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Preface

Genome integrity is maintained through a sophisticated series of mechanisms that are able to
detect early, signal for, and repair DNA damage. This is termed DNA damage response
(DDR) and it is crucial for survival and propagation of life. As these procedures should take
place quite rapidly in order to halt cell division, or noncanonical gene expression, there is no
time, in most cases, for new synthesis of factors responsible for DDR and repair. An apparent
solution is recruitment by the cell of factors from other ongoing processes, reprioritizing
needs, and restoring DNA damage by modifying existing molecules and their subsequent
function. Signaling leading to conformational changes and affecting protein-DNA and pro-
tein-protein interactions is a very effective cellular strategy toward achieving this goal.

Likewise, phosphorylation, ubiquitination/ubiquitylation (the covalent link of one or more
ubiquitously found ubiquitin molecules, by a wide variety of linear or chain creating mono- or
polymer forms on mainly lysine residues of a target protein) in conjunction with the less stud-
ied SUMOylation, emerged to be critical players in regulating numerous eukaryotic cellular
processes including DDR and repair pathways, cell cycle control, and cell fate decisions. Cu-
mulative studies reveal that ubiquitination is implicated in a broad range of molecular func-
tions that may lead to the alteration of protein stability and homeostasis, subcellular
localization, or function assignment through interaction with other protein partners. It seems
that different ubiquitin linkages, directing target proteins to either proteasomal degradation
or conformational and thus functional modifications, cooperate to orchestrate genomic stabil-
ity maintenance through a finely tuned dynamic function of both ubiquitin (ub) conjugating
enzymes (E1, 2 and 3 types of ub ligases) and ub removal enzymes (Deubiquitinases, Dubs).

DDR consists of lesion type and magnitude recognition (sensing) due to either endogenous
or exogenous causes, followed by signaling that activates the responsible mediators, come-
diators, and effectors in order to halt the cell cycle and local transcription, until efficient re-
pair of the damage is performed and verified by the most reliable and rapid pathway
available in the given cell cycle stage. This overcomes the replication stress/collapsed forks
and promotes the restart of replication synthesis and this is followed, when effectively re-
paired, by cell cycle progression. Accordingly, repair of serious genotoxic insults, like dou-
ble strand breaks (DSBs), functions through a platform capable of correcting these
deleterious lesions and ensuring genome integrity. In all of these steps, protein modification
by ubiquitination and SUMO consists of a crucial regulatory process that when impaired
may result in aging, tumorigenesis, and other life-threatening conditions. Another impor-
tant aspect to consider is genome architecture and the role of chromatin remodeling through
ubiquitination, facilitating DDR and providing access to repair mechanisms, processes tight-
ly interlinked and intercommunicating in order to handle and remove toxic DNA lesions.
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Preface

This book attempts to cover current topics on ubiquitin’s role in the maintenance of genome
integrity through regulation of all major pathways dealing with genome restoration and cases
where deregulation of ubiquitin-mediated processes is implicated in developmental disor-
ders, cancer, and aging. More precisely, topics of the book cover the extended work on the role
of ubiquitination in the initiation step of damage sensing and recognition, especially during
DNA replication, the regulation of NHE]-the preferred process for DSB repair during G1
phase of the cell cycle-the high fidelity homologous recombination (HR) repair of DSBs dur-
ing the S and G2 cell cycle phases, the restoration of genotoxic lesions by base excision repair
(BER), nucleotide excision repair (NER), and other types of lesion repair pathways, chromatin
modification, cell cycle regulation, as well as in abnormalities like Fanconi anemia, certain
cancer types, aging, and nervous system syndromes. The content also includes current find-
ings on the role of deubiquitinases in genome stability pathways in health and disease model
systems and ongoing clinical trials targeting Dubs, with optimistic results, which imply the
anticipation of future perspectives in the field of diagnostics and precision therapeutics.

In conclusion, this book provides a snapshot of a comprehensive overview together with re-
cent findings and potential implications of the ever-expanding complex regulatory mecha-
nisms of ubiquitin-dependent DNA damage response and repair processes in health and
disease. Authors include active and laboratory-based investigators energetically working in
the corresponding areas. This book is intended for pre- and postgraduate students and young
scientists interested in genome maintenance strategies, their intercommunication with other
cellular functions, in molecular, chromatin and cellular levels and potential applications.

Effrossyni Boutou
Molecular Genetics Lab
‘Laiko” General University Athens Hospital, Athens, Greece

Horst-Werner Stuerzbecher
University Clinic of Schleswig-Holstein, Germany
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Ubiquitylation and SUMOylation: An Orchestrated
Regulation During DNA Damage Repair
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Abstract

DNA double-strand breaks (DSBs) are cytotoxic DNA lesions that must be repaired as soon as
possible because it can cause chromosomal aberrations and cell death. Homologous recom-
bination (HR) and nonhomologous end joining (NHE]) are the pathways that mainly repair
these ruptures. HR process is finely regulated by synchronized posttranslational modifica-
tions including phosphorylation, ubiquitylation, and SUMOylation. The ubiquitin (Ub) mod-
ifications at damaged chromatin serve as recruitment platforms for DSB repair complexes by
facilitating binding sites or regulating the interaction between proteins. Thus, SUMOylation
has been associated with protein interaction, enzymatic activity, and chromatin mobility.
Several DNA damage factors have been found to be ubiquitylated and SUMOylated includ-
ing histones (H2AX) and proteins such as Mrel1, Rad51, NBS1, and BRCA1. Regarding ubig-
uitylation-mediated regulation of DNA repair, RNF168 and RNF8 E3 ligases have turned out
to be a key step in DNA damage repair regulation. Interestingly, there is evidence that the Ub
signaling mechanism is ancestral, and this emphasizes its importance.

Keywords: ubiquitylation, DSB, SUMOylation, DNA repair, chromatin architecture

1. Introduction

Genome integrity is compromised by the constant attack from exogenous and endogenous
DNA-damaging factors such as radiation, carcinogens, reactive radicals, and errors in DNA
replication. The most deleterious DNA lesion is the double-strand breaks (DSBs) because fail-
ure to repair them results in diverse changes in DNA such as mutations or chromosomal
rearrangements. Thus, to maintain genomic stability, cells have developed an elaborate DNA
damage response (DDR) system to detect, signal, and repair the DNA lesions [1-3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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DSBs are repaired by two main pathways: nonhomologous end joining (NHE]) and homol-
ogous recombination (HR). NHE] works with a fast kinetics throughout the cell cycle and
joins broken DNA ends without the need of extended complementary sequences leading to
an error-prone repair [4]. HR, on the other hand, takes longer and is restricted to the S and
G2 phases of the cell cycle since an intact sister chromatid is required for repair based on a
homologous template, and thus this process is carried out error-free [5].

HR is an evolutionary well-conserved mechanism, where nucleolytic degradation of the 5’ end in
the DSB produces long 3'-single-stranded DNA (ssDNA) overhangs, and this is referred as DNA
end resection [6, 7]. These dangling 3" ends must be protected from nucleases, and the formation
of tertiary structures is accomplished by replication protein A (RPA), which in turn is replaced by
recombinase Rad51 to form the Rad51-ssDNA presynaptic filament to promote HR. Thus, DNA
end resection is a key player for the Rad51-ssDNA filament formation, and it must be tightly con-
trolled by diverse mechanisms; posttranslational modification to core components of resection
machinery as well as antagonists is one of them (PMTs). These PMTs mainly phosphorylation
[8] and recently ubiquitylation and SUMOylation have been shown to play an important control
in many features of cellular responses to DNA damage, including the repair of DSBs [9, 10] as
shown by high-throughput proteomics studies where it was observed that DSB repair is facili-
tated by global ubiquitylation and SUMOylation induced by DNA damage [11, 12]. This review
will focus on ubiquitylation and SUMOylation participation in DSB response.

2. Ubiquitin in DSB response

Ubiquitin (Ub) is a 76 amino acid protein with seven lysine residues that can form polyu-
biquitin chains of eight different linkages (K6, K11, K27, K33, K48, K63, and Metl) as well
as mixed and branched chains (Figure 1) [13]. The generation of different protein Ub chains
provides structural diversity allowing proteins with specific Ub-binding domains (UBDs) to
discriminate between these different structures. For example, Ub K48 and K63 polyubiquitin
chains are structurally distinct and are differentially recognized by proteins containing dif-
ferent UBDs [14]. To date, over 200 proteins with at least 20 different types of UBDs have
been identified that bind to different Ub structures in a noncovalent manner [15]. The ability
of distinct protein Ub structures to specifically bind to proteins containing a particular UBD
is important for generating specificity of protein-protein interactions and targeting proteins
to different pathways and fates. For example, monoubiquitylation can regulate DNA repair,
regulation of histone function, gene expression, and receptor endocytosis (Figure 1) [16].

Due to the ability of the Ub molecule to be conjugated onto diverse substrate lysine(s), protein
ubiquitylation is a multifunction-oriented process using its own lysines or via its N-terminal
methionine residues, to generate a diverse range of structures and therefore modify activities in
protein targets [17]. Each linkage kind promotes a different protein conformation providing a
certain degree of diversity, thus exposing a specific Ub-binding domain (UBD) with a particular
function like favoring or inhibiting protein-protein interactions, protein localization, and/or deg-
radation. To illustrate this, polyubiquitin chains attached to a protein in its Ub K63 linkage could
mostly apply to proteins mainly distributed in the lysosome/endocytosis, DNA repair, and signal
transduction (Figure 1). The ubiquitylation process is a bit complex; it is carried out mainly by
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Figure 1. The ubiquitin linkage change the substrate at diverse range of structures and these modifications transform the
affinity to other proteins, therefore the function is modified.

three proteins: E1 (activating enzyme), E2 (conjugating enzyme), and E3 (ligating enzymes). E1
activates ubiquitin (Ub) C-terminus by generating a thioester-linked E1~Ub conjugate which is
dependent on adenosin-5' triphosphate (ATP). Then, via a trans-thiolation reaction, the E2 active
cysteine site receives the activated Ub from E1. E3 and E2 cooperate to facilitate the transfer of Ub
onto a substrate lysine (K) of a protein target to form an isopeptide bond resulting in a ubiquity-
lated protein. E3 enzymes have been grouped in three E3 families: RING families (really interest-
ing new gene), HECT (homologous to E6-AP carboxyl terminus), and hybrid RING/HECT E3 [18].

In order to promote the isopeptide formation between the lysine residue of the target protein
and the glycine of the Ub C-terminus, the RING E3 ligase recruits both the E2-Ub conjugate
and protein target. In contrast, HECT E3 ligases take Ub from E2-Ub conjugate on a catalytic
cysteine and transfer the ubiquitin to a target lysine. On the other hand, the hybrid RING/
HECT E3 ligase N-terminal RING1 domain works like the RING E3 ligases since they bind
and recognize the E2-Ub conjugate, while the RING2 domain catalytic cysteine accepts a Ub
molecule from E2-Ub conjugate before it is transferred to the target lysine [19]. Protein ubiq-
uitylation is reversible through deubiquitylating enzymes (DUBs), which have the ability to
cleave single Ub or polyubiquitin chains from targeted proteins.

Radé, a postreplication repair (PRR) protein [20], was the first enzyme involved in an ubiqui-
tylation role. Also, a mutation in ubiquitin K63R caused sensitivity to UV and DNA damage in
yeast [21]. Rap80 bears a tandem ubiquitin-interacting motif (UIM) that binds to K63 linkages
in vitro and is attached to Ub through K63 linkages in vivo upon DNA damage. In humans
Rap80 binds to BRCA1 (breast cancer type 1 susceptibility) protein that has an important role
during HR repair [22]. BRCA1 and Bard1l form different complexes (BRCA1-A, BRCA1-B,
and BRCA1-C) with Abraxas or Bachl/Fanc] or CtIP [23]. BRCA1-A interacts with regions
that flank DSBs after phosphorylation, and ubiquitylation reactions promoted by the MRN
complex (Mrel1-Rad50-NBS1) take place. MRN complex senses the DSB, recruits (through
NBS1), and activates ataxia telangiectasia mutated (ATM) to initiate the DNA repair signaling

3
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response through histone H2AX phosphorylation on serine139 [24]. Thus, Figure 1 illustrates
the complex role of ubiquitin in both degradation and regulation of function on processes
like DNA repair and endocytosis. The BRCA1/Rap80 complex contains other proteins such as
MERIT40 and BRCC36. Interestingly, while MERIT40 facilitates BRCA1-A complex, assembly
in response to DNA damage, BRCC36 is a deubiquitin enzyme with specificity on the Ub K63.

