sites are resistant to hydrolysis by APE1, but not by 
endoIII (Rosa et al., 1991) 

4. Base modifications can be quantified using lesion-specific DNA glycosylases. One 
aliquot of DNA sample is treated with lesion-specific DNA glycosylase, whereas a 
second aliquot is left untreated. Monofunctional DNA glycosylases (e.g., uracil DNA 
glycosylase or methylpurine DNA glycosylase) convert a lesion into an abasic site, 
which can be converted into a strand break under the alkaline conditions thus allowing 
for the quantitation by comparing hybridization signals obrained from enzyme-treated 
vs. untreated controls. As indicated above, bifunctional DNA glycosylases, such as FPG 
or Endo III, will convert a lesion into a strand break allowing for quantitation using the 
same approach. 

The advantages of Quantitative Southern Blotting include its robustness due to reliance on 
physical interactions rather than on enzymatic reactions and its ability to quantify some 
lesions (e.g., abasic sites), which can not be quantified by PCR-based techniques (see below). 
The disadvantages include the fact that the procedure involves multiple steps, is time-
consuming, and requires relatively large quantities (1µg or more) of starting DNA. 

4.2 Quantitative PCR 
An alternative approach for the detection of DNA damage was developed by Govan (Govan 
et al., 1990) and modified by Yakes and van Houten for studies with mtDNA. This method, 
QPCR (a.k.a. QXL-PCR), is predicated upon the ability of the lesions present in mtDNA to 
block the progression of a thermostable DNA polymerase, resulting in a decrease of DNA 
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4. Experimental approaches 
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Fig. 2. Analysis of mtDNA damage by quantitative Southern Blotting under denaturing 
(alkaline) and non-denaturing (neutral) conditions. Behavior of the mtDNA samples that 
contain either no damage (Cont), SSBs (Mix 1), or a mixture of intact mtDNA and mtDNA 
containing DSBs (Mix 2) is presented schematically. Under the denaturing conditions (left 
side of the figure), mtDNA strands separate, and strands containing lesions in the form of 
SSBs, DSBs, or abasic sites fragment. The resulting fragments migrate faster than intact full-
length (Fl) mtDNA strands in the agarose gel thus creating smears (Mix1 and Mix 2, left 
side). Under conditions depicted in this scheme, the intensity of the Southern Blot signal 
corresponding to intact mtDNA fragment from Mix 1 equals that of Mix 2, and represents 
half of the signal strength produced by undamaged control.  When the same samples are 
analyzed under the non-denaturing conditions (right side of the figure), mtDNA 
fragmentation in Mix 1 containing SSBs does not occur. In contrast, mtDNA in Mix 2 
containing DSBs fragments create a smear. As a result, the signal intensity for intact mtDNA 
in the Mix 1 under non-denaturing conditions is twice as high as that in the Mix 2. The 
arrow indicates the  direction of electrophoresis; Fl’, full-length mtDNA strand 
complementary to Fl strand; 1, 2, 3, and 4 in Mix 1, subfragments into which Fl strand 
containing a lesion fragments; 1, 1’, 2, and 2’ in Mix 2, direct and complimentary strands of 
the subfragments resulting from a DSB in the Fl fragment. 

amplification in the damaged template, when compared to undamaged control (Yakes & 
Van Houten, 1997). Similar to quantitative Southern Blotting, QPCR measures the fraction of 
undamaged amplifiable template, which decreases with increased number of lesions.  
Successful outcome of experiments with either quantitative Southern Blot or QPCR is 
heavily dependent upon the ability to accurately measure the amount of DNA used.  
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Spectrophotometric methods (A260) appear to be inappropriate for this purpose because of 
the intrinsic difficulties associated with controlling the quantity and spectrum of 
contaminants in DNA preparations.  Fluorescense based methods (PicoGreen and Hoechst 
33258 dyes), unlike spectrophotometric techniques, show little sensitivity to such 
contaminants as proteins, single-stranded DNA, RNA etc., which are common to genomic 
DNA preparations and therefore are deemed the methods of choice.  Also, when using 
QPCR, one has to control for changes in the mtDNA copy number.  Indeed, a reduction in 
mtDNA copy number will manifest itself as DNA damage because of the reduction in the 
number of amplifiable mtDNA genomes in the template.  This can be controlled for by 
amplifying of a short (about 300bp) fragment of mtDNA-encoded gene.  The rationale is that 
encountering DNA damage in such a short fragment is an event with a very low probability 
and therefore profiles of amplification of such a fragment should be essentially identical 
between damaged and undamaged DNA.  Therefore, variations in the degree of 
amplification of the small fragment are assumed to be the result of fluctuations in mtDNA 
copy number and the results of small fragment amplification are used for the normalization 
of the data obtained for the large (16 kb) mtDNA fragments.  
The success of the QPCR approach requires the measurements be made within the linear 
range of amplification. This requires optimization to find the optimal starting concentration 
of DNA template (Yakes & Van Houten, 1997).  Alternatively, one can identify the range for 
linear amplification. However, both approaches require a significant amount of 
optimization. Recently, a real-time PCR approach has been extended to QPCR resulting in 
the development of the long-range PCR technique (LRPCR, (Edwards, 2008)). Two 
significant problems had to be addressed in the process: (1) the low processivity and 
polymerization rates of the DNA polymerases used in comparison to the length of the 
amplicons, (2) SYBR green inhibition of DNA amplification (Gudnason et al., 2007). In 
comparison to the earlier semi-quantitative protocols this represents a significant 
improvement in both the ease of data acquisition and the precision for quantification of 
mtDNA damage (Edwards, 2008). The most recent variation of the technique, the semi-long 
run real-time (SLR rt-) PCR method, further simplifies the procedure by amplifying 
relatively short mtDNA fragments using real-time PCR (qPCR) reagents and instruments 
(Rothfuss et al., 2010). In this procedure, the reduced length of amplified products enables 
the use of standard qPCR kits.  The flip side of this improvement is the reduced sensitivity 
of the technique, which is directly related to the length of amplified fragments. Therefore, 
applicability of this technique for reliable detection of physiological (low) levels of mtDNA 
damage requires independent validation and is likely to strongly depend upon the 
instrument used. Indeed, a simple calculation shows that a fairly high level of mtDNA 
damage of 1 lesion/mtDNA molecule (16.5 kbp) translates into 0.061 lesion per 1 kbp 
fragment amplified in this method. Using “zero class” Poisson distribution used for the 
analysis of this type of DNA damage  

 D=-ln(AD/AC) (2) 

where D= lesion frequency per length of amplified fragment (1kbp), ln is natural logarithm, 
AD is amplification of the damaged DNA sample, and AC is amplification of the control 
sample) we arrive at the AD/AC =0.94.  The corresponding shift in the threshold cycle (ΔCt, 
derived from the readout of the qPCR instrument) is 0.089. Therefore, a significant mtDNA 
damage of 1 lesion per mtDNA molecule results in less than a 0.1 threshold cycle shift between 
amplification curves of treated and untreated samples. This places a very high demand on the 
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of the data obtained for the large (16 kb) mtDNA fragments.  
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comparison to the earlier semi-quantitative protocols this represents a significant 
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mtDNA damage (Edwards, 2008). The most recent variation of the technique, the semi-long 
run real-time (SLR rt-) PCR method, further simplifies the procedure by amplifying 
relatively short mtDNA fragments using real-time PCR (qPCR) reagents and instruments 
(Rothfuss et al., 2010). In this procedure, the reduced length of amplified products enables 
the use of standard qPCR kits.  The flip side of this improvement is the reduced sensitivity 
of the technique, which is directly related to the length of amplified fragments. Therefore, 
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instrument’s ability to reproducibly amplify different samples. In our experience, a PCR block 
that allows for greater than 0.7 Ct spread between identical samples still conforms to the 
standards of the two major manufacturers of qPCR instruments. In this case, the instrument’s 
well-to-well variability exceeds the measured differences by a factor of 7.  
The strength of PCR-based techniques for the analysis of mtDNA damage is in the ability to 
work with very low starting quantities of DNA. This strength is turned into a weakness 
when relevant methodological precautions, such as the availability of distinct, dedicated 
workstations, for different steps of the procedure in physically separate laboratories (Santos 
et al., 2006) are considered. Another weakness of this approach is that it provides even less 
information about the nature of DNA damage than Quantitative Southern Blotting. E.g., 
abasic sites can be quantitated by Quantitative Southern Blotting under alkaline conditions 
by comparing lesion frequencies in DNA modified with methoxyamine vs. unmodified 
DNA. Methoxyamine modification protects abasic sites from being converted into strand 
breaks through beta-elimination under alkaline conditions. In contrast, native abasic sites, 
methoxyamine-modified abasic sites, and abasic sites converted into strand breaks through 
beta-elimination all will prevent copying by the DNA-polymerase in PCR-based techniques 
and therefore will be indistinguishable. Nevertheless, these techniques are the only ones 
available for analysis of mtDNA damage and repair when amount of the starting material is 
limited. 