RING finger protein 8 (RNF8) is an E3 ligase that catalyzes Ub K63 linkages at DSBs in mammals.
Once H2AX is phosphorylated by ATM in regions that flank DSBs, MDC1 (mediator of DNA
damage checkpoint 1) protein is also rapidly recruited by recognizing the phosphorylated H2AX
through its BRTC domain. H2AX phosphorylation promotes RNES8 recruitment to the DSB regions
by its interaction with the MDC1 terminal FHA domain. It has been proposed that RNF8 fast
recruitment stimulates H1 type linker histone ubiquitylation (K63) mediated by UBC13 E2 ligase,
which in turn recruits RNF168 through their UIMs, and this results in H2A ubiquitylation of H2A
at K13 and K15 residues [25, 26]. These ubiquitylation modifications allow chromatin changes
that facilitate the recruitment of other DSB response factors: RPA 80, 53BP1, and BRCA1 among
them. Additionally, it is interesting that RNF168 extends the ubiquitylation degree on the flanking
regions of DSBs, and this is required for DNA repair. This evidence highlights that ubiquitylation
is a cornerstone of the DSB response, and its precise control is essential for genome stability [22].

3. SUMO in DSB response

In 1996, small ubiquitin-related modifier (SUMO) protein was discovered as a 100-amino acid-
long protein. These proteins, though their sequence is not identical among them, share a common
3D structure and a C-terminal di-glycine motif that is required for its attachment to the lysine
residue of the target protein via isopeptide bond [27]. SUMO could covalently be attached to
target protein lysine residues by E1, E2, and E3 SUMO ligases in a similar manner to ubiquitin
conjugation [28]. SUMO bears a long flexible N-terminal tail [29]. There are four different SUMO
isoforms [14]; they are normally translated as longer precursors, consequently in order to
obtain the mature forms, and they must be processed. As mentioned earlier, SUMOL1 shares 48%
sequence identity with SUMO2, while SUMO2 and SUMO3 present 90% sequence identity [30].

Because SUMO2 and SUMO3 isoforms are not distinguished by antibodies, they are usu-
ally referred as SUMO2/SUMO3. Further, recent data for SUMO4 indicates that this is
processed to its mature form only under particular conditions [31]. Saccharomyces cerevi-
size and Schizosaccharomyces pombe contain a single SUMO protein Smt3 [29]. In contrast,
the SUMOylation modification is carried out by one heterodimeric E1, one E2 (UBC9), and
approximately 10 E3s in humans [32-34]. As for ubiquitin-like modifiers, this process is also
reversible by removal of SUMO from target proteins accomplished by SUMO/sentrin-specific
proteases (SENPs) [9, 35]. Two E3 SUMO ligases involved in damage DNA repair (DDR)
were identified: PIAS1 and PIAS4 E3 by immunofluorescence and biochemical assays. These
ligases promote BRCA1 and 53BP1 protein SUMOylation [36]. When PIAS1 and PIAS4 are
removed, there is a severe impairment in Ub K63 at damage sites, thus diminishing BRCA1
and 53BP1 recruitment and causing deficient DNA repair. Therefore, in addition to ubiq-
uitin, SUMO modifications also occur at DSBs, and these modulate the DSB response [22].
Another protein that has an important role in DDR is Rad52, and this is also SUMOylated in
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yeast and mammals; in S. cerevisiae, the RAD52 SUMOylation affects its stability and conse-
quently the RAD52-dependent homologous recombination repair (HRR) [37]. As can be seen,
SUMOylation and ubiquitylation are working together in DSB response.

4. Ubiquitin and SUMOylation of DNA end resection machinery

In response to DNA double-strand break (DSB), various elements of DNA damage response
are recruited to these injured sites. The gathering of these molecules at damage sites becomes
visible as foci (or ionizing radiation induced foci (IRIF)) in the nucleus, which can be observed
via immunofluorescence microscopy [38].

In the initial stage of HR, the DSB ends are resected in such a way that 3'-single-strand DNA
(ssDNA) overhangs are generated. This process is started by the conserved MRX (comprises by
Mre11-Rad50-Xrs2) nuclease complex, which in collaboration with Sae2 in yeast, and by the MRN
(including Mre11-Rad50-NBS1) complex in conjunction with CtIP (C-terminal-binding interact-
ing protein) in human cells; MRN/MRX complex is able to eliminate oligonucleotides from the 5’
strand, resulting in an incomplete end processing [39-42]. Additionally, the MRN/MRX complex
is necessary to recruit the kinase ATM (ataxia telangiectasia mutated) kinase, Exol, Sgs1, and
Dna2, to the damage site [43]. Later, resection is prolonged by the 5-3’ exonuclease, Exol, or by
the collective activities of the Sgs1-Top3-Rmil (STR) complex and Dna2 (Figure 2) [44].

Double-strand break

MRMN complex recruitment
N - N ; - I

Endonuclealytic cleavage

.,

5" 3" =» 5' Extrame resection
o . Y

] 5 =» 3’ Extreme resaction
-] and coating with RPA

ﬁ - = Loading of RADS1

Figure 2. Scheme of DNA-end resection model. After DSB generation the MRN/X complex is recruited to the injurie site.
In h. sapiens, Ctlp performs an endonucleolytic cleavage upstream from the DBS end on the 5’-terminated strand. Then,
Mrell exonuclease activity degrades DNA in a 3'-5’ direction, starting from the nick until the DSB end. The 3’ ssDNA is
coated by RPA. Exonuclease EXO1 performs an extensive resection in a 5'-3’ direction. After resection, HR continues as
a RAD52-mediated RPA replacement by RAD51 and further downstream steps.
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After the resection process, the ssDNA overhangs are speedily coated by RPA (replication protein
A), which is thought to eradicate secondary structures and at the same time protect the ssDNA
from nuclease activities [45]. The BRCA1 protein recruits activated CtIP, PALB2, and BRCA2
(breast cancer 2) to damage sites; PALB2 and BRCA2 enable RPA-RAD51 exchange on ssDNA [46,
47]. The subsequent RAD51-ssDNA filament searches for a sequence with homology, preferably
on the identical sister chromatid. Afterward, the RAD51-ssDNA filaments invade the homologous
sequence and anneal to the complementary ssDNA, allowing the DNA polymerases to synthesize
DNA by using the undamaged DNA strand as a template. Thereby, HR repairs DSBs maintain-
ing integrity and sequence, namely, without nucleotide deletion or alteration [38]. In response
to DSBs, NBS1 interacts with components of the SCF (Skp1-Cullinl-F-box) E3 ligase complex
and Skp2 (F-box protein) (Figure 3); this interaction conjugates K63-linked ubiquitin chains onto
NBS1-K735 cells deficient in Skp2 which were defective in ATM activation and HR [48].

The E3 ligase RNF8 ubiquitylates NBS1 at Lys-435, mainly, and at Lys-6 that is promoted
likely by E2 ligase UbcH5C. Ubiquitylation of NBS1 was detected before and after DNA dam-
age. Studies with RNF8 mutants suggest that the interaction of RNF8 with NSB1 is mediated
by the N-terminus of RNF8. RNF8 and certain RNF8 ubiquitylation activities are needed for
efficient localization of NBS1 and MRN recruitment to DSB (Figure 3) [49].

S. cerevisine Mrell SUMOylation is required to interact with Ubc9 (E2) and Siz2 (an E3 related
to mammalian PIAS proteins) (Figure 3) [11]. Also, SUMO-interacting motifs (SIMs) in Mrell
facilitate MRX complex assembly through poly-SUMO chains noncovalently recruitment [50].

H. sapiens S. cerevisige  Function E3 ligase  Modification
= - = - 3 < 5' exonuclease
- - (MREL1) SUMO
e, - - )
- we ATPase (RAD 50)

RNF138 Ubiguitin
Siz 1f2 SUMO (5ae)
ssDMA specific BRCAL
Nt Ubiquitin (CtiP)
RMF138
Plas1f4
‘ 533 Ubiquitin
exonuclease SCF- CyclinF

Figure 3. Illustration of some proteins involved in DNA-end resection process and their modifications. Blue dots,
ubiquitin modifications involved in protein function regulation. Black dots, ubiquitin modifications involved in protein
degradation. Green ovals, SUMO modification.
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The heterodimeric RING-type E3 ligase BRCA1/BARD1 ubiquitylates CtIP to promote its sta-
ble retention at sites of DNA damage [51], although this physiological role still remains to be
determined [52]. It has been proposed that ubiquitylation of CtIP by RNF138-UBE2D is a key
event in promoting HR (Figure 3) [53].

During DNA end resection process, the participation of deubiquitinase (DUB) activity of
USP4 (ubiquitin-specific peptidase 4) was observed. Two independent studies showed that
CtIP recruitment to DSBs is regulated by interaction with USP4 and also USP4 binds to MRN
complex [38, 39]. CtIP degradation via the ubiquitin-proteasome pathway is stimulated by its
interaction with the CUL3 substrate adaptor Kelch-like protein 15 (KLHL15) (Figure 3) [42, 54].

After DNA damage, Sae2 is SUMOylated at a single conserved lysine residue (K97) mediated
by Ubc9-Siz1/Siz2, and the levels of soluble Sae2 were increased [55]. An indication of Sae2
SUMOylation critical role for DNA end resection was observed in Sae2-K97R mutant cells, in
which the processing and repair of DSBs were decreased [42].

It has been shown that human EXOL1 is targeted for degradation by the ubiquitin-protea-
some pathway. Recently, it was demonstrated that PIAS1/PIAS4-UBC9-mediated EXOL1
SUMOylation (Figure 3) is a prerequisite for EXO1 ubiquitylation [56]. Even though the
interactions between EXO1 and SENP6 de-SUMOylating enzyme [57], EXO1 with SCF-cyclin
F E3 ubiquitin ligase (Figure 3) [12], and EXO1 with UCHLS5 [58] have been studied, their
participation in DNA end resection process has not been determined. PIAS1 and/or PIAS4
SUMOylates BRCA1 when it is localized at DSB sites, enhancing its ubiquitin ligase activity
[36]. The MRN, Ubc9, and Siz2 allows S. cerevisize Rad52 SUMOylation. This SUMOylation
protects Rad52 from degradation and excludes it from nucleoli [59].

5. Chromatin remodeling

In general, any process like transcription, replication, and DNA repair requires a certain
degree of chromatin access; therefore, remodeling is an important prerequisite for factors
related to such processes. The participation of ubiquitylation and SUMOylation role on DNA
repair on chromosome topology are very important in chromatin structure and organization.

3C (chromosome conformation capture) is a technique where loci that are spatially closed can
be formaldehyde crosslinked and identified; it was designed to determine chromatin interac-
tions at increasing scale and resolution [60]. An upgrade of 3C is Hi-C technique, in which
the only difference is that a step of biotinylation on the enzyme-restricted ends before DNA
ligation has been included; this is to ensure that only ligated junction between chromosomes
are purified and sequenced.

Using 3C-based technology, it has been possible to determine intrachromosomal contacts
within TADs (topological associated domains) that can be measured in regions of hundreds
of kilobases [61]. In general, these TADs comprise long-range interactions like those found
between enhancers and promoters. There are also interchromosomal contacts that are defined
within same chromosome boundaries and demonstrated by the technique FISH chromosome
painting [62]. These findings provide support for a nucleus architecture with layers of organi-
zation that result in a chromatin particular orchestration. Recently, it has been suggested that
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the chromatin organization dynamics can influence the DSB response as well as the outcome
of DNA repair, which consequently will have effects on genetics stability and the production
of genetic abnormalities.

These effects can be classified as bulky or large and localized.

5.1. Bulky effects

The bulky effects have been observed as long-range movement; for example, the case of local-
izing the VP16 activator to the nuclear periphery resulted in its relocalization to the nuclear
interior, and also when RNA pol I transcription was inhibited, this caused movement of chro-
matin to the nucleolar periphery (Figure 4) [63].

Interestingly in S. cerevisine, when DSBs were produced in the rDNA, these ruptures were
moved to the exterior of the nucleolus [59]. Though it is not clear whether this is part of an
ongoing movement or indeed due to the DSB-promoted process, nonetheless, this transloca-
tion depended on Rad52 SUMOylation which interestingly is also required for homology-
directed repair (HDR). There have been other DSBs that produced chromatin mobility, and
it has been shown that breaks elsewhere in the yeast genome also led to a greater mobility of
chromatin that was dependent on RAD51, RAD54, MEC1, RADSY, and INOS0 [64, 65].
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Figure 4. Chromatin remodeling during DSB response. As observed at the top, DSBs induce chromatin remodeling,
as failure in DNA repair may result in translocation that occur in chromosomes in spatial proximity (TMPRSS/ETV1).
Following to the right, unrepaired DSBs in yeast are recruited to SUMO mediated-nuclear periphery to be repaired.
Homology repair on telomeres promotes their clustering in ALT-promyelocytic bodies (APBs). Next in same direction,
unrepaired DSBs in rDNA genes in nucleoli silence transcription and this favors their relocalization to the nucleolar
periphery. Often, multiple DSBs localize in repair centers and as well there are DSBs that remain in one position and
depend on Ku80. Mainly where HR machinery is recruited.
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It has recently been shown that INO80 also promotes chromatin movement due to DSB in telo-
meres, and this depends on actin polymerization [66]. It has been proposed that these movements
contribute at least in part to homology searches during HR [67]. In the same line, a recent finding
showed that MEC1-driven phosphorylation of the kinetochore component Cep1 induced by DSB
caused centromere release from the spindle pole body explaining chromatin movement [68].
Further, it was observed that fixing telomeres to the nuclear periphery limits chromatin move-
ment and that its physical rupture allows additional mobility. In this study, it was proposed that
HR was defective and the mobility increase somehow facilitated activation of cell cycle check-
points. Nonetheless, a wide body of evidence shows that DSBs are mobile in S. cerevisige and that
SUMOylation and DSB response leads to this movement, and it suggests that this movement has
a positive effect on the ability to survive DNA ruptures. One of the first studies that contributed
to these notions was obtained by using a-radiation to generate DSBs along a determined linear
track of the nucleus [69], and the results indicated that DSBs were redistributed into clusters and
that they were “repair centers” dependent on Mrell observed in G1 phase (Figure 4) [70]. In the
same mannet, DSBs created by etoposide or gamma rays induced relocalization of damaged
chromatin [71]. Consistently, repair center as observed in GFP-53BP1 foci that were induced by
ionizing radiation were seen to be 1 and 2 mm apart gathered in large cluster very rapidly [72].
On the other hand, ATM loss reduced chromatin relocalization GFP-53BP1 foci when induced
either by gamma rays or by charged nuclei [73] as well as with DSB generated by a nuclease [74].
In contrast, DSBs induced by UV or gamma rays were found to induce restricted mobility, how-
ever leading to a somewhat degree of chromatin decondensation [75].

In an early study, it was observed that chromatin constrain was dependent on Ku80, which
suggested that NHE] machinery rejoins fast the broken ends to limit chromatin mobility
(Figure 4) [76].

Further, a report where transgenes were analyzed revealed long-distance movement that was
dependent on MRE11 and was also associated with chromosome translocations [77]. S. cere-
visige generally prefers HR over NHE], the pathway with less error when repairing DSB since
it uses a template to resolve the break. In contrast mammalian cell uses NHE] over HR, being
the most error-prone mechanism because it relies on the direct joining of broken ends [78].

DSB movement has been observed at unprotected and damaged telomeres. These DSBs are
protected as they are part of the shelterin complex, thus impeding access to the DSB machinery
[79]. The shelterin role has been revealed by showing that its depletion causes DSB response
activation, and then telomeres are joined by NHE], thus inducing telomere fusions [80].
Further, 53BP1 loss reduced telomere end mobility and promoted almost complete absence of
telomeric fusions [81]. Consistently with the previous data, it has been shown that this mobil-
ity is dependent on the LINC complex, which is known by connecting dynamic microtubules
to the interior of the nucleus [82]. ALT (alternative lengthening of telomeres) cells employ
a homology-driven mechanism to promote lengthening of telomeres [83]. When DSBs are
induced in telomeres in ALT cells [84], these DSBs promoted mobility of telomere ends into
clusters referred as ALT-associated PML bodies (APBs) (Figure 4) [85]. These movements were
dependent at least partly on the HR machinery (e.g. RAD51) and also on protein involved
in meiotic interhomolog recombination. Consistently, ALT telomere replication stress due
to SMARCALL deficiency resulted in Rad51 telomere-telomere clustering and a significant
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telomere enlargement [86]. These findings highlight the first example of HR-mediated DSB
mobility in mammalian cells and reveal that this dynamic chromatin mobility contributes to
genomic stability as well as cellular immortality through telomere maintenance.

5.2. Localized movement

3C methodologies have facilitated the chromosome contacts that occur within and between
chromosomes. In S. cerevisiae, 3C studies indicate that DSBs reduce the general frequency of local
(<100 kb) interactions [87]. This reduction seems to be related to the HR-dependent DSB mobility
to the nuclear periphery (Figure 4), as in Gl-arrested cells where HR is not active. This data led
to the proposal that damaged DNA is taken from the local chromatin environment to facilitate
accurate DSB repair. Thus, data obtained in mouse B cells is consistent with this. Arresting cells
in G1 phase to remove HR-driven repair mechanisms, DSBs within a given chromosome most
frequently promoted translocation with genomic loci present in cis to these DSBs [60]. In the
same line of thought, in prostate cancer cells when TMPRSS2 gene expression is stimulated by
dihydrotestosterone in a TOP2-dependent manner, TOP2 catalyzed DSBs that release torsional
stress which in turn inhibits transcription [88]. These ruptures have been identified, mapped,
and found to be present in TMPRSS2 clinical fusions with ETS transcription factors (Figure 4)
(e.g. ERG) [89]. Regarding nuclear organization, both TMPRSS2 and ETS transcription factor
loci are often associated within the nuclear extent [90]. Therefore, chromosomal proximity can
explain some translocations that are typical of genomic instability related to cancer. The relation-
ship between transcription and DNA repair is known to modulate local chromatin structure.

6. Effect of DSB response on transcription

Many studies have described posttranslational modifications in histones that can regulate the
transcription process near a DSB as part of DDR. Among them, ubiquitylation and SUMOylation
modifications have been shown to silence transcription in the vicinity of DSB regions, thus
allowing an efficient repair process and preventing RNA polymerase from producing aberrant
transcripts. This phenomenon has been characterized in cells whose DSBs have been produced
by either exogenous agents or as a part of a programed cell mechanism, like meiosis.

6.1. DSBs, transcription, and ubiquitination in somatic cells

Kruhlak et al. [91] showed for the first time a correlation between DSBs and transcription in
somatic mammalian cells. In this study, they observed a decrease in transcription in nucleoli
(RNA pol I) after irradiation in an ATM, Nbsl-, and DMC1-dependent manner, and conse-
quently a prolonged and deficient repair. Later, using a reporter system that allows in single cells
the visualization of repair factors recruitment, as well as local transcription, an ATM-dependent
transcriptional silencing program in cis to DSBs was described. In this study, ATM prevents chro-
matin decondensation, thus affecting RNA polymerase II elongation at regions distal to DSBs. It
was also observed that silencing, at least partially depends on RNF8 and RNF168 (E3 ubiquitin
ligases), while its reversal relies on the uH2A USP16 (deubiquitylating enzyme) [92]. This study
suggested that H2A ubiquitylation on areas near DSBs is important for efficient recruitment of
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repair factors. In contrast, deficiency of E3 ligases like RNF8 or RNF168 does not deeply impact in
silencing in the context of DSB, suggesting that even though these specific ubiquitylation modifi-
cations contribute to DSB silencing, other ATM-dependent events surely cooperate in suppress-
ing transcription [22]. TDP2 is a phosphodiesterase needed for the accurate repair of DSB caused
by topoisomerase II (TOP2) abortive activity [93]. TOP2 removes hurdles on the way for effi-
cient transcription and replication such as torsional stress from DNA, by generating intermediate
cleavages and binding to the DSB 5’ terminus [94]. Normally, the cleavage and rejoining of DNA
strand are transitory processes; however, this may be halted by DNA or RNA polymerases that
could convert complexes into abortive DSBs which could activate the DNA repair response [95].
As shown, TDP2 ensures gene transcription from endogenous abortive TOP2 activity. Further,
TDP2 has one ubiquitin-associated (UBA) domain, which is able to bind several forms of ubiqui-
tin, thus providing potential multiple biological functions of TDP2 [96].
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Abstract

The process of DNA repair, be it a response to replication dysfunction or genotoxic insult,
is critical for the resolution of strand errors and the avoidance of DNA mismatches that
could result in various molecular pathologies, including carcinogenic development.
Here, we will describe the five main mechanisms by which DNA avoids mutation,
namely the processes of base excision repair, mismatch repair, nucleotide excision repair,
homologous recombination, and nonhomologous end joining. In particular, we will dis-
sect the functional significance of various posttranslational modifications of the essential
proteins within these pathways, including but not limited to ubiquitination, acetylation,
and phosphorylation.

Keywords: base excision repair (BER), mismatch repair (MMR), nucleotide excision
repair (NER), homologous recombination (HR), nonhomologous end joining (NHE]),
posttranslational modification

1. Introduction

The mammalian genome is under constant barrage by exogenous and endogenous insult that
can beget damage and instability. Exogenous insults include exposure to UV radiation and
chemical carcinogens found in the environment, while endogenous factors include ROS pro-
duced by cellular metabolism, spontaneous chemical reactions like base deamination and
mistakes made during the replicative process. It is critical to the survival of the organism that
each cell have the ability to resolve the damage induced by this wide variety of insults, and
that the machinery responsible for responding to damage must be equally diverse.

There are five main mechanisms responsible for repairing damaged DNA, and their conserva-
tion from bacteria all the way to humans exemplifies their critical role in the maintenance of
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an organism’s genome. These mechanisms consist of base excision repair, nucleotide excision
repair, mismatch repair, homologous recombination, and nonhomologous end joining.

2. Ubiquitination and the proteasome degradation pathway

The ubiquitin proteasome pathway (UPP) is a mechanism used for the maintenance of proper
levels of cellular proteins and the destruction of old or misfolded proteins by targeting them
for degradation. This targeting comes in the form of ubiquitination, the process of covalently
linking a polyubiquitin chain to the protein that is recognized and bound by the 26S protea-
some, which degrades the protein and releases the ubiquitin. Ubiquitin is a highly conserved
76-amino acid protein that serves as the subunit of the polyubiquitin chain. Ubiquitin is cova-
lently linked to its target in a three-step cascade conducted by a ubiquitin-activating enzyme
(E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-ligating enzyme (E3) [1]. Apart
from protein degradation, ubiquitination can also mediate protein-protein interaction.

3. Detection and repair within the DNA strand

3.1. Base excision repair

Base excision repair enzymes are responsible for correcting lesions induced by a wide vari-
ety of both endogenous and exogenous insults, including sites of base loss, nonbulky base
lesions, and DNA single-strand breaks (SSBs) [2]. DNA glycosylases are responsible for the
first step of base excision repair (BER) by initially detecting the damage and excising the base
via hydrolyzing the N-glycosylic bond linking the DNA base to the sugar phosphate back-
bone. This process generates an abasic site (AP site) that AP endonuclease 1 recognizes and
acts upon by cleaving the phosphodiester bond 5’ to the AP site, leaving a SSB with a 5'-sugar
phosphate. A DNA repair complex composed of DNA pol 3, XRCC1, and DNA ligase IIla can
recognize this SSB and remove the 5'-sugar phosphate through its AP lyase activity, and add
a single nucleotide to the 3"-end through its DNA polymerase activity. The damage is finally
resolved when Lig 3 seals the DNA ends together, thus completing what is referred to as short
patch BER, the process by which human cells conduct the majority of their BER [3, 4].

At the moment, much of the work focusing on ubiquitination of the proteins involved in BER has
been pursued by Dianov et al. [5]. This group has been able to demonstrate that, under normal
conditions, BER components are targeted for destruction by the E3 ubiquitin ligase CHIP. When
DNA damage occurs in cells, the BER components undergo stabilization to increase their ability
to correct the damage. Specifically, pol g, XRCC1, and DNA ligase III are polyubiquitinated by
CHIP and Mule when not bound to chromatin, and thus targeted for degradation [6].