5. Conclusion 
mtDNA integrity and appropriate copy number appear to be crucial for normal functioning 
of the cell. Therefore, understanding the processes that govern mtDNA replication, repair 
and degradation is of critical importance for our ability to prevent and/or clinically 
intervene in pathological processes associated with mutations in mtDNA and mtDNA 
depletion. Degradation of mtDNA is now emerging as a promising therapeutic target in the 
treatment of congenital mtDNA depletion syndromes and mtDNA depletion induced by 
antiretroviral therapy. However, the molecular identity of the nuclease involved in mtDNA 
degradation remains enigmatic. Future research will shed light on this and other remaining 
mysteries of mtDNA biology. 
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1. Introduction 
DNA is the largest and most important molecule of a cell. Due to its chemical nature, DNA 
is particularly prone to numerous lesions. These lesions comprise different sugar and base 
modifications, deletion of bases as well as single (SSBs) and double DNA strand breaks 
(DSBs). All alterations in the DNA that a cell experiences sum up to more than 10.000 lesions 
per day (Lindahl, 1993). DNA damage can be brought about by several endogenous and 
exogenous factors including reactive oxygen species (ROS), ultraviolet light (UV), ionizing 
radiation (IR) or by DNA damaging chemicals. The different lesions are removed by several 
repair mechanisms that help the cell to preserve structure and sequence of the DNA. These 
repair pathways include mismatch repair (MMR), base excision repair (BER), nucleotide 
excision repair (NER), non-homologous end joining (NHEJ), microhomology-mediated end 
joining (MMEJ) and homologous recombination (HR). If DNA damage is too severe, cells 
can also initiate a cell death program that removes cells with damaged DNA from the 
population (reviewed in: Roos & Kaina, 2006). 
Stem cells comprise a group of self-renewing cells including embryonic and adult stem cells. 
Embryonic stem cells (ESCs) have the ability of indefinite self-renewal and rapid 
proliferation. They are pluripotent and can differentiate into cells of all three germ layers 
(ectoderm, mesoderm and endoderm) as well as of the germ cell lineage. Adult or tissue 
stem cells, in contrast, are multipotent and differentiate into only one or several specific cell 
lines (reviewed in: Barilleaux et al, 2006; Thomson & Marshall, 1998; Weissman et al, 2001). 
By proliferation and differentiation, adult stem cells replenish tissue cells that are lost 
during normal wear and tear or after injury and thus are key for tissue and organ 
regeneration as well as for the preservation of homeostasis in a living organism (Reya et al, 
2001). ESCs can be isolated from different species, but the most investigated ones are human 
(hESCs) and murine (mESCs) ESCs. Both, hESCs and mESCs are derived from the inner cell 
mass of a blastocyst, an early stage of embryonic development (Martin, 1981; Thomson et al, 
1998). Human ESCs are of particular interest because of their high potential for medical 
applications like tissue and organ regeneration (reviewed in: Donovan & Gearhart, 2001; 
Thomson & Odorico, 2000; Wobus, 2001). However, since hESCs are derived from human 
embryos, they also raise ethical, social and juristic problems (McLaren, 2000). A potential 
alternative to the use of hESCs is the employment of induced pluripotent stem (iPS) cells. By 
transfection of a combination of stem cell markers, iPS cells can be made from basically 
every differentiated cell (Kim et al, 2009; Okita et al, 2007; Takahashi et al, 2007; Takahashi & 
Yamanaka, 2006; Wernig et al, 2007; Yu et al, 2007). Thus, differentiated cells can be taken 
from a patient, modified and induced for pluripotency in vitro, and transplanted back into 
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the same patient. Therefore, iPS cells are not only a great tool for research, they also allow an 
individualized therapy. Moreover, since donor and acceptor of the cells are the same 
individual, eventual problems with intolerance or rejection of the cells are prevented. 
Because of the low rate of reprogramming efficiency and the fact that several of the 
reprogramming factors are oncogenes, which bears the risk of a cancerous behavior of re-
implanted iPS cells, this approach is, though, not as yet used extensively in therapy (Okita et 
al, 2007; Takahashi et al, 2007; Takahashi & Yamanaka, 2006).  
The multitude of lesions that arise per cell and day illustrates that maintaining genomic 
integrity is an important issue for a cell. This applies even more for stem cells, which 
comprise the basal set of proliferating cells in an organism. Stem cells thus should have an 
even higher interest in preserving their genomic integrity than somatic cells. In line with this 
notion, stem cells have been reported to have to a higher rate of DNA damage-induced 
apoptosis and a lower frequency of mitotic recombination and mutations (Cervantes et al, 
2002; de Waard et al, 2008; Momcilovic et al, 2010; Roos et al, 2007; Saretzki et al, 2004). 
These differences in the DNA damage response are due to variations in several parameters 
between stem cells and differentiated cells. One of the most intriguing dissimilarity between 
ESCs and differentiated cells is the short G1-phase and the absence of a G1 checkpoint in 
ESCs (Aladjem et al, 1998; Fluckiger et al, 2006; Hong & Stambrook, 2004). In addition, ESCs 
and differentiated cells vary in the expression of several repair genes (Maynard et al, 2008; 
Momcilovic et al, 2010; Tichy et al, 2011).  
In this chapter we will review the current knowledge about DNA repair of ESCs, highlight 
differences to DNA repair of differentiated cells and discuss differentiation as an option of 
ESCs to respond to DNA lesions. Where necessary, we will discriminate between human 
and murine ESCs. 

2. DNA damage recognition 
Before damaged DNA can be repaired, the lesion must be detected. Therefore, specific 
“sensor” proteins are present in a cell, which scan across the DNA. When these sensor 
proteins find sugar or base modifications, SSBs or DSBs, they become trapped at the lesion 
and activated. These events mobilize further repair factors and initiate a signaling cascade 
that transduces the information about the lesion across the cell body. Well known “sensors” 
of lesions in the DNA are kinases of the PI3K-related kinase (PIKK) family including ataxia-
telangiectasia mutated (ATM), ATM- and Rad3-related (ATR) and DNA-dependent protein 
kinase (DNA-PK; reviewed in: Oberle & Blattner, 2010). ATM, ATR and DNA-PK are 
specifically activated in response to double strand breaks. Once activated, these kinases 
initiate DNA repair and checkpoint signaling (Boehme et al., 2008; Bozulic et al., 2008; 
Dobbs et al., 2010; Motoyama & Naka, 2004; Shiloh, 2003).  
One of the first events of differentiated cells in response to a double strand break is 
autophosphorylation of ATM at serine 1981 and phosphorylation of the histone variant 
protein H2AX at serine 139, thus generating -H2AX (Rogakou et al, 1999). Phosphorylation 
of H2AX then allows the formation of sub-nuclear structures that can be distinguished as 
“foci” by immunofluorescence microscopy (Rogaku et al., 1999; Burma et al, 2001; Ward & 
Chen, 2001). All three PIKKs, ATM, ATR and DNA-PK, phosphorylate H2AX when they are 
activated (Hammond et al, 2003; Stiff et al, 2004). 
ESCs undergo similar events in response to DSBs as differentiated cells. In ESCs, ATM also 
becomes phosphorylated at serine 1981, relocates to DSBs and phosphorylates the histone 
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variant protein H2AX within a few minutes post irradiation (Momcilovic et al, 2009). 
Notably, mESCs display an elevated basal level of -H2AX, even in the absence of DSBs 
(Banath et al, 2009; Chuykin et al, 2008). Nevertheless, when H2AX phosphorylation is 
followed over time, mESCs and differentiated cells show a similar behavior with respect to 
foci formation and dissolution (Adams et al, 2010a; Chuykin et al, 2008). The reason for the 
high basal level of phosphorylated H2AX in mESCs is as yet unclear. A possible explanation 
is an eventually higher number of double strand breaks in mESCs, even in the absence of 
exogenous insults, which could result from global chromatin decondensation. Since most 
ESCs are in S-phase and replicating their DNA, the chromatin is usually kept in a more open 
structure and may therefore be more accessible for DSBs. Alternatively, the higher number 
of DSBs could result from an increased number of collapsed replication forks. It is known 
for several years that DSBs can derive from incomplete disaggregation of replication forks 
(Strumberg et al, 2000). Since one of the hallmarks of ESCs is their rapid proliferation, ESCs 
are almost constantly replicating their DNA, which enhances the probability of acquiring 
DSBs from collapsed replication forks during a given time. Another possibility for the high 
basal level of -H2AX foci is the elevated expression of ATM and ATR in ESCs, which could 
result in a higher phosphorylation activity even under normal growth conditions 
(Momcilovic et al, 2010). Besides H2AX, ATM phosphorylates CHK-2 at threonine 68, NBS-1 
at serine 343, and TP53 at serine 15 in ESCs (Momcilovic et al, 2010).  
In differentiated cells, ATM is mostly involved in the recognition of double strand breaks in 
response to ionizing irradiation and during the immune response, while ATR becomes 
activated by double strand breaks that are generated during replication (reviewed in: 
Cimprich & Cortez, 2008). Despite having similar targets in ESCs and differentiated cells, 
the division of labor between ATM and ATR appears to be somewhat different in these cell 
types. While ATM is the first choice for phosphorylation of H2AX after ionizing irradiation 
in differentiated cells and is absolutely required for the maintenance of genomic stability 
(Shiloh, 2003), the number of -H2AX foci after ionizing radiation was reduced to only thirty 
percent of wild type ESCs when ATR was genetically deleted albeit abundance of ATM was 
not altered under these conditions (Adams et al, 2010a). Similarly, inhibition of ATM by KU-
55933 reduced NHEJ in hESCs by only twenty-five percent, whereas NHEJ rates were 
diminished under the same conditions by about fifty percent in neural precursors and by 
about seventy-five percent in astrocytes (Adams et al, 2010a). Genetic deletion of ATM or 
inhibition of the kinase yet impaired phosphorylation of ATM at serine 1981, of Tp53 at 
serine 15, of CHK-2 at threonine 68 and of NBS-1 at serine 343 as well as the implementation 
of a G2 arrest (Momcilovic et al, 2009).  
Other “sensor” proteins recognize different kinds of DNA lesions. The XPA and XPC 
proteins, for example, recognize photoproducts and bulky adducts in the DNA that are 
generated upon exposure to UVB- and UVC-light or after exposure to certain chemicals. 
Glycosylases specifically recognize damaged bases, and heterodimers of MSH2/MSH6 and 
MSH2/MSH3 identify mismatches and short deletions in the DNA (Beard & Wilson, 2006; 
Iyer et al, 2006; Jiricny, 2006; Jones & Wood, 1993; Sugasawa et al, 2002). In accordance with 
the superior role of DNA repair in stem cells, the abundance of the mismatch sensors MLH2, 
MLH3 and MLH6 is significantly increased in ESCs. The increase in the amount of these 
repair proteins is at least partly due to enhanced transcription, although other mechanisms 
e.g. enhanced translation or protein stability may also contribute to the effect (Momcilovic et 
al, 2010; Osman et al, 2010; Roos et al, 2007; Tichy et al, 2011).  
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Another enzyme that acts as a DNA damage sensor and that functions in checkpoint 
signaling and in the preservation of genomic integrity is the poly(ADP-ribose) polymerase 1 
(PARP-1), a protein that adds ADP-ribosyl moieties to substrate proteins including histone 
H1, DNA topoisomerase, DNA-PK and to PARP-1 itself (reviewed in: D’Amours et al, 1999; 
Shall & de Murcia, 2000). PARP-1 expression is also clearly elevated in mESCs (Tichy et al, 
2010; V. Middel, unpublished data).  