DNA pol A can also be targeted by posttranslational modifications. Pol A contains four distinct
phosphorylation sites, but phosphorylation of the Thr553 has the strongest impact on the
stability of the protein. Pol A can be phosphorylated on all of these sites by the Cdk2/cyclin A
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complex, but its levels of phosphorylation are reduced when it is interacting with proliferat-
ing cell nuclear antigen (PCNA) [7], a sliding clamp that associates with DNA polymerases
and ensures accurate and possessive DNA synthesis [8]. Increased phosphorylation of Thr553
on pol A positively correlates with its protein levels in the cell, likely due to the fact that phos-
phorylation at this site protects pol A from ubiquitination and degradation. This stabilization
occurs in the late S and G2 phase. Pol A is closely related to pol 3, and indeed both polymer-
ases can be ubiquitinated by CHIP and Mule. It is thought that pol A is needed in late S and
G2, specifically whenever oxidative DNA damage presents at this phase and induces 8-oxo-G
lesions [9, 10]. When these lesions occur, it is Mule that is responsible for regulating protein
levels of pol A. When Mule is able to ubiquitinate pol A, this action targets both pol A for deg-
radation and decreases its enzymatic activity. Mule is responsible for the monoubiquitination
of pol 3, which can be further polyubiquitinated by CHIP and targeted for degradation [11].
While pol {3 is continuously expressed in unstressed cells, it is almost immediately targeted by
Mule and CHIP in the absence of damage. Upon DNA damage detection, alternative reading
frame (ARF) begins to accumulate and eventually inhibits Mule activity [12], allowing for pol
[ accumulation and activation of further BER proteins. Once the lesion(s) have been resolved
AREF levels drop, Mule activity is restored, and pol 3 will once again be ubiquitinated and
degraded. ARF is a BER protein frequently mutated in cancer cells; it functions by responding
to DNA damage by directly inhibiting Mule, as well as regulating p53. The amount of ARF
produce in response to DNA damage is dependent on the extent of the damage; and by inhib-
iting Mule activity, it allows p53 to halt replication while pol 3 complexes conduct repair [13].
Without ARF, both Mule and Mdm?2 repress p53 activity. ARF is a 482 kDa protein belonging
to the homologous to E6-AP carboxyl terminus (HECT) family of E3 ubiquitin ligases [14],
named such due to their ubiquitous presence of a C-terminal HECT domain of ~350 amino
acids that house their E3 catalytic activity. The HECT domain of Mule contains two sub-
domains connected by a flexible linker allowing these domains to undergo ubiquitin chain
transfer [15]. Aside from allowing for p53 accumulation and activation of the DNA damage
response in damaged cells, ARF also plays a p53-independent role in tumor suppression due
to its ability to induce proliferation delay in cells lacking functional p53 and p21 [16, 17].

3.2. Nucleotide excision repair

Nucleotide excision repair is a process undertaken in both prokaryotes and eukaryotes to
enzymatically remove bulky, helix-distorting base adducts from DNA. This process is the
predominant method of DNA repair in mammals, especially when resolving damage induced
by ultraviolet light from the sun. About 30 proteins are involved in eukaryotic nucleotide exci-
sion repair (NER), including nine major proteins identified by their mutation in humans and
the development of UV-hypersensitivity as a result. Seven of these proteins, when mutated,
lead to the development of Xeroderma pigmentosum syndrome (XPA to XPG) and two lead
to the development of Cockayne’s syndrome (CSA and CSB) [18]. Additional players in the
process of NER include excision repair cross-complementing 1 (ERCC1), replication protein A
(RPA), and Rad23 homologs (HR23A and HR23B) [19, 20]. The Rad23 homologs share redun-
dancy with the function of Rad23 in yeast during the recognition of the lesion in NER. Upon
initial recognition of a lesion, eukaryotic NER can continue by either the process of global
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genome NER (GG-NER) or transcription-coupled NER (TC-NER). GG-NER removes DNA
from untranscribed regions of DNA; XPC-HR23B and UV-DDB (damaged DNA-binding pro-
tein) can recognize UV damage and recruit XPA to this resultant lesion [21]. In TC-NER, RNA
polymerase II recognizes the lesion when it is a mediating transcription but finds its progress
blocked by the break. This stalling of RNA pol II is recognized by CSA and CSB, which will
localize to the lesion and load XPA on the site to initiate NER. After initial lesion recognition,
GG-NER and TC-NER follow the same pathway to resolve the damage. XPA further recruits
XPB (5' to 3" helicase) and XPD (3’ to 5’ helicase) to unwind the DNA at the damage site and
allow for incisions on the 3’ and 5’ sides of the gap to be made by XPG and XPF-ERCC1 endo-
nucleases, respectively [22-24].

The first association between the ubiquitin proteasome pathway (UPP) and nucleotide exci-
sion repair (NER) was due to the identification of the ubiquitin-like domain present at the
N-terminus of Rad23 [25, 26] that can serve as a ubiquitin receptor, similar to the subunit of
the 26S proteasome Rpn1 [27]. Both can recognize polyubiquitinated chains and transport the
target proteins to the proteasome [28]. The Rad23 ubiquitin-like domain is required for suf-
ficient NER activity, and deletion of this domain can result in UV radiation sensitivity [29].
Russell et al. demonstrated that complete inhibition of the proteasome does not affect NER,
while specifically targeting 19S activity does. Further, 19S influence on NER is mediated by
the Ubl domain of Rad23, suggesting to them that 19S may be acting as a molecular chaperone
in the context of NER by altering the conformation of certain NER proteins [29, 30]. Rad23
avoids proteasomal degradation due to its ubiquitin-like domain via a C-terminal ubiquitin-
associated (UBA) domain [31] and can impart this protection on its binding partner XPC in a
mechanism that will be detailed later.

XPE-deficient cells lack the ability for UV-damaged DNA-binding component (DDB), com-
posed of DDB1 (p127) and DDB2 (p48), to bind DNA. DDB2 and CSA are present in separate
but nearly identical molecular complexes, both associated by their interaction with DDB1
[32]. Both complexes contain CUL4A and ROC1, both ubiquitin ligase subunits, as well as
the constitutive photomorphogenesis 9 (COP9) signalosome (CSN). When the complex is
devoid of CSN, they are able to display robust ubiquitin ligase activity. After UV exposure,
CSN rapidly dissociates from the DDB2 complex and CUL4A is modified by NEDDS (via
neddylation and polyubiquitination) [33], leading to ubiquitin ligase activity from the com-
plex. This complex ubiquitinates XPC (which is bound to HR23, the specifics of this complex
detailed later), allowing both of these complexes to bind the damaged DNA. DDB?2 itself
is also polyubiquitinated, causing it to dissociate from the complex, and get degraded by
the proteasome. Ubiquitinated XPC and HR23 remain on the DNA, where they activate the
process of NER. The CSA complex is not as well characterized as the DDB2 complex. What is
known is that unlike the DDB2 complex, UV-induced damage stimulates the rapid associa-
tion of CSN with CSA, suppressing all ubiquitin ligase activity from the complex. A target of
DDB2 complex ubiquitination is XPC, which is required for GG-NER at the damage site [34].
In undamaged cells, XPC exists in a heterotrimeric complex with either mammalian homolog
of Rad23, HR23A, or HR23B. XPC is normally bound to HR23B, but in its absence HR23A is
sufficient [35, 36]. This XPC complex recognizes physical aberrations in the structure of DNA
rather than the lesions themselves, and is recruited after ubiquitination by the DDB2 complex.
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The ubiquitination appears to be protective, as XPC is not a target of proteosomal degradation
and is further stabilized through its interaction with the ubiquitin-associated (UBA) domain
of the HR23 protein it is bound to [37, 38]. It is of great interest that both DDB2 and XPC are
ubiquitinated and this ubiquitination yields drastically different outcomes, yet there are still
parts of this mechanism that have not been defined. The specific ubiquitination sites on these
two proteins have not been mapped, and the factors that specifically interact with these two
proteins upon ubiquitination have yet to be defined.

Returning to the CSA complex, after UV exposure, it rapidly associates with CSN and its
ubiquitin ligase activity is suppressed. This action has implications on the function of RNA
polymerase 1I, which stalls on DNA strands during transcription when it encounters a break
or adduct (any transcriptional blockade) and signals for the assembly of TC-NER machinery.
Reports have indicated that UV exposure can activate CSA- and CSB-dependent polyubiq-
uitination of RNA pol II [39], an observation that contrasts with the previously discussed
reports of CSN inhibiting the CSA complex’s ubiquitin ligase activity. Groisman et al. have
suggested that CSN can differentially regulate the activity of DDB2 and CSA complexes, and
that its interaction with CSA may not in fact be inhibitory [32]. It is also possible that there is
an additional member of the CSA complex, or a separate complex is mediating ubiquitination
of RNA pol II. Svejstrup et al. have argued that RNA pol II ubiquitination is conducted by a
Rad26-Def complex [40]. Defl is a protein discovered in yeast that complexes with Rad26 on
chromatin, and when this protein is deleted in yeast, these cells are unable to degrade stalled
DNA pol II in response to DNA lesions [40]. RNA pol II stalling has been reported to induce
ubiquitination and degradation of Rpb1, the largest RNA pol II subunit, in a Defl-dependent
manner [41]. When RNA pol I is polyubiquitinated after UV-induced damage (an additional
E3 ligase is BRCA1/BARD1 of the homologous recombination pathway), it is either degraded
or bypasses the transcriptional block, allowing mRNA synthesis to continue [42] and the
damage is to be resolved later by GG-NER [43].

UV radiation has often been used to elucidate the mechanisms of NER components, as helix-
distorting damage (cyclobutane pyrimidine dimers, 6-4 photoproducts) is repaired by NER
[44]. These studies have also revealed the posttranslational modifications necessary for the
functional relevance of these proteins. UV radiation experiments were responsible for the
initial observation that genes encoding certain components of the UPP influenced the abil-
ity of cells to survive after being irradiated, and the researchers interpreted this data in a
manner that highlights the proteolytic activity for the proteasome in NER [45-47]. After
these initial observations, Rad23 was investigated and determined not to be targeted for
ubiquitination, and Rad4 (yeast homolog of XPC) became the next potential target for ubiq-
uitination. This focus was based on the observation that Rad4 overexpression can increase
NER activity [47]. Further studies in human cells revealed that XPC also accumulated after
DNA damage, and like their yeast counterparts, increased NER activity [37]. This accumula-
tion was correlated to hHR23 in mouse cells, and it was found that Rad23 could use its UBA
domains to stabilize Rad4/XPC by acting in trans [48] as well as controlling its own turnover
by acting in cis [49]. The C-terminal tail of H2A is a target for posttranslational modification,
with as much as 5-15% of H2A being monoubiquitinated in mammals [50]. Ubiquitinated
H2A is associated with condensed DNA and gene repression, and Ring?2 is the predominant
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E3 ubiquitin ligase responsible for this modification [51, 52]. UV-induced DNA damage can
induce monoubiquitination of H2A in close proximity to the lesions [53] in a manner very
similar to its phosphorylation. Both of these histone modifications occur in UV treated, non-
S-phase cells and are dependent on functional NER, and ATR signaling is required for the
tail modification to occur [54, 55]. Ubiquitination of XPC, DDB2, and PCNA can still occur in
NER-deficient XP-A cell lines, but H2A ubiquitination relies upon NER-sufficiency. Ubc13
and RNF8 are responsible for perpetuating sustained H2A ubiquitination so that NER can
occur, but do not initially ubiquitinate H2A [56].

3.3. Mismatch repair

The DNA mismatch repair pathway is responsible for correcting mispaired nucleotides and
insertion/deletion loops (IDLs) that are a consequence of replication, recombination, and
repair errors [57].

The role of ubiquitination in the process of mismatch repair is relatively uncharacterized,
compared with the rest of the DNA repair pathways detailed in this chapter. However,
research conducted in our lab has identified that the stability of MutS protein homolog 2
(MSH2), an essential DNA mismatch repair protein, is regulated through ubiquitination by
histone deacetylase 6 [58]. Ubiquitination of MutSa was first reported by Lautier et al. [59],
although the enzyme responsible remained undetermined until our 2014 publication [58].
MSH?2 forms two heterodimers, MSH2-MSH6 (MutSa) and MSH2-MSH3 (MutSf3). MutSa
recognizes single base mismatches and 1-2 nucleotide insertions and deletions [60] while
MutSp recognizes bulky DNA adducts and larger insertions and deletions [61]. MutSa
specifically recognizes DNA lesions induced by a wide variety of DNA-damaging agents
(6-thioguanine, cisplatin, doxorubicin, etoposide) [62]. In the absence of MutSa, cells dis-
play resistance to these DNA-damaging agents and do not undergo apoptosis as a result
of a futile repair cycle [63, 64]. Elucidation of the mechanism of MSH2 stability in cells is
critical to the field of mismatch repair, as the initiation of MMR is controlled by the binding
of MutSa and MutS@ to the mispair. These proteins subsequently signal the downstream
effectors of MMR; MutLa (MLH1-PMS2), PCNA, and RPA, which can further lead to the
recruitment of excision protein exonuclease 1 (EXO1). EXO1 excises the mismatched base,
forming a gap that is filled by polymerase d and a nick that is resolved by DNA ligase 1.
When MSH2 is acetylated, it cannot be ubiquitinated, and thus is retained and is able to
form MutSa and Mutsf3 complexes. MSH2 turnover can be induced by HDACS6 activity,
which subsequently deacetylates and ubiquinates MSH2 to target it for proteosomal deg-
radation. This action is possible because of the E3 ubiquitin ligase activity HDAC6 pos-
sesses in its DAC1 domain (HDAC6 has two active sites: DAC1 and DAC2). HDAC6 can
target MSH2 even when it is in its heterodimeric complex; MSH2 deacetylation causes it
to dissociate from its stabilizing partner MSH6 [65], and as a free monomer MSH2 can be
ubiquitinated [58]. MSH2 can be acetylated at four lysine residues (K845, K847, K871, and
K892), and all of these sites can also be ubiquitinated. MSH2 can be protected from ubiqui-
tination and degradation by protein kinase C (PKC), which can phosphorylate the MutSa
complex [66].
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Further research out of our lab has indicated that ubiquitin-specific peptidase 10 (USP10) also
plays a role in MSH2 stability, but rather than targeting it for degradation like HDAC6, USP10
is responsible for stabilizing MSH2 by deubiquitinating it [67]. USP10 has recently been iden-
tified as a regulator of p53 in response to DNA damage in a tumor development context
[68-70]; ATM phosphorylation of USP10 induces its translocation to the nucleus, where it sta-
bilizes p53. However, we now know that USP10 can work in opposition to HDAC6 by interact-
ing with the N-terminal region of MSH2, while HDACS6 interacts with the C-terminal region.
Under stress conditions (IR, carcinogen treatment), USP10 phosphorylation is increased [68]
suggesting enhanced translocation to the nucleus where it may increase stabilization of the
MutSa complex.

MMR can respond to endogenous insult to genomic integrity as well as exogenous. Oxidative
DNA damage, for example, can induce MutSa-dependent PCNA ubiquitination, a process
dependent on the PCNA E3-ubiquitin ligase RAD18 [71] in a process of noncanonical MMR
(ncMMR) described by Jiricny et al. [72]. Briefly, ncMMR is mostly independent of DNA rep-
lication, lacks strand directionality, and could potentially play a role in genomic instability.
This type of MMR occurs outside of S-phase when the dNTP pool is limited and replicative
polymerases are not present, and the activity of MutLa in this situation can result in nicks in
either strand of the DNA. This noncanonical MMR activation can itself promote ubiquitina-
tion of PCNA, which is directly responsible for recruiting pol-n (an error-prone polymerase)
to chromatin [72] in the absence of higher fidelity polymerases. ncMMR is currently consid-
ered a stress response to genotoxic agents that contribute to genomic instability.

4. Repair of DNA strand breakage

While base and nucleotide damage can occur both by mistakes of the replicative machinery
and chemical carcinogens, more robust insults to genome stability can induce single-strand
and double-strand DNA breaks. These breaks can be caused by chemical carcinogens operat-
ing by different mechanisms than the ones previously mentioned, as well as ionizing radiation.

4.1. Homologous recombination

Homologous recombination (HR) is a major DNA repair pathway in which a sister strand
of DNA is used to accurately repair DSBs. DSBs generally occur in euchromatin (as hetero-
chromatin is relatively protected in its condensed state), and must be sensed, identified, and
stabilized so that repair machinery can be recruited to the site without further damage occur-
ring. The initial sensing of these ends occurs via the joint effort of ATM, and to a lesser extent,
the MRN complex. ATM is a resident protein of the nucleus, existing in its inactive dimerized
form, but upon the detection of a lesion it can activate itself via autophoshorylation. ATM can
recognize large-scale changes in the chromatin structure [73], RNF8- and CHFR-mediated
chromatin relaxation by histone ubiquitination [74], and R-loops (RNA/DNA hybrids) at
lesions blocking the transcriptional machinery [75]. Thus, begins the ATM signaling cascade,
recruiting a wide variety of DNA damage response elements and break responders, as well
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as the proteins that modify these responders to activate or enhance their function. To open
the damage site to this massive recruitment effort, ATM phosphorylates the methyltransfer-
ase MMSET to methylate the surrounding histones and promote 53BP binding [76, 77]. ATM
can also phosphorylate MDC1, which leads to the recruitment of ubiquitin ligase RNF8 via
its FAA domain [78], which subsequently ubiquitinates histones H2A and H2AX, and pro-
motes the retention of the factors recruited by ATM until the damage has been fully resolved
[79]. MDCI, once initially activated by ATM, can bind ATM as well as the MRN complex,
thus stabilizing these critical responders at the site of damage and amplifying their contin-
ued colocalization with the breaks [80, 81]. Ubiquitinated H2A and H2AX in the presence
of RNF8 can recruit a second ubiquitin ligase, RNF168, which amplifies the ubiquitination
signal at these histones and ensures that BRCA1, Rap80, Rad18, and 53BP1 localize to the site
of damage [82, 83].

BRCAL is a crucial responder to DNA damage that plays roles in cell cycle checkpoints, DNA
cross link repair, and replication fork stability at the sites of DNA damage. Mutations in this
gene severely limit its function and force cells to repair their DSBs via the error-prone process
of NHE], which can predispose individuals to developing breast or ovarian cancer. BRCA1
can recruit RAD51 to the sites of DSBs and is necessary for the cell to repair the damage via
homologous recombination and subsequent progress through the G2/M checkpoint [84, 85].
BRCAT1 can also form a complex with BRCA2, which contributes to DNA break resolution.
One of the proteins that can recruit BRCA1 to the DSB site is Rap80, which directs BRCA1
to K63-linked ubiquitin chains present on postreplication repair effector and sliding clamp
PCNA [86]. These ubiquitin chains are generated by RING type E3 ubiquitin ligases RNF8
and RNF168 previously recruited by ATM action [79, 87]. Depletion of RAP80 has been dem-
onstrated to increase the frequency of HR in reporter cells, and these cells eventually devel-
oped large chromosomal rearrangements.

BRCAL1 itself can also serve as an E3 ubiquitin ligase by forming an obligate RING heterodi-
mer with binding partner BARDI1 [88], and this dimerization is required for BRCA1 to exert
its tumor suppressor function. BRCA1’s RING domain is adjacent to a large sequence of a
helices that interact with a similar a helix sequence on BARD1 [89], while the RING domain is
left free to interact with E2 enzymes and exert its ubiquitin ligase activities on target proteins
[90]. BRCA1-BARDI1 is a type I dimeric RING E3 ubiquitin ligase, but is missing a conserved
positive residue for these E3 ligases that is required for its binding activity, so this residue
must be supplied by their binding partner [91]. The BRCA1-BARD1 heterodimer can tar-
get histones (H2A and H2AX), RNA polll, TFIIE, NPM1, CtIP, y-tubulin, ER-a, and claspin
[88]. BRCA1-BARDI1 can also interact with 53BP1, and its ligase activity is thought to relocate
53BP1 to the periphery of the damage foci to allow for damage proteins like RPA and RAD51
to localize. E3 ligase-defective cells demonstrate reduced, but not entirely eliminated RPA and
RADS1 foci in S-phase cells after being hit with a dose of IR [92]. However, in their normal
S-phase counterparts, BRCA1 can counter the 53BP1-mediated stall on resection and allows
HR to occur [93] by removing 53BP1 to the periphery and allowing RPA foci to form at the
damage site [94]. These observations are thought to be mediated by the human homolog of
the yeast SWI/SNF-like chromatin remodeler Fun30, SMARDCAD]1, which is recruited by
BRCA1-BARDL1 to interact with BP531 and remove it from the vicinity of the break [95, 96].
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53BP1 appears to serve as a regulator of end resection and DSB resolution based on its asso-
ciations with factors implicated in transcriptional silencing as well as its previously discussed
functions. It can control the length of the resected ends in HR, and serves to prevent aberrant
resection that can lead to RAD52-mediated ssDNA annealing and subsequent chromosomal
rearrangements [97]. Further evidence for the interplay between BRCA1 and 53BP1 comes
from mouse studies, where researchers found that lacking BRCA1 exon two (but expressing a
RING-less BRCA1) is an embryonic lethal condition that can be rescued if the deletion occurs
in a 53BP-/- embryo, suggesting that murine embryos lacking RING die because of the pres-
ence of 53BP [98]. BRCA1 and BARDI interact with cyclin-dependent kinase 9 (CDK9) via
their RING finger and BRCT domains, and localize to y-H2AX foci indicative of damage to
induce the process of HR over NHE] [99].

Neddylation is a form of posttranslational modification similar to ubiquitination that has also
been implicated in the process of double-strand break repair. Neural precursor cell expressed
developmentally down-regulated 8 (NEDDS) is a ubiquitin-like protein involved in regulat-
ing cell growth, viability, and development [100]. Neddylation can serve as yet another layer
of regulation in the function of DNA repair in damaged cells, and targeting this process has
demonstrated some efficacy in preclinical models. Given the ubiquitous nature of BRCA1 in
HR, it makes sense that this protein is a target of neddylation. In order for a cell to undergo HR,
it must recognize the damage and be in the correct stage of the cell cycle (in this case, S/G2) so
that a sister chromatid is present for the repair machinery to use as a template. This process of
choice can be mediated by BRCA1 in complex with CtIP (RBBPS8) in a number of different ways.
For instance, CtIP must be phosphorylated on serine residue 327 for the cell to undergo HR,
otherwise repair will be conducted via the error-prone process of microhomology-mediated
end joining [101]. If this complex undergoes RNF111/UBE2M-mediated neddylation, the com-
plex is rendered unable to perform its 5'—3' nucleolytic end resection at the DSB, and with-
out the ssDNA overhang tails HR cannot occur [102]. The COP9 signalosome is an additional
mediator of the choice between types of DSB repair mechanisms [103]. COP9, the constitutive
photomorphogenesis 9 signalosome, has significant homology with the 19S lid complex of the
proteome and functions by deneddylating cullin-RING ubiquitin ligases, which may subse-
quently coordinate CRL-mediated ubiquitination of downstream protein targets [104]. COP9
is recruited to sites of DNA damage in a neddylation-dependent mechanism, and once there
mediates deep end resection of the breaks, the first step of HR.

Targeting the process of neddylation as a preclinical strategy to sensitize tumors to chemo-
therapy is an avenue that has just recently began to garner attention. In a model of nons-
mall cell lung cancer, neddylation inhibitor MLN4924 was able to inhibit the recruitment of
members of the BRCA1 complex to sites of DNA damage. Examining expression of NEDDS,
BRCA1, and PARP via Kaplan-Meier survival analysis revealed that high expression of these
three factors correlated with a poor overall survival [105].

4.2. Nonhomologous end joining

The first step of nonhomologous end joining is the detection of the DSB by the Ku70/80 het-
erodimer, a 150 kDa Ku forms a ring-like structure that surrounds a single-strand of DNA
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with its central channel, and threads the broken DNA ends through this channel [106].
Because this protein can only accommodate one strand of DNA, in order for DNA replication
to continue after resolution of the DSBs, Ku70/Ku80 must be removed [107]. The E3 ubiquitin
ligase RING finger protein 8 (RNF8) has been found to down-regulate Ku80 at sites of DNA
damage. Depletion of RNF8 leads to prolonged retention of Ku80 at damage sites and impairs
NHE] [108].