3. Base excision repair  
Base excision repair (BER; Fig. 1) repairs modified bases, e.g. after oxidation or alkylation as 
well as abasic sites after spontaneous loss of bases (reviewed in: Fleck & Nielson, 2004; 
Zharkov, 2008). In principal, BER can be divided into two sub-mechanisms: short patch BER 
and long patch BER. Whereas short patch BER excises and replaces single nucleotides, long 
patch BER removes a stretch of several nucleotides (reviewed in: Robertson et al, 2009). Both 
sub-pathways start with the recognition of a damaged base by a DNA glycosylase and its 
excision, which leaves the DNA with an apurinic or apyrimidinic (AP) site. Proteins like 
apurinic/apyrimidinic endonuclease 1/redox effector factor 1 (APE-1/REF-1) then 
hydrolyze the 5’phosphodiesterbond in the sugar-phosphate backbone at the AP-site 
followed by insertion of a new base into the gap by DNA polymerase β and sealing of the 
break by DNA ligase III (reviewed in: Fleck & Nielson, 2004; Zharkov, 2008). Cells with 
lower APE-1/REF-1 activity are hypersensitive to several DNA damaging agents, including 
methylmethane sulfonate (MMS), hydrogen peroxide (H2O2), temozolomide (TMZ), 
ionizing radiation (IR) and cisplatin (Bapat et al, 2009; Fishel & Kelley, 2007; Ono et al, 1994). 
Since ESCs proliferate fast, they should produce a higher amount of ROS than differentiated 
cells, which should result in increased oxidation of bases and an increased amount of 8-
oxoG, a damaged base that is normally removed from the DNA by the N-glycosylase/DNA 
lyase OGG1 (reviewed in: Boiteux & Radicella, 1999). In contrast to this expectation, very 
little 8-oxoG has been measured in undamaged hESCs (Maynard et al, 2008). The most 
simple explanation for this low amount of 8-oxoG would be a more effective removal of 8-
oxoG in ESCs. However, neither elevated OGG1 protein levels nor enhanced enzyme 
activity have been observed in ESCs (Maynard et al, 2008). Another principle that could be 
used by hESCs to efficiently remove 8-oxoG would be recognition of 8-oxoG and initiation 
of its removal by other glycosylases. In consistency with this notion, other proteins of BER 
including Flap-endonuclease 1 (FEN-1), APE-1, X-ray repair complementing defective repair 
in chinese hamster cells 1 (XRCC-1), DNA ligase III, PARP-1 and Uracil-DNA-glycosylase 2 
(UNG-2) are expressed in higher amounts in ESCs than in differentiated cells, while DNA-3-
methyladenine glycosylase (MPG) is weaker expressed in hESCs than in differentiated cells 
(Fig.1; Table 1; Maynard et al, 2008; Momcilovic et al, 2010; Tichy et al, 2011, V. Middel, 
unpublished data). Surprisingly, despite the increase in several BER proteins and a strongly 
enhanced incision activity, overall BER activity is only moderately elevated in ESCs (Tichy 
et al, 2011). 

4. Nucleotide excision repair  
The nucleotide excision repair (NER) pathway preferentially removes bulky adducts and 
photoproducts from the DNA (Fig. 2). NER can be divided into three sub mechanisms 
which are transcription-coupled NER (TCR), global-genome NER (GGR) and transcription 
domain-associated NER (DAR) (reviewed in: Nouspikel, 2009). Defects in genes associated 
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Fig. 1. Base excision repair (BER) in ESCs. Modified bases, e.g. after oxidation or alkylation 
are recognized by DNA glycosylases and excised, which leaves the DNA with an apurinic or 
apyrimidinic (AP) site. A complex of apurinic/apyrimidinic endonuclease 1/redox effector 
factor 1 (APE-1/REF-1) hydrolyses the 5’phosphodiesterbond in the sugar-phosphate 
backbone at the AP-site followed by insertion of one (short patch BER) or several (long 
patch BER) new bases into the gap by DNA polymerase . Eventually occurring base 
overhangs are removed by flap-endonuclease 1 (FEN-1) prior to sealing of the break by the 
DNA ligase III (LIG III)/XRCC-1 complex. Arrows next to individual proteins indicate 
higher ( ) or lower ( ) abundance in ESCs. 

with one of these pathways lead to several disorders including Xeroderma pigmentosum (XP), 
Trichothiodystrophy (TTD) and Cockayne syndrome (CS) (reviewed in: Nouspikel, 2009).  
The first step in GGR is detection of the lesion by the XPC protein, usually due to an 
alteration in the helical structure of the DNA. This event mobilizes XPA and replication 
protein A (RPA) to the lesion, followed by recruitment of the ATPases/helicases XPB and 
XPD, which unwind the DNA double helix. The endonucleases XPG and XPF cut 3’ and 5’ 
of the lesion, leading to the release of a twenty-seven nucleotide (plus/minus two 
nucleotides) long stretch of DNA. Finally the gap is filled by DNA synthesis performed by 
DNA polymerase  and the nick is closed by DNA ligase I (Huang et al, 1992; O'Donovan et 
al, 1994; Riedl et al, 2003). TCR, in contrast, starts with recognition of the lesion by RNA 
polymerase II, which mobilizes CSA and CSB to the lesion. These proteins attract XPA and 
RPA, which initiate the same repair process as during GGR (reviewed in: Fousteri & 
Mullenders, 2008). DAR is a third sub-pathway of NER that has been particularly observed 
in terminally differentiated cells. In these cells, NER of non-transcribed regions is strongly 
compromised while transcribed regions are proficiently repaired. In contrast to TCR that 
only removes lesions in the transcribed strand, DAR also operates on the non-transcribed 
strand in transcriptionally active regions of the genome. Since DAR has been identified only 
recently, very little is known as yet about its mechanism (reviewed in: Nouspikel, 2009).  



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

360 

Another enzyme that acts as a DNA damage sensor and that functions in checkpoint 
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oxoG, a damaged base that is normally removed from the DNA by the N-glycosylase/DNA 
lyase OGG1 (reviewed in: Boiteux & Radicella, 1999). In contrast to this expectation, very 
little 8-oxoG has been measured in undamaged hESCs (Maynard et al, 2008). The most 
simple explanation for this low amount of 8-oxoG would be a more effective removal of 8-
oxoG in ESCs. However, neither elevated OGG1 protein levels nor enhanced enzyme 
activity have been observed in ESCs (Maynard et al, 2008). Another principle that could be 
used by hESCs to efficiently remove 8-oxoG would be recognition of 8-oxoG and initiation 
of its removal by other glycosylases. In consistency with this notion, other proteins of BER 
including Flap-endonuclease 1 (FEN-1), APE-1, X-ray repair complementing defective repair 
in chinese hamster cells 1 (XRCC-1), DNA ligase III, PARP-1 and Uracil-DNA-glycosylase 2 
(UNG-2) are expressed in higher amounts in ESCs than in differentiated cells, while DNA-3-
methyladenine glycosylase (MPG) is weaker expressed in hESCs than in differentiated cells 
(Fig.1; Table 1; Maynard et al, 2008; Momcilovic et al, 2010; Tichy et al, 2011, V. Middel, 
unpublished data). Surprisingly, despite the increase in several BER proteins and a strongly 
enhanced incision activity, overall BER activity is only moderately elevated in ESCs (Tichy 
et al, 2011). 

4. Nucleotide excision repair  
The nucleotide excision repair (NER) pathway preferentially removes bulky adducts and 
photoproducts from the DNA (Fig. 2). NER can be divided into three sub mechanisms 
which are transcription-coupled NER (TCR), global-genome NER (GGR) and transcription 
domain-associated NER (DAR) (reviewed in: Nouspikel, 2009). Defects in genes associated 
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Fig. 1. Base excision repair (BER) in ESCs. Modified bases, e.g. after oxidation or alkylation 
are recognized by DNA glycosylases and excised, which leaves the DNA with an apurinic or 
apyrimidinic (AP) site. A complex of apurinic/apyrimidinic endonuclease 1/redox effector 
factor 1 (APE-1/REF-1) hydrolyses the 5’phosphodiesterbond in the sugar-phosphate 
backbone at the AP-site followed by insertion of one (short patch BER) or several (long 
patch BER) new bases into the gap by DNA polymerase . Eventually occurring base 
overhangs are removed by flap-endonuclease 1 (FEN-1) prior to sealing of the break by the 
DNA ligase III (LIG III)/XRCC-1 complex. Arrows next to individual proteins indicate 
higher ( ) or lower ( ) abundance in ESCs. 

with one of these pathways lead to several disorders including Xeroderma pigmentosum (XP), 
Trichothiodystrophy (TTD) and Cockayne syndrome (CS) (reviewed in: Nouspikel, 2009).  
The first step in GGR is detection of the lesion by the XPC protein, usually due to an 
alteration in the helical structure of the DNA. This event mobilizes XPA and replication 
protein A (RPA) to the lesion, followed by recruitment of the ATPases/helicases XPB and 
XPD, which unwind the DNA double helix. The endonucleases XPG and XPF cut 3’ and 5’ 
of the lesion, leading to the release of a twenty-seven nucleotide (plus/minus two 
nucleotides) long stretch of DNA. Finally the gap is filled by DNA synthesis performed by 
DNA polymerase  and the nick is closed by DNA ligase I (Huang et al, 1992; O'Donovan et 
al, 1994; Riedl et al, 2003). TCR, in contrast, starts with recognition of the lesion by RNA 
polymerase II, which mobilizes CSA and CSB to the lesion. These proteins attract XPA and 
RPA, which initiate the same repair process as during GGR (reviewed in: Fousteri & 
Mullenders, 2008). DAR is a third sub-pathway of NER that has been particularly observed 
in terminally differentiated cells. In these cells, NER of non-transcribed regions is strongly 
compromised while transcribed regions are proficiently repaired. In contrast to TCR that 
only removes lesions in the transcribed strand, DAR also operates on the non-transcribed 
strand in transcriptionally active regions of the genome. Since DAR has been identified only 
recently, very little is known as yet about its mechanism (reviewed in: Nouspikel, 2009).  
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Fig. 2. Nucleotide excision repair (NER) in ESCs. The first step in global genome repair 
(GGR) is detection of the lesion by the XPC protein, usually due to an alteration in the 
helical structure of the DNA. This is in contrast to transcription-coupled repair (TCR), which 
starts with recognition of the lesion by RNA polymerase II (RNA POL II) and attraction of 
CSA and CSB to the lesion. These events mobilize XPA to the lesion, followed by 
recruitment of the helicases XPB and XPD which unwind the DNA double helix. The 
endonucleases XPG and XPF cut 3’ and 5’ of the lesion, leading to the release of a twenty-
seven nucleotide (plus/minus two nucleotides) long stretch of DNA. Finally the gap is filled 
by DNA polymerase β (POL ) and the nick is closed by DNA ligase I (LIG I).The initial 
recognition step for DAR is as yet unknown. Arrows next to individual proteins indicate 
higher ( ) or lower ( ) abundance in ESCs. 