DNA-PK plays a central role in NHE]J of DNA DSBs largely during the G1 phase of the cell
cycle as well as in V(D)] recombination [109, 110]. A poorly characterized ringer finger protein
RNF144A has been reported as an E3 ubiquitin ligase for DNA-PK catalytic subunit (DNA-
PKcs). RNF144A induces ubiquitination of DNA-PKcs in vitro and in vivo and promotes its
degradation. Depletion of RNF144A results in an increased level of DNA-PKcs and resistance
to DNA damaging agents [111]. Overall, there is no doubt that ubiquitination — either by regu-
lating protein degradation or protein-protein interaction- plays a critical role in all five DNA
repair families. Futures studies to better understand the role of ubiquitination, ubiquitin-like
modifications, and enzymes responsible for these modifications in DNA repair pathways will
be warranted.
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Abstract

Genome integrity is under constant threat from cellular reactive oxygen species generated
by endogenous and exogenous mutagens. The base excision repair (BER) pathway conse-
quently plays a crucial role in the repair of DNA base damage, sites of base loss and DNA
single strand breaks that can cause genome instability and ultimately the development of
human diseases, including premature ageing, neurodegenerative disorders and cancer.
Proteins within the base excision repair pathway are increasingly being found to be regu-
lated and controlled by post-translational modifications, and indeed ubiquitination per-
forms a key role in the maintenance of repair protein levels but may also impact on protein
activity and cellular localisation. This process is therefore important in maintaining an effi-
cient cellular DNA damage response, and if not accurately controlled, can cause DNA dam-
age accumulation and promote mutagenesis and genomic instability. In this chapter, we
will present up-to-date information on the evidence of ubiquitination of base excision repair
proteins, the enzymes involved and the molecular and cellular consequences of this process.

Keywords: DNA repair, base excision repair, DNA damage, ubiquitin, ubiquitination

1. Introduction

Every human cell per day is thought to generate greater than 10,000 DNA base lesions and
single strand breaks (SSBs) due to the instability of the DNA molecule [1]. These are largely
created by cellular reactive oxygen species that are generated by hydrolysis, oxidative metab-
olism and environmental factors, including ionising radiation (IR). Typical sites of damage
include sites of base loss (abasic sites), oxidised DNA bases (e.g. 8-oxoguanine and thy-
mine glycol) and SSBs. If this DNA damage is left unrepaired, it can cause mutagenesis and
genome instability which are contributors to the development of human diseases, including
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premature ageing, neurodegenerative disorders and cancer. The base excision repair (BER)
pathway was first identified in the 1970s by Tomas Lindahl (co-recipient of the 2015 Nobel
Prize in Chemistry), who discovered the existence of a uracil DNA N-glycosylase that is able
to excise uracil residues from DNA [2]. Lindahl then suggested that in order for repair to be
completed, an endonuclease, a DNA polymerase and a DNA ligase would be required. This
marked the establishment that a specific repair pathway exists in human cells to repair DNA
base damage, and now nearly a half a century later, the major enzymes and mechanisms
involved in BER are well known.

As Lindahl had shown, the first step of BER is recognition of the specific damaged DNA base
by a DNA glycosylase. In fact 11 DNA glycosylases are now known to exist with each remov-
ing particular types of DNA base damage [3, 4]. Indeed there are three uracil DNA glycosylase
enzymes that recognise uracil lesions (namely uracil DNA glycosylase, UNG; single-strand-
selective monofunctional uracil DNA glycosylase, SMUG1; and thymine DNA glycosylase,
TDG), one enzyme that recognises alkylated bases (N-methylpurine DNA glycosylase, MPG),
two mismatch-specific glycosylases (methyl-CpG binding domain protein 4, MBD4 and MutY
homologue, MUTYH) and five glycosylases that recognise oxidised bases (8-oxoguanine DNA
glycosylase 1, OGGI; endonuclease IlI-like protein 1, NTH1; endonuclease VIII-like proteins 1,
2 and 3; NEIL1, NEIL2 and NEIL3). In general, DNA glycosylases utilise a base-flipping mecha-
nism whereby the base is flipped 180° from the sugar phosphate backbone breaking the hydro-
gen bonds between the bases in the process, and placing the damaged base into the active site
of the DNA glycosylase. However, there are two types of glycosylase enzyme as one type will
only remove the damaged base (monofunctional enzyme) whereas another type will remove
the base but also cleave the DNA backbone (bifunctional enzyme). The monofunctional DNA
glycosylases (UNG, SMUGI, TDG, MPG, MUTYH and MBD4) that remove the damaged base
will create an abasic site by cleaving the N-glycosidic bond linking the base to the phosphodi-
ester backbone. The abasic site is then recognised by AP endonuclease 1 (APE1) that cleaves
5'- to the lesion, creating a one nucleotide gap containing a 3-hydroxyl group on one end, and a
5'-deoxyribose phosphate (5-dRP) group on the other [5, 6]. The 5'-dRP group is subsequently
removed by the lyase activity of DNA polymerase 3 (Pol 8) that also simultaneously inserts the
correct, undamaged nucleotide [7, 8]. The remaining nick in the DNA backbone is then sealed
by DNA ligase Illa (Lig Illx) that is in a stable complex with X-ray cross-complementing pro-
tein 1 (XRCC1), to restore the original DNA sequence (Figure 1) [9, 10]. In contrast, bifunctional
DNA glycosylases create a single nucleotide gap that is flanked by different ends, depending
on the glycosylase employed. OGG1 and NTH1 are known to catalyse {3-elimination which cre-
ates a 5-phosphate and a 3'-a,B-unsaturated aldehyde, however, these are thought to be low
efficiency activities and therefore with the high cellular abundance of APE], it is thought that
APE]1 can actually circumvent this product and cleave the abasic site itself [11]. The bifunctional
DNA glycosylases NEIL1, NEIL2 and NEIL3 catalyse [3,0-elimination which create a phosphate
moiety on both the 5'- and 3"-end of the single nucleotide gap. Since the 3'-phosphate is not the
required end for Pol  activity, this requires removal by polynucleotide kinase phosphatase
(PNKP) (Figure 1) [12]. Despite the dependence on either APE1 or PNKP, following bifunc-
tional DNA glycosylase activity the end product is the same as monofunctional DNA glycosyl-
ase activity in that both Pol 3 and XRCC1-Lig Illx are required to complete the repair process.
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The pathway described above is commonly referred to as the short patch BER pathway, through
which the majority of DNA repair events proceed [13]. However under certain conditions, par-
ticularly when the DNA ends are resistant to processing (e.g. if the 5-dRP becomes reduced and
thus cannot be cleaved by Pol ), then long-patch BER is employed (Figure 1). Following the
addition of the first nucleotide by Pol 3 [14], there is a polymerase switch to DNA polymerases
/e (Pol d/e), which are principally involved in DNA replication. These polymerases typically
add two to eight more nucleotides into the repair gap thus generating a 5-flap structure. This
structure is a substrate for flap endonuclease-1 (FEN-1), which acts in a proliferating cell nuclear
antigen (PCNA)-dependent manner and then finally DNA ligase I (Lig I) completes the repair
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Figure 1. The mechanism of repair of DNA base damage by the BER pathway. The damaged DNA base is recognised
and excised by damage-specific DNA glycosylases that catalyse cleavage of the N-glycosidic bond, creating an abasic
site. APE1 recognises the abasic site and cleaves the DNA backbone, generating a single strand break containing a
5'-dRP moiety. The 5'-dRP is subsequently removed by the dRP lyase activity of Pol (3 that furthermore inserts a new
undamaged nucleotide into the repair gap (central branch). If BER is initiated by the NEIL DNA glycosylases (NEIL1,
NEIL2 and NEIL3), these enzymes generate a single nucleotide gap containing 3'- and 5-phosphate ends through (3,0-
elimination activity. The 3'-phosphate is subsequently removed by PNKP prior to the activity of Pol {§ that fills in the
repair gap (left branch). Finally, the Lig Illa-XRCC1 complex completes short patch BER by sealing the remaining nick in
the phosphodiester backbone. If the 5'-dRP moiety is resistant to Pol § dRP lyase activity, a polymerase switch to Pol d/e
occurs, which then stimulate the addition of two to eight more nucleotides into the single nucleotide gap. This generates
a 5'-flap structure which is recognised and excised by FEN-1, in a PCNA-dependent manner (right branch). To complete
long patch BER DNA ligase I, also in association with PCNA, seals the remaining nick in the DNA backbone.
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process by sealing the remaining nick. It is important to note that with the constant, significant
amount of DNA base damage and SSBs being induced in cells, that BER is a constitutively active
process.

2. Regulation of BER proteins through ubiquitination

Since BER is the major cellular mechanism for the repair of DNA base damage and SSBs, and
thus for the maintenance of genome stability, it is important that this process is maintained and
controlled. The most efficient way of achieving this, particularly in responding to fluctuations in
the cellular DNA damage environment, is via controlling cellular protein activity, localisation
and overall protein levels. Indeed there is a growing list of the various protein post-translational
modifications (PTMs) of BER proteins that have been reported to achieve this [15]. However a
role for ubiquitination in controlling BER protein levels, and thus cellular BER activity, has been
highlighted particularly in the last decade. Polyubiquitination of BER proteins catalysed by
specific E3 ubiquitin ligases has been shown to largely control cellular protein levels via degra-
dation by the 26S proteasome, but additionally monoubiquitination has been observed in some
instances that can act by compartmentalising BER proteins or controlling BER protein activity.
There are also instances of crosstalk between ubiquitination and other PTMs in controlling cel-
lular BER. Below we aim to summarise all of the available evidence highlighting the enzymes
and mechanisms involved in the control of BER proteins through ubiquitination.

2.1. Ubiquitination of DNA glycosylases
2.1.1. Uracil DNA glycosylases: UNG, SMUG1, MBD4, TDG

Of the four members of the uracil DNA glycosylases, only UNG, SMUG1 and TDG have been
shown to be ubiquitinated by specific E3 ubiquitin ligases. Binding of the human immunode-
ficiency virus type 1 (HIV-1) accessory protein Vpr to UNG and SMUGI was shown to induce
their ubiquitination-dependent proteasomal degradation following expression in 293T cells.
This was thought to be promoted through the E3 ubiquitin ligase scaffold proteins, Cullin 1
(Cull) and Cullin 4 (Cul4), as Vpr interacts with these ligases along with UNG and SMUGI fol-
lowing overexpression and immunoprecipitation from 293T cells [16]. Vpr was subsequently
shown to bind to damage-specific DNA-binding protein 1 (DDB1), which is another compo-
nent of Cul4A E3 ubiquitin ligases, that mediates the degradation of UNG in 293T cells [17].
This is thought to be a specific mechanism that allows the HIV virus to regulate the levels of
abasic sites in viral reverse transcripts and thus promotes viral replication. Therefore whether
UNG and SMUGI1 are targeted for ubiquitination during normal cellular processing and for
BER is not yet known. The third member of the uracil DNA glycosylase family, TDG, is largely
known for being regulated by the small ubiquitin-like modifier (SUMO). TDG was shown to
be modified by SUMO-1 and SUMO-2/3 on lysine 330 following immunoprecipitation from
HelLa cells, and this reduces the abasic site affinity of TDG [18]. TDG SUMOylation induces
a conformational change in the protein which overcomes product inhibition and is thus a
mechanism for increasing enzymatic turnover [19, 20]. More recently, and similar to UNG and
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SMUGI, TDG has been shown to be a target for ubiquitination-dependent degradation by a
Cul4-DDBI1 associated E3 ubiquitin ligase complex [21, 22]. Specifically, TDG degradation was
catalysed by Cul4A-DDB1 in association with the RING finger protein ROC1/RBX1 and Cdt2
(collectively called CRL4“4?), in a PCNA-dependent manner. This was discovered both in a
Xenopus extract system during DNA repair but also in HeLa cells during S phase of the cell
cycle where TDG interacts with PCNA, and is thought to provide a mechanism for the regu-
lated control of TDG protein levels. The fourth uracil DNA glycosylase member, MBD4 which
actually removes mismatches opposite guanine, has not been reported to be ubiquitinated.
However MBD4 has been shown to interact with both the E3 ubiquitin ligase, ubiquitin-like
with PHD and RING finger domains 1 (UHRF1) and with the deubiquitinating enzyme, ubiq-
uitin specific protease 7 (USP7) following overexpression of the protein in HEK293T cells [23].
Given these interactions, MBD4 could potentially be a target for regulation by ubiquitination.

2.1.2. Helix-hairpin-helix (HhH) DNA glycosylases: OGG1, NTH1, MUTYH

The HhH DNA glycosylases are named after the DNA-binding motif which is present in all
three members of the family and are OGGI1, NTH1 and MUTYH. OGGI is the major DNA
glycosylase targeting 8-oxoguanine DNA base damage and only one report has suggested that
it is a target for ubiquitination. Specifically OGG1 was found to be degraded following mild
hyperthermia by the E3 ubiquitin ligase C-terminus of Hsc70-interacting protein (CHIP) [24].
CHIP is well known to be involved in protein quality control, by targeting damaged or mis-
folded proteins for ubiquitination-dependent degradation via interaction with the molecular
chaperones Hsc70 and Hsp90 [25], and as will become clear later in this chapter, can target mul-
tiple BER proteins for degradation via the proteasome. Degradation of OGG1 by CHIP through
heat inactivation in HeLa cells was shown to cause a reduction in the efficiency of repair of oxi-
dised DNA base damage and cell growth inhibition following treatment with a photosensitiser.
NTH]1 is the second member of the HhH DNA glycosylases that excises oxidised pyrimidines
from DNA, including 5-hydroxycytosine and thymine glycol, although there are no current
reports that it is directly targeted for ubiquitination. However there is evidence that MUTYH,
the third member of the family that specifically removes adenine residues incorrectly incorpo-
rated opposite 8-oxoguanine residues during DNA transcription or replication, is ubiquitinated
both in vitro and in vivo. Ubiquitination between residues 475 and 500 within the MUTYH pro-
tein was shown to be catalysed by the Mcll ubiquitin ligase E3/ARF binding protein 1 (Mule/
ARF-BP1) that subsequently stimulates proteasomal degradation [26]. This was evidenced
in vitro using recombinant proteins, and also in vivo ubiquitination of MUTYH decreased in
HEK?293T cells following Mule siRNA and led to increased protein stability. A ubiquitination-
deficient mutant of MUTYH lacking five critical lysine residues (477, 478, 495, 506 and 507) that
were mutated to arginines, was found to be more stable in HEK293T cells than the wild type
protein and preferentially bound to chromatin [26]. Mule overexpression in A2780 cells led to
an increased mutation frequency following potassium bromate treatment that was predicted to
be a consequence of the lack of MUTYH through Mule-dependent degradation. Mule has also
been demonstrated to regulate the protein levels of Pol § and Pol A (see below), and therefore
appears to be a critical regulator of BER at both the base excision and gap filling stages. How the
activity of Mule is co-ordinated towards these specific proteins and stages is not currently clear.
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2.1.3. Endonuclease VIII-like glycosylases: NEIL1, NEIL2, NEIL3

NEIL1 and NEIL2 both have a broad range substrate specificity that largely covers those of
the HhH enzymes OGG1 and NTH1. However, these DNA glycosylases appear more active
on single stranded DNA and bubble structures and so may be more important during rep-
lication and transcription where these structures are formed [27, 28]. There is also evidence
that NEIL1 is active at complex DNA damage sites, where two or more DNA base lesions
are formed in close proximity [29, 30], and on telomeric DNA [31]. NEIL3 substrate activ-
ity has also proven to be elusive but can similarly act on telomeric DNA [31, 32] and more
recent data has described a role for NEIL3 in unhooking of DNA interstrand crosslinks [33].
The only evidence of ubiquitination-dependent regulation of the NEIL DNA glycosylases is
through very recent data involving NEIL1. Using an in vitro ubiquitination system in combi-
nation with fractionated HeLa cell extracts, NEIL1 was demonstrated to be targeted by two E3
ubiquitin ligases, namely Mule and tripartite motif 26 (TRIM26) [34]. Both enzymes appear to
promote ubiquitination of NEIL1 on the same C-terminal lysine residues (319, 333, 356, 357,
361, 374 and 376) within the protein, and an siRNA knockdown of either Mule or TRIM26 in
U20S cells caused an increase in cellular NEIL1 protein levels demonstrating that they both
target the protein for ubiquitination-dependent degradation. Interestingly in response to
IR-induced DNA damage, there was an accumulation of NEIL1 protein which occurred in
a Mule-dependent, but not a TRIM26-dependent, manner. This demonstrated a requirement
for both Mule and TRIM26 in controlling the cellular steady state levels of NEIL1, in addition
to those required in response to DNA damage.

2.1.4. N-methyl purine glycosylase (MPG)

MPG is a DNA glycosylase that excises alkylated DNA base damage, including 3-methylade-
nine and 7-methylguanine. There is no current evidence that this enzyme is regulated directly
by ubiquitination, although MPG has been reported to interact with the E3 ubiquitin ligases
UHRF1 and UHRF?2 following overexpression in HEK293 cells, and interacts with UHRF1 in
a number of cancer cell lines, including MCF7, HeLa and H1299 [35].

2.2. Ubiquitination of DNA strand break binders/processors
2.2.1. Poly(ADP-ribose) polymerase 1 (PARP-1)

PARP-1 functions in binding to SSBs created during BER, where it mediates poly(ADP-ribo-
syl)ation of itself and other proteins involved in the repair process and thus promotes the
assembly of repair protein complexes, chromatin remodelling and its own eventual disso-
ciation from the DNA. Inhibitors targeting PARP-1 activity have recently been approved for
the treatment of BRCA-deficient cancers, through which they cause synthetic lethality. This
therapeutic exploitation provides an added incentive to enhance our understanding of the
regulation of cellular PARP-1, particularly through ubiquitination.

The first report to show that PARP-1 is ubiquitinated was in mouse embryonic fibroblasts
following treatment with the proteasome inhibitor ALLN [36]. PARP-1 ubiquitination was
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further examined in vitro and shown to involve specifically lysine 48-linked chains, suggest-
ing that this would likely target the enzyme for proteasomal degradation. PARP-1 modifica-
tion by SUMOylation, specifically SUMO-2 at lysine 203 and 486 induced by the PIASy SUMO
E3 ligase, has been demonstrated following overexpression of the enzymes in HeLa cells in
response to heat shock stress, which also rendered PARP-1 as a target for ubiquitination by
the poly-SUMO-specific E3 ubiquitin ligase ring finger protein 4 (RNF4) [37]. PARP-1 ubiq-
uitination resulted in degradation of the protein, and provides evidence of crosstalk between
two PTMs thought to be involved in regulating PARP-1 transcriptional activation, rather
than playing a role during BER. Another incidence of crosstalk has been revealed between
PARP-1 ubiquitination and poly(ADP-ribosyl)ation. The E3 ubiquitin ligase ring finger pro-
tein 146 (RNF146), also known as Iduna, ubiquitinates PARP-1 in vitro and in MCEF7 cells
overexpressing Iduna leading to its proteasomal degradation providing that PARP-1 itself is
poly(ADP-ribosyl)ated [38]. This phenomenon was more pronounced following N-methyl-
N-nitro-N-nitrosoguanidine (MNNG)-induced alkylated base damage, suggesting a DNA
damage inducible response. Furthermore, an shRNA-induced knockdown of Iduna caused
an accumulation of abasic sites following MNNG treatment, and an accumulation of SSBs
following IR in MCF7 cells. This is difficult to comprehend given the abundance of cellular
APE1 and its ability to cleave any abasic sites following MNNG treatment, and that PARP-1
should still be able to dissociate from IR-induced SSBs following poly(ADP-ribosyl)ation and
allow for subsequent repair protein recruitment. However since Iduna has also been shown
to polyubiquitinate other BER proteins, including XRCC1 and Lig III, the effects of Iduna on
the celllular DNA damage response are not clear cut.

A third E3 ubiquitin ligase has been identified for PARP-1, namely the checkpoint with fork-
head-associated and RING finger domain protein (CHFR), which was shown to polyubiqui-
tinate PARP-1 in vitro and following overexpression of CHFR in HEK293T and HCT116 cells
in vivo [39]. CHFR regulates the mitotic checkpoint and following mitotic stress PARP-1 was
shown to undergo poly(ADP-ribosyl)ation, and similarly to the case for Iduna, this facilitated
polyubiquitination-dependent degradation of the protein. CHFR-knockout mouse embryonic
fibroblasts displayed elevated PARP-1 levels and did not undergo cell cycle arrest in response
to mitotic stress. An additional report similarly described poly(ADP-ribosyl)ated PARP-1 as
a CHEFR target [40]. CHFR was recruited to laser-induced DNA damage sites in a poly(ADP-
ribosyl)ation-dependent manner in U20S cells as revealed by PARP inhibition and PARP-1
siRNA. Interestingly, lysine 48-linked ubiquitin chains were conjugated to poly(ADP-ribosyl)
ated, but not unmodified, PARP-1 by CHEFR in vitro in the presence of the E2 conjugating
enzyme UbcH5C, but lysine-63 linked chains were added in the presence of Ubc13/Uevla.
Both lysine 48 and 63-linked chains were then found attached to PARP-1 following irradiation
of CHRF-overexpressing HCT116 cells. Potentially more important than its eventual degrada-
tion, CHFR-mediated ubiquitination prompted the displacement of PARP-1 from chromatin,
and CHFR-knockout mouse embryonic fibroblasts were demonstrated to display delayed SSB
repair kinetics and increased sensitivity to IR.

As multiple E3 ubiquitin ligases have been implicated as effectors of PARP-1 ubiquitination,
more research is required to determine which of these are crucially involved in the regulation
of steady state PARP-1 levels and which function specifically during BER. It is apparent that
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PARP-1 regulation is multifaceted, with the added complexity of crosstalk between ubiquiti-
nation and other PTMs such as SUMOylation and poly(ADP-ribosyl)ation, therefore it may be
some time before the intricacies of this regulation are elucidated.

2.2.2. AP endonuclease I (APE1)

APE1 is the major enzyme targeting abasic sites for incision in human cells, and both an over-
abundance and lack of this protein can cause genome instability, so the protein levels must be
tightly regulated. APE1 was first shown to be monoubiquitinated within the N-terminus of
the protein in HCT116 cells by overexpression of the E3 ubiquitin ligase mouse double minute
homologue 2 (MDM2), the major enzyme regulating the p53 tumour suppressor protein [41].
Depletion of MDM?2 consequently increased APE1 protein levels, thought to be as a result of
reduced ubiquitination-dependent degradation. The same authors then reported that phos-
phorylation of APE1 at threonine 233 by cyclin-dependent kinase 5 (Cdk5)-enhanced MDM2-
dependent ubiquitination of APE1 [42]. Indeed, a phosphomimetic mutant (T233E) of APE1
exhibited augmented ubiquitination following expression in HCT116, SW480 and A549 cells.
However MDM2 knockout mouse embryonic fibroblasts expressing the phosphomimetic
mutant of APE1 still displayed significant APE1 ubiquitination, demonstrating the existence
of other E3 ubiquitin ligases for the protein. In fact utilising an in vitro ubiquitination assay
incorporating APE1 as a substrate and fractionated proteins from HelLa whole cell lysates has
revealed that the major E3 ubiquitin ligase targeting APE1 for ubiquitination was ubiquitin
protein ligase E3 component N-recognin 3 (UBR3) [43]. In vitro ubiquitination of APE1 by
UBRS3 was localised within the N-terminus on multiple lysine residues (6, 7, 24, 25, 27, 31, 32
and 35). UBR3 knockout mouse embryonic fibroblasts displayed significantly higher APE1
protein levels, suggesting that ubiquitination targeted APE1 for proteasomal degradation,
and consequently led to an increase in endogenously formed DNA double strand breaks and
genomic instability. A third E3 ubiquitin ligase has recently been identified for APE1, namely
the Parkinson’s disease-associated protein, Parkin [44]. Overexpression of Parkin was found
to ubiquitinate APE1 in A549 cells, and in an engineered mouse embryonic fibroblast cell
line containing low APE1 protein overexpression of both Parkin and APE1 caused a decrease
in protein stability. However, inducible expression of Parkin in 293-PaPi cells did not alter
endogenous APE1 protein levels and a combination of Parkin and hydrogen peroxide treat-
ment only caused an ~30% reduction in the protein, suggesting that Parkin may only have a
minor role in APE1 regulation.