Although most DNA repair pathways are more efficient in ESCs than in differentiated cells, 
for NER it appears to be the opposite (de Waard et al, 2008). While at low doses of UV-
irradiation, MEFs and ESCs have comparable repair efficiencies, exposure to as little as 5 
J/m2 UVC leads to saturation of the repair capacity in ESCs (Van Sloun et al, 1999). Thus, 
although repletion is also an issue for differentiated cells, saturation levels are reached three 
times faster in ESCs than in MEFs (Van Sloun et al, 1999). At doses above 10 J/m2 UVC-
light, there is nearly no further repair of cyclobutane pyrimidine dimers (CPDs) and only 
about thirty percent of induced 6-4 photoproducts are repaired in ESCs within twenty-four 
hours. This is in strong contrast to MEFs or cardiomyocytes, which repair up to seventy 
percent of 6-4 photoproducts within twelve and more than fifty percent of CPDs in the 
transcribed region within twenty-four hours after irradiation (Cheo et al, 1997; van der Wees 
et al, 2003; Van Sloun et al, 1999; reviewed in: van der Wees et al, 2007). Eventually, the 
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decreased expression of XPA in hESCs contributes to the reduced repair activity, although 
this has not been seen in all cases (Maynard et al, 2008; Momcilovic et al, 2010). In contrast to 
XPA, the expression of RPA and DNA ligase I is enhanced in hESCs (Momcilovic et al, 
2010), yet this might be due to the involvement of these repair proteins in other repair 
pathways. 
It is known for several years that ESCs are less potent in NER than differentiated cells, but 
until more recently, it was unclear whether this failure is caused by inefficient GGR, TCR or 
by disorganization of both. With the establishment of mESCs and MEFs that are deficient in 
TCR (csB-/-), GGR (xpc-/-) or in both NER pathways (TCR/GGR; xpa-/-), this question could 
be solved. Genetic deletion of the xpc gene (GGR) further enhanced the number of apoptotic 
mESCs over the already high number of apoptotic ESCs after UV-irradiation, whereas 
genetic deletion of the csB gene (TCR) did not affect the rate of cell death of mESCs but 
significantly elevated their mutation rate after UV-exposure (de Waard et al, 2008). This is in 
contrast to differentiated cells where UV sensitivity is rather linked to TCR (Conforti et al, 
2000; de Waard et al, 2008; Ljungman & Zhang, 1996; Ljungman et al, 1999). The difference 
between ESCs and differentiated cells might be due to different responses of the 
transcriptional machinery to photoproducts in the DNA. While RNA synthesis is rapidly 
blocked in differentiated cells after exposure to UV light, gene transcription is continued for 
several hours in mESCs, even after irradiation with up to 10J/m2 (de Waard et al, 2008).  

5. Mismatch repair   
The mismatch repair (MMR, Fig. 3) pathway is focused on the repair of mispaired 
nucleotides, arising after exposure to chemical agents like the methylating agent N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) or after errors during replication (reviewed in: Marra 
& Jiricny, 2005). Mismatches in the DNA are recognized and processed by a heterodimer of 
MSH2 and MSH3 or MSH6. The MSH2/MSH6 heterodimer supports repair of bases and 
mismatches with one or two unpaired nucleotides, while the MSH2/MSH3 heterodimer 
initiates repair of up to ten unpaired nucleotides and is rather inefficient in the identification 
of single nucleotide mismatches. Loss of function due to mutations in MMR genes leads 
frequently to hereditary nonpolyposis colorectal cancer (HNPCC), one of the most common 
cancers in the Western World (Fishel et al, 1993; Leach et al, 1993). MMR defective mice also 
showed spontaneous lymphomas upon exposure to DNA damaging agents as well as 
sterility and microsatellite instability (Friedberg & Meira, 2006). 
After recognition of the DNA lesion by MSH2/MSH3 or MSH2/MSH6, a heterodimer of 
MLH1 and PMS1, MLH1 and PMS2 or of MLH1 and MLH3 is recruited to the damaged site. 
ATP-binding to MSH2/MSH3 or to MSH2/MSH6 verifies mismatch recognition, recruits 
MUTL to the lesion and initiates further repair activities. Other proteins that are required for 
MMR are proliferating cell nuclear antigen (PCNA), exonuclease 1 (EXO-1), RPA, replication 
factor C (RFC), high mobility group box 1 protein (HMGB-1) and DNA polymerase  
(POL). These proteins associate with MSH2, MSH3, MSH6 and/or MLH1 and are required 
for MMR initiation, excision of the mismatch and for DNA re-synthesis (reviewed in: Iyer et 
al, 2006; Jiricny, 2006; Li, 2008).  
MMR is strongly enhanced in mESCs, which correlates with elevated expression of the 
MMR genes msh-2, msh-3, msh-6, mlh-1; pms-2, mutyH and exo-1 (Fig. 3; Table 1), enhanced 
binding to damaged DNA and increased mismatch repair activity (Momcilovic et al, 2010; 
Osman et al, 2010; Roos et al, 2007; Tichy et al, 2011). DNA repair, however, seems to be not 
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Fig. 2. Nucleotide excision repair (NER) in ESCs. The first step in global genome repair 
(GGR) is detection of the lesion by the XPC protein, usually due to an alteration in the 
helical structure of the DNA. This is in contrast to transcription-coupled repair (TCR), which 
starts with recognition of the lesion by RNA polymerase II (RNA POL II) and attraction of 
CSA and CSB to the lesion. These events mobilize XPA to the lesion, followed by 
recruitment of the helicases XPB and XPD which unwind the DNA double helix. The 
endonucleases XPG and XPF cut 3’ and 5’ of the lesion, leading to the release of a twenty-
seven nucleotide (plus/minus two nucleotides) long stretch of DNA. Finally the gap is filled 
by DNA polymerase β (POL ) and the nick is closed by DNA ligase I (LIG I).The initial 
recognition step for DAR is as yet unknown. Arrows next to individual proteins indicate 
higher ( ) or lower ( ) abundance in ESCs. 

Although most DNA repair pathways are more efficient in ESCs than in differentiated cells, 
for NER it appears to be the opposite (de Waard et al, 2008). While at low doses of UV-
irradiation, MEFs and ESCs have comparable repair efficiencies, exposure to as little as 5 
J/m2 UVC leads to saturation of the repair capacity in ESCs (Van Sloun et al, 1999). Thus, 
although repletion is also an issue for differentiated cells, saturation levels are reached three 
times faster in ESCs than in MEFs (Van Sloun et al, 1999). At doses above 10 J/m2 UVC-
light, there is nearly no further repair of cyclobutane pyrimidine dimers (CPDs) and only 
about thirty percent of induced 6-4 photoproducts are repaired in ESCs within twenty-four 
hours. This is in strong contrast to MEFs or cardiomyocytes, which repair up to seventy 
percent of 6-4 photoproducts within twelve and more than fifty percent of CPDs in the 
transcribed region within twenty-four hours after irradiation (Cheo et al, 1997; van der Wees 
et al, 2003; Van Sloun et al, 1999; reviewed in: van der Wees et al, 2007). Eventually, the 
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decreased expression of XPA in hESCs contributes to the reduced repair activity, although 
this has not been seen in all cases (Maynard et al, 2008; Momcilovic et al, 2010). In contrast to 
XPA, the expression of RPA and DNA ligase I is enhanced in hESCs (Momcilovic et al, 
2010), yet this might be due to the involvement of these repair proteins in other repair 
pathways. 
It is known for several years that ESCs are less potent in NER than differentiated cells, but 
until more recently, it was unclear whether this failure is caused by inefficient GGR, TCR or 
by disorganization of both. With the establishment of mESCs and MEFs that are deficient in 
TCR (csB-/-), GGR (xpc-/-) or in both NER pathways (TCR/GGR; xpa-/-), this question could 
be solved. Genetic deletion of the xpc gene (GGR) further enhanced the number of apoptotic 
mESCs over the already high number of apoptotic ESCs after UV-irradiation, whereas 
genetic deletion of the csB gene (TCR) did not affect the rate of cell death of mESCs but 
significantly elevated their mutation rate after UV-exposure (de Waard et al, 2008). This is in 
contrast to differentiated cells where UV sensitivity is rather linked to TCR (Conforti et al, 
2000; de Waard et al, 2008; Ljungman & Zhang, 1996; Ljungman et al, 1999). The difference 
between ESCs and differentiated cells might be due to different responses of the 
transcriptional machinery to photoproducts in the DNA. While RNA synthesis is rapidly 
blocked in differentiated cells after exposure to UV light, gene transcription is continued for 
several hours in mESCs, even after irradiation with up to 10J/m2 (de Waard et al, 2008).  

5. Mismatch repair   
The mismatch repair (MMR, Fig. 3) pathway is focused on the repair of mispaired 
nucleotides, arising after exposure to chemical agents like the methylating agent N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) or after errors during replication (reviewed in: Marra 
& Jiricny, 2005). Mismatches in the DNA are recognized and processed by a heterodimer of 
MSH2 and MSH3 or MSH6. The MSH2/MSH6 heterodimer supports repair of bases and 
mismatches with one or two unpaired nucleotides, while the MSH2/MSH3 heterodimer 
initiates repair of up to ten unpaired nucleotides and is rather inefficient in the identification 
of single nucleotide mismatches. Loss of function due to mutations in MMR genes leads 
frequently to hereditary nonpolyposis colorectal cancer (HNPCC), one of the most common 
cancers in the Western World (Fishel et al, 1993; Leach et al, 1993). MMR defective mice also 
showed spontaneous lymphomas upon exposure to DNA damaging agents as well as 
sterility and microsatellite instability (Friedberg & Meira, 2006). 
After recognition of the DNA lesion by MSH2/MSH3 or MSH2/MSH6, a heterodimer of 
MLH1 and PMS1, MLH1 and PMS2 or of MLH1 and MLH3 is recruited to the damaged site. 
ATP-binding to MSH2/MSH3 or to MSH2/MSH6 verifies mismatch recognition, recruits 
MUTL to the lesion and initiates further repair activities. Other proteins that are required for 
MMR are proliferating cell nuclear antigen (PCNA), exonuclease 1 (EXO-1), RPA, replication 
factor C (RFC), high mobility group box 1 protein (HMGB-1) and DNA polymerase  
(POL). These proteins associate with MSH2, MSH3, MSH6 and/or MLH1 and are required 
for MMR initiation, excision of the mismatch and for DNA re-synthesis (reviewed in: Iyer et 
al, 2006; Jiricny, 2006; Li, 2008).  
MMR is strongly enhanced in mESCs, which correlates with elevated expression of the 
MMR genes msh-2, msh-3, msh-6, mlh-1; pms-2, mutyH and exo-1 (Fig. 3; Table 1), enhanced 
binding to damaged DNA and increased mismatch repair activity (Momcilovic et al, 2010; 
Osman et al, 2010; Roos et al, 2007; Tichy et al, 2011). DNA repair, however, seems to be not 
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the only function of MMR proteins. Overexpression of MSH2 also strongly reduced survival 
of 3T3 cells in response to treatment with the alkylating agent MNNG, while genetic 
deletion of the gene increased resistance to cell killing by low level irradiation and 
alkylating or oxidizing drugs in ESCs (Abuin et al, 2000; DeWeese et al, 1998; Roos et al, 
2007). Thus  MSH2  and eventually other mismatch repair proteins may also be involved in 
the induction of apoptosis. The high abundance of some of these repair proteins in ESCs 
may therefore also contribute to the increased sensitivity of stem cells towards alkylating 
and oxidizing agents.  
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Fig. 3. Mismatch repair (MMR) in ESCs. After recognition of DNA lesions by MSH2/MSH3 
or MSH2/MSH6, a heterodimer of MLH1 and PMS1, MLH1 and PMS2 or of MLH1 and 
MLH3 is recruited to the damaged site. Other proteins that are required for MMR are 
proliferating cell nuclear antigen (PCNA), exonuclease 1 (EXO-1), and DNA polymerase δ/ε 
(Pol /), which synthesizes the missing base(s). The final ligation step is performed by 
DNA ligase I (LIG I). Arrows next to individual proteins indicate higher ( ) or lower ( ) 
abundance in ESCs. 

6. Repair of DNA double strand breaks by homologous recombination and 
non-homologous end joining  
Double strand breaks (DSBs) can occur through normal cell metabolism, as intermediates of 
programmed genome rearrangements or after exposure to DNA damaging agents such as 
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ionizing radiation (IR). If not properly repaired, DSBs can result in chromosomal 
rearrangements and other severe genetic abnormalities as well as in senescence and 
apoptosis (reviewed in: Cahill et al, 2006). Because of the severe genomic aberrations that 
can arise, DSBs are considered as being the most harmful DNA lesion. Nonetheless, DSBs 
are also introduced into DNA on purpose, for example as part of the “mating-type-switch” 
in Saccharomyces cerevisiae or during V(D)J recombination in the course of the maturation of 
B- and T- cells in mammals (reviewed in: Paques & Haber, 1999; Soulas-Sprauel et al, 2007). 
DSBs are repaired by two major repair pathways: homologous recombination (HR; 
reviewed in: Johnson & Jasin, 2001) and non-homologous end joining (NHEJ; reviewed in: 
Lieber, 2008). HR is usually accurate, while NHEJ is frequently error-prone. 
NHEJ starts with the recognition of the DSB by the Ku70/Ku80 heterodimer, a protein 
complex that binds specifically to broken DNA ends (Fig. 4). Once bound, Ku70/80 recruits 
the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the DNA-PK 
holoenzyme. The DNA ends, which often posses damaged bases, are then processed by 
nucleases such as Artemis or the MRN (Mre11, Rad50, Nbs1) complex. Finally, a complex of 
XRCC-4 (X-ray repair complementing defective repair in chinese hamster cells 4), DNA 
Ligase IV and XLF (XRCC4-like factor) seals the break (Ahnesorg et al, 2006; Valerie & 
Povirk, 2003). HR starts with the recruitment of RAD51 to the DSB and resection of the 
broken DNA resulting in the generation of single stranded DNA (ssDNA; Fig. 5). RPA then 
binds to the exposed ssDNA to form a nucleoprotein filament and RAD51 mediates invasion 
of the nucleoprotein filament into the homologues duplex DNA and formation of a D-loop 
(Baumann et al, 1996; Sung et al, 2003). The 3’-end of the invading strand is extended by 
DNA polymerase during branch migration, the Holliday junctions are resolved and the 
emerging nicks are ligated by DNA ligase I (reviewed in: Heyer et al, 2010). 
A major difference in the repair of DSBs between ESCs and differentiated cells lies in the use 
of the two main pathways for DSB repair, HR and NHEJ (Fig. 6). While somatic cells repair 
DSBs mostly through NHEJ and less frequently via HR, this is opposite in ESCs, which 
repair seventy-five to eighty percent of DSBs by HR and only fifteen to twenty percent by 
NHEJ (Francis & Richardson, 2007; Yang et al, 2004). One reason for the prevalent use of HR 
by ESCs is the short G1 phase of the cell cycle (Fig. 7). Hence, almost seventy percent of an 
ESC population is in S-phase (Fluckiger et al, 2006; Savatier et al, 2002). Therefore, a 
significantly greater number of ESC chromosomes have sister chromatids available that can 
be used for HR. However, it should be noted that ESCs use HR even in the G1-phase of the 
cell cycle to repair DSBs (Serrano et al, 2011).  
According to the importance of HR in ESCs, the RAD51 protein is about 20 times more 
abundant in ESCs than in differentiated cells and ES cells exhibit a higher number of cells with 
Rad51 foci after irradiation (Sioftanos et al, 2010; Tichy et al, 2010; Tichy & Stambrook, 2008). 
In addition, hESCs express a larger isoform of RAD51 (Adams et al, 2010a). Within several 
minutes after irradiation, RAD51 foci are observed in hESCs, which reach a maximum at six 
hours after irradiation. This is different, e.g. to neuronal progenitor cells, which also form 
RAD51 foci within minutes after irradiation, but in neuronal progenitor cells, it takes about 
twelve hours for maximal foci formation (Adams et al, 2010a). However, since in MEFs RAD51 
foci are already maximally formed at four hours after irradiation (Sioftanos et al, 2010) and 
thus much earlier than in mESCs, these differences in the kinetics might rather display species- 
and cell type-specific differences than differences between stem cells and differentiated cells. 
Beside RAD51, RAD52, EXO-1 and MRE11 are also more abundant in ESCs than in 
differentiated cells (Table 1; Momcilovic et al, 2010; Tichy et al, 2010). 
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the only function of MMR proteins. Overexpression of MSH2 also strongly reduced survival 
of 3T3 cells in response to treatment with the alkylating agent MNNG, while genetic 
deletion of the gene increased resistance to cell killing by low level irradiation and 
alkylating or oxidizing drugs in ESCs (Abuin et al, 2000; DeWeese et al, 1998; Roos et al, 
2007). Thus  MSH2  and eventually other mismatch repair proteins may also be involved in 
the induction of apoptosis. The high abundance of some of these repair proteins in ESCs 
may therefore also contribute to the increased sensitivity of stem cells towards alkylating 
and oxidizing agents.  
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ionizing radiation (IR). If not properly repaired, DSBs can result in chromosomal 
rearrangements and other severe genetic abnormalities as well as in senescence and 
apoptosis (reviewed in: Cahill et al, 2006). Because of the severe genomic aberrations that 
can arise, DSBs are considered as being the most harmful DNA lesion. Nonetheless, DSBs 
are also introduced into DNA on purpose, for example as part of the “mating-type-switch” 
in Saccharomyces cerevisiae or during V(D)J recombination in the course of the maturation of 
B- and T- cells in mammals (reviewed in: Paques & Haber, 1999; Soulas-Sprauel et al, 2007). 
DSBs are repaired by two major repair pathways: homologous recombination (HR; 
reviewed in: Johnson & Jasin, 2001) and non-homologous end joining (NHEJ; reviewed in: 
Lieber, 2008). HR is usually accurate, while NHEJ is frequently error-prone. 
NHEJ starts with the recognition of the DSB by the Ku70/Ku80 heterodimer, a protein 
complex that binds specifically to broken DNA ends (Fig. 4). Once bound, Ku70/80 recruits 
the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the DNA-PK 
holoenzyme. The DNA ends, which often posses damaged bases, are then processed by 
nucleases such as Artemis or the MRN (Mre11, Rad50, Nbs1) complex. Finally, a complex of 
XRCC-4 (X-ray repair complementing defective repair in chinese hamster cells 4), DNA 
Ligase IV and XLF (XRCC4-like factor) seals the break (Ahnesorg et al, 2006; Valerie & 
Povirk, 2003). HR starts with the recruitment of RAD51 to the DSB and resection of the 
broken DNA resulting in the generation of single stranded DNA (ssDNA; Fig. 5). RPA then 
binds to the exposed ssDNA to form a nucleoprotein filament and RAD51 mediates invasion 
of the nucleoprotein filament into the homologues duplex DNA and formation of a D-loop 
(Baumann et al, 1996; Sung et al, 2003). The 3’-end of the invading strand is extended by 
DNA polymerase during branch migration, the Holliday junctions are resolved and the 
emerging nicks are ligated by DNA ligase I (reviewed in: Heyer et al, 2010). 
A major difference in the repair of DSBs between ESCs and differentiated cells lies in the use 
of the two main pathways for DSB repair, HR and NHEJ (Fig. 6). While somatic cells repair 
DSBs mostly through NHEJ and less frequently via HR, this is opposite in ESCs, which 
repair seventy-five to eighty percent of DSBs by HR and only fifteen to twenty percent by 
NHEJ (Francis & Richardson, 2007; Yang et al, 2004). One reason for the prevalent use of HR 
by ESCs is the short G1 phase of the cell cycle (Fig. 7). Hence, almost seventy percent of an 
ESC population is in S-phase (Fluckiger et al, 2006; Savatier et al, 2002). Therefore, a 
significantly greater number of ESC chromosomes have sister chromatids available that can 
be used for HR. However, it should be noted that ESCs use HR even in the G1-phase of the 
cell cycle to repair DSBs (Serrano et al, 2011).  
According to the importance of HR in ESCs, the RAD51 protein is about 20 times more 
abundant in ESCs than in differentiated cells and ES cells exhibit a higher number of cells with 
Rad51 foci after irradiation (Sioftanos et al, 2010; Tichy et al, 2010; Tichy & Stambrook, 2008). 
In addition, hESCs express a larger isoform of RAD51 (Adams et al, 2010a). Within several 
minutes after irradiation, RAD51 foci are observed in hESCs, which reach a maximum at six 
hours after irradiation. This is different, e.g. to neuronal progenitor cells, which also form 
RAD51 foci within minutes after irradiation, but in neuronal progenitor cells, it takes about 
twelve hours for maximal foci formation (Adams et al, 2010a). However, since in MEFs RAD51 
foci are already maximally formed at four hours after irradiation (Sioftanos et al, 2010) and 
thus much earlier than in mESCs, these differences in the kinetics might rather display species- 
and cell type-specific differences than differences between stem cells and differentiated cells. 
Beside RAD51, RAD52, EXO-1 and MRE11 are also more abundant in ESCs than in 
differentiated cells (Table 1; Momcilovic et al, 2010; Tichy et al, 2010). 



 
DNA Repair − On the Pathways to Fixing DNA Damage and Errors 

 

366 

DSB induction, e.g. by IR

Recruitment of 
MRN complex/Artemis and
polishing of damaged DNA ends

Error freeError prone

Phosphorylation of 5‘ ends
by PNK and removal of 

flaps by FEN-1

Massive DNA end 
processing by nucleases

Error prone
Inhibition by Ku70/80    ,

DNA-PKcs (hESCs / mESCs ),
Histone H1,  G1-phase

NHEJMMEJ

Ku70/80         
bind to DSB

DNA-PKcs
(hESCs /mESCs )
joins the complex

Mobilization of the
LIG IV/XRCC-4/XLF complex
(LIG IV hESCs /mESCs ,    
XRCC-4    ) and ligation of 
DNA ends

Binding of PARP-1     
to DNA ends

Mobilization of LIG I or
of the LIG III /XRCC-1        

complex and ligation of
DNA ends

protein is more abundant in ESCs

protein is less abundant in ESCs

DSB induction, e.g. by IR

Recruitment of 
MRN complex/Artemis and
polishing of damaged DNA ends

Error freeError prone

Phosphorylation of 5‘ ends
by PNK and removal of 

flaps by FEN-1

Massive DNA end 
processing by nucleases

Error prone
Inhibition by Ku70/80    ,

DNA-PKcs (hESCs / mESCs ),
Histone H1,  G1-phase

NHEJMMEJ

Ku70/80         
bind to DSB

DNA-PKcs
(hESCs /mESCs )
joins the complex

Mobilization of the
LIG IV/XRCC-4/XLF complex
(LIG IV hESCs /mESCs ,    
XRCC-4    ) and ligation of 
DNA ends

Binding of PARP-1     
to DNA ends

Binding of PARP-1     
to DNA ends

Mobilization of LIG I or
of the LIG III /XRCC-1        

complex and ligation of
DNA ends

Mobilization of LIG I or
of the LIG III /XRCC-1        

complex and ligation of
DNA ends

Mobilization of LIG I or
of the LIG III /XRCC-1        

complex and ligation of
DNA ends

protein is more abundant in ESCs

protein is less abundant in ESCs

 
Fig. 4. DSB End joining pathways in ESCs. DSBs can be repaired by two end joining 
pathways. Microhomology-mediated end joining (MMEJ) starts with massive end 
processing by cellular nucleases and binding of poly(ADP-ribose) polymerase 1 (PARP-1) to 
the DNA ends. Binding of PARP-1 mobilizes further DNA end processing enzymes like 
polynucleotide kinase (PNK) and flap-endonuclease 1 (FEN-1). Finally, Ligase I (LIG I) or a 
heterodimer of Ligase III and XRCC-1 (LIG III/XRCC1) are attracted for the final ligation 
step. Proteins like Ku70/Ku80, DNA-PKcs and Histone H1 inhibit MMEJ. Non-homologous 
end joining (NHEJ) starts with binding of the Ku70/80 heterodimer to broken DNA ends. 
DNA-PKCS translocates to the DSB and binds to the Ku complex. Afterwards, nucleases such 
as the MRN complex and Artemis arrive at the lesion and polish the DNA ends. Ligation of 
the DNA is performed by a complex of DNA ligase IV (LIG IV), XRCC-4 and XLF. Arrows 
next to individual proteins indicate higher ( ) or lower ( ) abundance in ESCs. 

Despite the high rate of HR in ESCs for repair of DSBs they also use NHEJ, yet at a low rate. 
Lesions repaired by NHEJ can feature deletions or insertions of up to several thousand 
basepairs (Boubakour-Azzouz & Ricchetti, 2008). Genetic deletion of XRCC-4, 
downregulation of DNA-PK by siRNA or inhibition of DNA-PK activity by small molecules 
further reduced NHEJ frequency in hESCs, yet to a lesser extent than in differentiated cells 
(Adams et al, 2010a; Adams et al, 2010b), further supporting the notion that ESCs perform 
NHEJ, to some extent. In line with the infrequent use of NHEJ is the weak expression of the 
catalytic subunit of DNA-PK (dna-pkCS) in mESCs, albeit the kinase is strongly expressed in 
hESCs (Banuelos et al, 2008; Momcilovic et al, 2010). In contrast to DNA-PKCS, ku70 and ku80 
are highly expressed in hESCs and mESCs (Maynard et al, 2008; Momcilovic et al, 2010; 
Tichy et al, 2010). A potential explanation for the different expression levels of dna-pkCS and 
ku70 and ku80 could be that Ku70 and Ku80 might have additional functions in ESCs. The 
Ku70/Ku80 heterodimer, for example, impedes unwanted recombination processes of 
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chromosomes and thus reduces mutation rates (Gullo et al, 2006). In addition, the 
Ku70/Ku80 heterodimer is involved in the regulation of cell growth and G1/S transition, 
where it keeps p21 levels under control, as well as in DNA replication, where it binds to 
origins of replication and associates with the replication machinery (Matheos et al, 2003; 
Matheos et al, 2002; Rampakakis et al, 2008). The repair factor XRCC-4 is expressed in 
similar amounts in mESCs and differentiated cells, while DNA ligase IV is less abundant in 
mESCs (Tichy et al, 2010). Only little is known about the principles that regulate the 
differential abundance of these proteins. However, as RNA levels of DNA ligase IV do not 
differ between mESCs and differentiated cells (Tichy et al, 2010), abundance of the proteins 
should be regulated posttranscriptionally. 
In addition to cell type-specific differences in the expression of repair factors, there are also 
species-specific dissimilarities. XRCC-4, for example, is present in similar amounts in mESCs 
and MEFs, while in hESCs its expression is elevated compared to differentiated cells 
(Momcilovic et al, 2010; Tichy et al, 2010). Also DNA ligase IV is present in higher amounts 
in hESCs compared to differentiated human cells (Momcilovic et al, 2010), while its 
expression is lower in mESC compared to differentiated cells (Tichy et al, 2010). In contrast, 
DNA-PKCS is present in lower amounts in mESCs compared to MEFs (Banuelos et al, 2008), 
but its expression is elevated in hESCs in comparison to differentiated human cells 
(Momcilovic et al, 2010). Also expression of breast cancer 1 (BRCA-1), a tumor suppressor 
protein which is involved in cell cycle regulation, transcription and DNA repair, is much 
lower in mESCs than in differentiated murine cells (Figure 8), while it is present in higher 
amounts in hESCs than in differentiated human cells (Table 1; Momcilovic et al, 2010).  

7. Microhomology-mediated end joining (MMEJ): an alternative pathway to 
NHEJ and HR in ESCs 
An alternative pathway related to NHEJ is microhomology-mediated end joining (MMEJ; 
Fig. 4). This repair pathway is, though, very error-prone due to massive DSB end processing 
and it leads frequently to deletions and occasionally to chromosomal aberrations like 
insertions, inversions or translocations (reviewed in: McVey & Lee, 2008). While for NHEJ 
one to five complementary bases are sufficient for the initiation of repair, MMEJ requires ten 
to twenty-five complementary bases (reviewed in: McVey & Lee, 2008). Preferred substrates 
for MMEJ are DSBs with blunt and non-cohesive ends, which are poor templates for NHEJ 
(Zhang & Paull, 2005). Proteins like PARP-1, XRCC-1, the bifunctional polynucleotide 
phosphatase/kinase (PNK), DNA ligase I and DNA ligase III are major players in this repair 
pathway (Zhang & Paull, 2005). 
After introduction of a DSB, PARP-1 becomes active and is recruited to the DSB where it 
attracts PNK and the DNA ligase III/XRCC-1-complex. When these proteins are at the lesion, 
PNK phosphorylates the 5’-end of the DNA at the DSB. After that, the DNA ends are ligated 
by the DNA ligase III/XRCC-1-complex (Audebert et al, 2004; Audebert et al, 2006; Audebert 
et al, 2008). Apart from the “core” MMEJ-factors, Ku70, Ku80, Histone H1, CtIP (CtBP-
interacting protein), CDK-2, and BRCA-1 are involved in MMEJ, albeit Ku70, Ku80 and 
Histone H1 are mostly active as regulators of this repair pathway (reviewed in: McVey & Lee, 
2008). While Ku70 inhibited MMEJ in fission yeast (Schizosaccharomyces pombe), Ku80 promoted 
MMEJ in CHO (chinese hamster ovary) cells (Decottignies, 2007; Katsura et al, 2007). It 
remains to be determined whether these two proteins, that usually function as a heterodimer, 
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Fig. 4. DSB End joining pathways in ESCs. DSBs can be repaired by two end joining 
pathways. Microhomology-mediated end joining (MMEJ) starts with massive end 
processing by cellular nucleases and binding of poly(ADP-ribose) polymerase 1 (PARP-1) to 
the DNA ends. Binding of PARP-1 mobilizes further DNA end processing enzymes like 
polynucleotide kinase (PNK) and flap-endonuclease 1 (FEN-1). Finally, Ligase I (LIG I) or a 
heterodimer of Ligase III and XRCC-1 (LIG III/XRCC1) are attracted for the final ligation 
step. Proteins like Ku70/Ku80, DNA-PKcs and Histone H1 inhibit MMEJ. Non-homologous 
end joining (NHEJ) starts with binding of the Ku70/80 heterodimer to broken DNA ends. 
DNA-PKCS translocates to the DSB and binds to the Ku complex. Afterwards, nucleases such 
as the MRN complex and Artemis arrive at the lesion and polish the DNA ends. Ligation of 
the DNA is performed by a complex of DNA ligase IV (LIG IV), XRCC-4 and XLF. Arrows 
next to individual proteins indicate higher ( ) or lower ( ) abundance in ESCs. 

Despite the high rate of HR in ESCs for repair of DSBs they also use NHEJ, yet at a low rate. 
Lesions repaired by NHEJ can feature deletions or insertions of up to several thousand 
basepairs (Boubakour-Azzouz & Ricchetti, 2008). Genetic deletion of XRCC-4, 
downregulation of DNA-PK by siRNA or inhibition of DNA-PK activity by small molecules 
further reduced NHEJ frequency in hESCs, yet to a lesser extent than in differentiated cells 
(Adams et al, 2010a; Adams et al, 2010b), further supporting the notion that ESCs perform 
NHEJ, to some extent. In line with the infrequent use of NHEJ is the weak expression of the 
catalytic subunit of DNA-PK (dna-pkCS) in mESCs, albeit the kinase is strongly expressed in 
hESCs (Banuelos et al, 2008; Momcilovic et al, 2010). In contrast to DNA-PKCS, ku70 and ku80 
are highly expressed in hESCs and mESCs (Maynard et al, 2008; Momcilovic et al, 2010; 
Tichy et al, 2010). A potential explanation for the different expression levels of dna-pkCS and 
ku70 and ku80 could be that Ku70 and Ku80 might have additional functions in ESCs. The 
Ku70/Ku80 heterodimer, for example, impedes unwanted recombination processes of 
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chromosomes and thus reduces mutation rates (Gullo et al, 2006). In addition, the 
Ku70/Ku80 heterodimer is involved in the regulation of cell growth and G1/S transition, 
where it keeps p21 levels under control, as well as in DNA replication, where it binds to 
origins of replication and associates with the replication machinery (Matheos et al, 2003; 
Matheos et al, 2002; Rampakakis et al, 2008). The repair factor XRCC-4 is expressed in 
similar amounts in mESCs and differentiated cells, while DNA ligase IV is less abundant in 
mESCs (Tichy et al, 2010). Only little is known about the principles that regulate the 
differential abundance of these proteins. However, as RNA levels of DNA ligase IV do not 
differ between mESCs and differentiated cells (Tichy et al, 2010), abundance of the proteins 
should be regulated posttranscriptionally. 
In addition to cell type-specific differences in the expression of repair factors, there are also 
species-specific dissimilarities. XRCC-4, for example, is present in similar amounts in mESCs 
and MEFs, while in hESCs its expression is elevated compared to differentiated cells 
(Momcilovic et al, 2010; Tichy et al, 2010). Also DNA ligase IV is present in higher amounts 
in hESCs compared to differentiated human cells (Momcilovic et al, 2010), while its 
expression is lower in mESC compared to differentiated cells (Tichy et al, 2010). In contrast, 
DNA-PKCS is present in lower amounts in mESCs compared to MEFs (Banuelos et al, 2008), 
but its expression is elevated in hESCs in comparison to differentiated human cells 
(Momcilovic et al, 2010). Also expression of breast cancer 1 (BRCA-1), a tumor suppressor 
protein which is involved in cell cycle regulation, transcription and DNA repair, is much 
lower in mESCs than in differentiated murine cells (Figure 8), while it is present in higher 
amounts in hESCs than in differentiated human cells (Table 1; Momcilovic et al, 2010).  

7. Microhomology-mediated end joining (MMEJ): an alternative pathway to 
NHEJ and HR in ESCs 
An alternative pathway related to NHEJ is microhomology-mediated end joining (MMEJ; 
Fig. 4). This repair pathway is, though, very error-prone due to massive DSB end processing 
and it leads frequently to deletions and occasionally to chromosomal aberrations like 
insertions, inversions or translocations (reviewed in: McVey & Lee, 2008). While for NHEJ 
one to five complementary bases are sufficient for the initiation of repair, MMEJ requires ten 
to twenty-five complementary bases (reviewed in: McVey & Lee, 2008). Preferred substrates 
for MMEJ are DSBs with blunt and non-cohesive ends, which are poor templates for NHEJ 
(Zhang & Paull, 2005). Proteins like PARP-1, XRCC-1, the bifunctional polynucleotide 
phosphatase/kinase (PNK), DNA ligase I and DNA ligase III are major players in this repair 
pathway (Zhang & Paull, 2005). 
After introduction of a DSB, PARP-1 becomes active and is recruited to the DSB where it 
attracts PNK and the DNA ligase III/XRCC-1-complex. When these proteins are at the lesion, 
PNK phosphorylates the 5’-end of the DNA at the DSB. After that, the DNA ends are ligated 
by the DNA ligase III/XRCC-1-complex (Audebert et al, 2004; Audebert et al, 2006; Audebert 
et al, 2008). Apart from the “core” MMEJ-factors, Ku70, Ku80, Histone H1, CtIP (CtBP-
interacting protein), CDK-2, and BRCA-1 are involved in MMEJ, albeit Ku70, Ku80 and 
Histone H1 are mostly active as regulators of this repair pathway (reviewed in: McVey & Lee, 
2008). While Ku70 inhibited MMEJ in fission yeast (Schizosaccharomyces pombe), Ku80 promoted 
MMEJ in CHO (chinese hamster ovary) cells (Decottignies, 2007; Katsura et al, 2007). It 
remains to be determined whether these two proteins, that usually function as a heterodimer, 
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regulate MMEJ indeed differently or whether the opposing observations are due to species-
specific variations. Also Histone H1 suppresses MMEJ, while CtIP, a component of the 
CtIP/BRCA-1/MRE-11 complex, supports DSB end resection, an essential process during 
MMEJ in somatic cells (Liang et al, 2005; Zhong et al, 2002).  
There is very little known about the regulation of MMEJ in ESCs, yet, MMEJ is used in ESCs, 
albeit at a very low frequency (Tichy et al, 2010). Eventually, it only serves as a backup 
repair system in case of severe damage or when proteins of the classical NHEJ pathway are 
not available. A possible explanation for the minor contribution of MMEJ to DSB repair in 
ESCs might lie in the error-proneness of this repair pathway. Since ESCs are masters of 
preserving their genomic information, MMEJ might not be an appropriate pathway for 
DNA repair in general in this cell type.  
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Fig. 5. Homologous recombination in ESCs. DSBs are recognized by ATM and ATR. DSB 
ends are resected by 5`-3` exonucleases like Exonuclease I (EXO-1) or the MRN complex, 
resulting in single stranded DNA ends (ssDNA). RPA binds to ssDNA and protects the 
DNA ends from degradation. Then, RAD51 is mobilized and binds to ssDNA followed by 
the formation of a presynaptic complex and displacement of RPA. Rad51 finally invades 
into the sister-chromatid and DNA polymerase synthesizes new DNA using the 
corresponding sister-chromatid as a template. At the end, Holliday Junctions are dissolved 
by resolvases and the nicks are ligated by DNA ligase I (LIG I). Arrows next to individual 
proteins indicate higher ( ) or lower ( ) abundance in ESCs.  
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Fig. 6. Double strand break repair in somatic versus embryonic stem cells. After DSB 
induction, lesions are detected by ATM, ATR or the Ku70/Ku80/DNA-PK complex and 
repair pathways are switched on. While somatic cells predominantly repair DSBs by non-
homologous end joining (NHEJ) and only secondary by microhomology-mediated end 
joining (MMEJ) and homologous recombination (HR), ESCs favour homologous 
recombination for DSB repair.  
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Fig. 7. Duration of the cell cycle of somatic cells and embryonic stem cells. In differentiated 
cells, progression through the cell cycle takes about twenty-four hours (h) whereas, due to a 
very short G1-phase it takes only about twelve hours in mESCs. Due to the short G1-phase, 
S-phase becomes automatically the longest phase of the cell cycle of ESCs resulting in about 
seventy percent of ESCs of a proliferating population in S-phase (Aladjem et al., 1998; 
Savatier et al., 2002; Hong and Stambrook, 2004; Fluckiger et al., 2006). 
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regulate MMEJ indeed differently or whether the opposing observations are due to species-
specific variations. Also Histone H1 suppresses MMEJ, while CtIP, a component of the 
CtIP/BRCA-1/MRE-11 complex, supports DSB end resection, an essential process during 
MMEJ in somatic cells (Liang et al, 2005; Zhong et al, 2002).  
There is very little known about the regulation of MMEJ in ESCs, yet, MMEJ is used in ESCs, 
albeit at a very low frequency (Tichy et al, 2010). Eventually, it only serves as a backup 
repair system in case of severe damage or when proteins of the classical NHEJ pathway are 
not available. A possible explanation for the minor contribution of MMEJ to DSB repair in 
ESCs might lie in the error-proneness of this repair pathway. Since ESCs are masters of 
preserving their genomic information, MMEJ might not be an appropriate pathway for 
DNA repair in general in this cell type.  
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Fig. 5. Homologous recombination in ESCs. DSBs are recognized by ATM and ATR. DSB 
ends are resected by 5`-3` exonucleases like Exonuclease I (EXO-1) or the MRN complex, 
resulting in single stranded DNA ends (ssDNA). RPA binds to ssDNA and protects the 
DNA ends from degradation. Then, RAD51 is mobilized and binds to ssDNA followed by 
the formation of a presynaptic complex and displacement of RPA. Rad51 finally invades 
into the sister-chromatid and DNA polymerase synthesizes new DNA using the 
corresponding sister-chromatid as a template. At the end, Holliday Junctions are dissolved 
by resolvases and the nicks are ligated by DNA ligase I (LIG I). Arrows next to individual 
proteins indicate higher ( ) or lower ( ) abundance in ESCs.  
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Fig. 6. Double strand break repair in somatic versus embryonic stem cells. After DSB 
induction, lesions are detected by ATM, ATR or the Ku70/Ku80/DNA-PK complex and 
repair pathways are switched on. While somatic cells predominantly repair DSBs by non-
homologous end joining (NHEJ) and only secondary by microhomology-mediated end 
joining (MMEJ) and homologous recombination (HR), ESCs favour homologous 
recombination for DSB repair.  
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Fig. 7. Duration of the cell cycle of somatic cells and embryonic stem cells. In differentiated 
cells, progression through the cell cycle takes about twenty-four hours (h) whereas, due to a 
very short G1-phase it takes only about twelve hours in mESCs. Due to the short G1-phase, 
S-phase becomes automatically the longest phase of the cell cycle of ESCs resulting in about 
seventy percent of ESCs of a proliferating population in S-phase (Aladjem et al., 1998; 
Savatier et al., 2002; Hong and Stambrook, 2004; Fluckiger et al., 2006). 
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8. Induction of differentiation in response to DNA damage 
Differentiation is a way for ESCs to respond to a negatively changing environment or 
growth condition. During differentiation, stem cells loose their potential to proliferate while 
they remain vital and functional as a differentiated cell. Differentiation is therefore an 
attractive option for stem cells to respond to DNA damage, when repair is not possible or 
has been unsuccessful. Since cell division is discontinued, DNA lesions and mutations 
cannot be propagated to daughter cells while the cell can still fulfill some functions. 
Nevertheless, under conditions of severe DNA damage, induction of cell death might 
certainly be the better choice to maintain a healthy population of ESCs.  
There are several routes by which differentiation can be initiated after DNA damage. One 
option is via activation of the tumor suppressor protein Tp53. Upon DNA damage, the 
transcription factor Tp53 accumulates in the nucleus of stem cells (Lin et al, 2005; 
Solozobova et al, 2009). Among the promoters, to which Tp53 binds upon activation is the 
promoter of nanog, an important stem cell marker gene. Binding of Tp53 suppresses 
transcription of nanog and elimination of the Nanog protein from stem cells, leads to their 
differentiation (Lin et al, 2005). Activation of Tp53 can, however, also have the opposite 
effect as activated Tp53 also stimulates production of the Wnt ligands Wnt3, Wnt3a, Wnt8a, 
Wnt8b and Wnt9a (Lee et al, 2010). The Wnt ligands are secreted from cells with damaged 
DNA and engulfed by neighboring ESCs, where they inhibit differentiation (Lee et al, 2010). 
In consequence, these cells continue to proliferate, which may help to maintain a healthy 
pool of ESCs and to replace cells that are lost by apoptosis after genotoxic insults. Another 
route to differentiation in response to cellular stress is via activation of the c-Jun-N-terminal 
kinase (JNK). JNK is a negative regulator of the gp130-JAK-STAT3 signaling cascade in 
somatic cells (Lim & Cao, 1999), a pathway that also controls pluripotency in stem cells (Raz 
et al, 1999). Since JNK is activated in response to DNA damage (Adler et al, 1995; Nehme et 
al, 1999; Wilhelm et al, 1997), it is conceivable that this signaling pathway also supports 
differentiation of stem cells in the presence of DNA lesions. A further signaling cascade that 
is involved in regulating differentiation in hESCs is the NFκB pathway (Yang et al, 2010). 
Since DNA damage also activates NFκB (Basu et al, 1998), it may influence stem cell 
differentiation also via this route.  
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Fig. 8. Expression of BRCA-1 in mESC and during differentiation. D3 cells were treated with 
retinoic acid for the indicated time. Four hours prior to harvest, MG132 was added to the 
cultures. Cells were lysed and the amount of BRCA-1 was determined by Western Blotting. 
Hybridization with an antibody directed against actin served for loading control. 
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Tichy et al, 2010 
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Maynard et al, 2008; 
Momcilovic et al, 2010; 
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BER: Base excision repair, NER: Nucleotide excision repair, MMR: Mismatch repair, HR: Homologous 
recombination, NHEJ: Non-homologous end-joining, MMEJ: Microhomology-mediated end-joining.  

Table 1. Comparison of the expression of genes involved in DNA repair between hESCs and 
their differentiated counterpart and mESCs and differentiated murine cells. Whether the 
abundance is increased in ESCs in relation to the differentiated counterpart () or decreased 
() is indicated with either black or blue arrows. 
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9. Conclusions 
It is known for many years that ESCs acquire significantly less mutations and genetic 
rearrangements in response to DNA damage than differentiated cells. This observation 
raises the interesting possibility that, by understanding how DNA repair is controlled in 
stem cells, one could eventually make DNA repair in differentiated cells more efficient and 
less error-prone. This would eventually help to reduce the accumulation of DNA lesions in 
the cells and thus combat development of cancer and degenerative diseases and to reduce 
failures associated with aging. Comparison of the DNA damage responses of ESCs and 
differentiated cells has shown that ESCs are not only more sensitive to DNA damaging 
agents, they usually also use the available repair pathways more efficiently and they 
prioritize error-free repair pathways over error-prone ones. This different behavior is also 
reflected in differences in the expression of repair proteins. Currently it is unclear, which 
factors are responsible for the different expression pattern of repair proteins and how they 
are regulated in stem cells and differentiated cells. One possibility that has been discussed in 
the past is that, due to the short G1 phase of the cell cycle, a significantly higher number of 
stem cells are in S-phase compared to differentiated cells. Accordingly, stem cells have 
higher levels of the transcription factor E2F-1 (Roos at al, 2007). It has, however, only been 
shown for very few repair proteins, that their expression is indeed controlled by E2F-1. In 
addition, it needs to be resolved whether the differences in the expression of some repair 
pathways is indeed the reason for a more effective repair or whether this is only co-
incidence. Here, more research is needed to identify the regulatory factors and their 
interplay.  
Another important issue is the sporadically observed species-specific difference in the 
expression of repair factors. Are these differences indeed due to species-specific gene 
expression programs or do we eventually look at different types of cells? Although murine 
and human ESCs are both derived from the inner cell mass of a blastocyst, it is presently 
unclear how far they are really comparable. A close look at origin and culture conditions of 
the employed cells is certainly required to allow a direct comparison of the gene expression 
program and behavior of different stem cell lines. 
A matter that we have not addressed in this review is DNA repair of iPS cells, since only a 
minor amount of data is currently available on DNA repair of these cells. However, since 
iPS cells are presently intensively investigated for future therapeutic applications, research 
into DNA repair capabilities of reprogrammed cells is of prime importance. 
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9. Conclusions 
It is known for many years that ESCs acquire significantly less mutations and genetic 
rearrangements in response to DNA damage than differentiated cells. This observation 
raises the interesting possibility that, by understanding how DNA repair is controlled in 
stem cells, one could eventually make DNA repair in differentiated cells more efficient and 
less error-prone. This would eventually help to reduce the accumulation of DNA lesions in 
the cells and thus combat development of cancer and degenerative diseases and to reduce 
failures associated with aging. Comparison of the DNA damage responses of ESCs and 
differentiated cells has shown that ESCs are not only more sensitive to DNA damaging 
agents, they usually also use the available repair pathways more efficiently and they 
prioritize error-free repair pathways over error-prone ones. This different behavior is also 
reflected in differences in the expression of repair proteins. Currently it is unclear, which 
factors are responsible for the different expression pattern of repair proteins and how they 
are regulated in stem cells and differentiated cells. One possibility that has been discussed in 
the past is that, due to the short G1 phase of the cell cycle, a significantly higher number of 
stem cells are in S-phase compared to differentiated cells. Accordingly, stem cells have 
higher levels of the transcription factor E2F-1 (Roos at al, 2007). It has, however, only been 
shown for very few repair proteins, that their expression is indeed controlled by E2F-1. In 
addition, it needs to be resolved whether the differences in the expression of some repair 
pathways is indeed the reason for a more effective repair or whether this is only co-
incidence. Here, more research is needed to identify the regulatory factors and their 
interplay.  
Another important issue is the sporadically observed species-specific difference in the 
expression of repair factors. Are these differences indeed due to species-specific gene 
expression programs or do we eventually look at different types of cells? Although murine 
and human ESCs are both derived from the inner cell mass of a blastocyst, it is presently 
unclear how far they are really comparable. A close look at origin and culture conditions of 
the employed cells is certainly required to allow a direct comparison of the gene expression 
program and behavior of different stem cell lines. 
A matter that we have not addressed in this review is DNA repair of iPS cells, since only a 
minor amount of data is currently available on DNA repair of these cells. However, since 
iPS cells are presently intensively investigated for future therapeutic applications, research 
into DNA repair capabilities of reprogrammed cells is of prime importance. 
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