2.2.3. Polynucleotide kinase phosphatase (PNKP)

PNKP acts to remove the 3-phosphate group remaining from the actions of NEIL1-3 during
BER, but also displays kinase activity for 5-DNA ends and thus plays a role in the repair of
SSBs and double strand breaks. A crosstalk between phosphorylation and ubiquitination has
been revealed to be important in the regulation of PNKP protein levels. Phosphorylation cat-
alysed by the ataxia telangiectasia mutated (ATM) protein kinase on serines 114 and 126 of
PNKP was shown to stabilise the protein in response to oxidative stress in HCT116 cells, which
was mediated through inhibition of ubiquitination, and which was required for efficient SSB
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repair [45]. An in vitro ubiquitination assay, using PNKP as a substrate in combination with
fractionated proteins from HeLa whole cell lysates, revealed that Cul4A-DDB1 in association
with the WD-40 repeat protein serine-threonine kinase receptor-associated protein (STRAP)
was the major E3 ubiquitin ligase complex that was targeting PNKP for ubiquitination, specifi-
cally on lysines 414, 417 and 484. A phosphomimetic mutant (serine 114 and 126 to glutamic
acid) was more stable than the wild type protein following expression in HCT116 cells, and the
protein itself was resistant to in vitro ubiquitination by Cul4A-DDB1-STRAP. Mouse embryonic
fibroblasts from STRAP knockout cells also had significantly elevated PNKP protein levels due
to reduced ubiquitination-dependent degradation, and displayed increased resistance to oxida-
tive stress. In addition, an interaction between PNKP and the deubiquitination enzyme ataxin-3
has been demonstrated i vivo, and which promotes the 3'-phosphatase activity of PNKP in vitro
[46]. However whether this enzyme contributes to regulating PNKP protein levels, particularly
in opposition to Cul4A-DDB1-STRAP-mediated ubiquitination, has yet to be investigated.

2.2.4. Flap endonuclease-1 (FEN-1)

FEN-1 acts to remove the flap structures created by Pol d/e during long-patch BER.
Ubiquitinated FEN-1 has been observed at the end of a sequence of PTMs initiated in late
S phase of the cell cycle [47]. It was observed in HeLa cells that phosphorylation of FEN-1
at serine 187, promotes SUMOylation at lysine 168 with SUMO-3, which in turn stimulates
polyubiquitination at lysine 354 by the E3 ligase pre-mRNA processing factor 19 (PRP19) to
stimulate proteasomal degradation. This was largely discovered through overexpression of
individual components within the pathway in HeLa cells, rather than examining endogenous
proteins. Furthermore, PRP19 was only characterised in ubiquitinating FEN-1 in vitro using
partially purified HeLa cell extracts and a complete suppression of ubiquitination was not
observed following immunodepletion of PRP19, suggesting the existence of alternative E3
ubiquitin ligases for FEN-1. Nevertheless, this sequence of events beginning in late S phase
is thought to regulate FEN-1 protein levels at the end of DNA replication, rather than being
required for long-patch BER. Therefore further work is required to determine whether this, or
an alternate mechanism for FEN-1 ubiquitination, plays a role in the regulation of this protein
during BER.

2.3. Ubiquitination of DNA polymerases
2.3.1. DNA polymerase 3 (Pol p)

Pol {8 is the principal polymerase employed within the BER pathway, and primarily acts to
insert the correct nucleotide into the repair gap, but also acts as a dRP lyase activity. The
stability of Pol  was found to be significantly reduced in XRCC1 deficient EM-C11 cells
and in HeLa cells following XRCC1 siRNA treatment, suggesting that Pol  and XRCC1-Lig
[l form a stable complex that protects Pol 3 from degradation [48]. The major E3 ubiquitin
ligase for Pol 3 was then revealed through the utilisation of in vitro ubiquitination assays in
combination with fractionated HeLa cell extracts to be CHIP. Ubiquitination was localised to
the 8 kDa N-terminal domain, which contains the dRP lyase activity, and CHIP depletion by
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siRNA in HeLa cells led to increased protein levels of Pol § whereas overexpression of CHIP
reduced cellular Pol 3. Interestingly, this investigation highlighted that CHIP also appeared
to be involved in the ubiquitination-dependent degradation of XRCC1 and Lig Illa, in addi-
tion to Pol . This study was followed by the identification of a second E3 ubiquitin ligase
that specifically catalysed monoubiquitination of Pol $ [49]. Monoubiquitination was shown
to occur in the same 8 kDa N-terminal region as that targeted by CHIP, but was catalysed
by Mule. The precise ubiquitinated residues were identified as lysine 41, 61 and 81, and a
lysine to arginine mutant Pol  protein was more stable than the wild type protein following
expression in HeLa cells. Monoubiquitinated Pol 3 was observed exclusively within the cyto-
plasm in HeLa cells and was therefore deemed a specific target for ubiquitination-dependent
degradation mediated by CHIP. Indeed, an siRNA knockdown of Mule decreased the levels
of monoubiquitinated Pol B, increased total cellular Pol 3 levels and caused an increase in
the rate of repair of SSBs and alkali-labile sites induced by hydrogen peroxide. Conversely
a knockdown of ARF, which inhibits the activity of Mule, caused an increase in monoubiq-
uitinated Pol B and a decrease in the rate of repair of hydrogen peroxide-induced SSBs and
alkali-labile sites. A later study agreed that Pol 8 stability was dependent on XRCC1 and
was regulated by ubiquitination-dependent degradation, but reported that this ubiquitina-
tion occurred on lysines 206 and 244 and was not reliant on Mule or CHIP [50]. However,
the experimental system employed was very artificial, utilising an unusual cell line contain-
ing deletions of, amongst others, the ARF protein and modified to stably overexpress Pol 3
rather than examining endogenous protein levels. The identification of the deubiquitination
enzyme that is able to reverse Mule- and CHIP-dependent ubiquitination of Pol {3, and in
fact the only such enzyme characterised in regulating BER, has been identified as ubiquitin
specific protease 47 (USP47). USP47 was purified and identified from fractionated HeLa cell
extracts in combination with an in vitro deubiquitination assay using ubiquitinated Pol 3 as
a substrate, and was demonstrated to be capable of removing both CHIP-dependent polyu-
biquitin chains and Mule-dependent monoubiquitin moieties from Pol  [51]. An siRNA
knockdown of USP47 in HeLa cells resulted in an increase in Mule-dependent monoubiq-
uitinated Pol 3, a reduction in cytoplasmic and therefore overall Pol  protein levels, and
ultimately led to reduced efficiency of repair of SSBs and alkali-labile sites created through
oxidative and alkylated DNA base damage. This study led to a complete picture of how Pol
[ protein levels are regulated in the cellular response to DNA damage, which involves an
interplay between Mule, CHIP, ARF and USP47 activities that control a specific cytoplasmic
pool of Pol 3 that acts as a source of protein that can be utilised in the nucleus in the event of
any increase in DNA damage. The above studies together establish that Pol {3 protein levels
are tightly regulated by the promotion or reversal of ubiquitination-dependent proteasomal
degradation.

2.3.2. DNA polymerase A (Pol A)

Although Pol § is the chief polymerase in the BER pathway, Pol A is thought to have a back-
up role, specifically in the bypass of 8-oxoguanine lesions and thus avoiding the tendency
for the misincorporation of the wrong adenine base opposite the lesion. Initial evidence that
Pol A is regulated by ubiquitination was demonstrated by the observation that a Cdk2/cyclin
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A phosphorylation defective mutant of Pol A at threonine 553, was less stable than the wild
type protein following expression in either 293T or U20S cells, and that this was mediated
via increased ubiquitination [52]. Phosphorylation of Pol A was observed most notably in
late S and G2 phases of the cell cycle and was thought to stabilise the protein via inhibi-
tion of ubiquitination and to allow Pol A to repair any DNA damage incurred at this stage.
The major E3 ubiquitin ligase responsible for Pol A ubiquitination was subsequently identi-
fied using the protein as a substrate in in vitro ubiquitination assays containing fractionated
HeLa whole cell lysates and shown to be Mule [53]. Mule was found to ubiquitinate Pol A on
lysines 27 and 273 in vitro, and an siRNA-mediated depletion of Mule in HEK293T cells sig-
nificantly increased Pol A protein levels. Cdk2/cyclin A-dependent phosphorylation of Pol A
was found to inhibit Mule-dependent ubiquitination, and promote binding of the protein to
chromatin via interaction with MutYH. The E3 ubiquitin ligase CHIP has also been shown
to ubiquitinate Pol A in vitro, although there is no evidence that CHIP plays a role in the
regulation of cellular Pol A in vivo [54]. Since Pol A and Pol 8 are both regulated by Mule, this
suggests that Mule plays a vital role in controlling the polymerase stage of BER, in addition
to the base excision stage described above, and thus is a central player in coordinating the
cellular DNA damage response.

2.3.3. DNA polymerase d/¢ (Pol 6/¢)

Pol d and ¢ participate in long-patch BER by adding multiple complimentary nucleotides into
the repair gap vacated by Pol B, thus creating a 5'-flap structure which is a substrate for FEN-
1. Pol d is synthesised in human cells as a heterotetramer of subunits p125, p68, p50 and p12.
Using an in vitro ubiquitination assay with fractionated HeLa cell lysates, the p12 subunit has
been shown to be a target for ubiquitination by the E3 ubiquitin ligase RNF8 [55]. An siRNA
knockdown of RNF8 in A549 cells led to an increased stability of p12, particularly following
UVC irradiation but also following MNNG treatment. However the precise contribution of
this mechanism to BER efficiency is currently unknown. Additionally there is no evidence
suggesting that Pol ¢ is regulated by ubiquitination.

2.4. Ubiquitination of DNA ligases
2.4.1. X-ray cross-complementing protein 1 and DNA ligase Illoe (XRCC1-Lig Illx)

Lig Illa functions in a stable complex with the scaffold protein XRCC1 to seal the nick in the
DNA backbone to complete the BER process. Lig Illa itself been shown to undergo ubiqg-
uitination in two separate reports. In the first, CHIP was demonstrated as an E3 ubiquitin
ligase for Lig Illa in vitro, but also an siRNA knockdown of CHIP in HeLa cells caused an
accumulation of Lig Illa protein in vivo as a consequence of a lack of ubiquitination-depen-
dent degradation [48]. A second E3 ubiquitin ligase for Lig Illa in vitro has been identified
as Iduna/RNF146, which ubiquitinates the protein but only when modified by poly(ADP-
ribosyl)ation [38]. However in this study, Iduna was shown to interact with and ubiquitinate
anumber of DNA repair proteins, including both Lig Illa and XRCC1 but also PARP1 (as dis-
cussed previously) which was dependent on protein poly(ADP-ribosyl)ation. Therefore the
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particular significance of Iduna-mediated ubiquitination of Lig IIlla and XRCC1 specifically
on BER regulation remains unclear. XRCC1 has been shown to be phosphorylated in vitro
and in vivo by casein kinase 2 (CK2) and this prevents the ubiquitination-dependent degra-
dation of the protein. This was demonstrated by reduced stability of XRCC1 following CK2
siRNA in HeLa cells and that a CK2 phosphorylation deficient mutant of XRCC1 expressed
in EM9 cells was less stable than the wild type protein as a direct consequence of increased
ubiquitination [56]. A separate study also demonstrated ubiquitination of XRCC1, although
conversely a phosphorylation deficient mutant of XRCC1 expressed in U20S cells appeared
not to be stabilised following proteasomal inhibition [57]. Similar to Lig Illa, XRCC1 has been
found to be ubiquitinated in vitro by the E3 ubiquitin ligase CHIP, and an siRNA-mediated
depletion of CHIP in HeLa cells resulted in an increase in XRCC1 protein levels owing to a
reduction in ubiquitin-dependent protein degradation [48]. Overexpression of CHIP in HeLa
cells was also found to cause a reduced stability of XRCC1 protein. These findings were sup-
ported by a separate study that demonstrated that CHIP-dependent ubiquitination of XRCC1
occurs, but only when the protein is not bound to Pol $ or heat shock protein 90 (HSP90)
[50]. Regarding the site of ubiquitination within XRCCl, this has been identified within the
BRCA1 C-terminus (BRCT II) motif after it was demonstrated that truncated XRCC1 lacking
this domain was considerably more stable than the full length protein when expressed in
either HeLa or EM-C11 cells [48]. This ubiquitination site within the BRCT II motif of XRCC1
was also verified in an independent study [57].

2.4.2. DNA ligase I (Lig I)

Lig I is employed during long-patch BER, but is also involved in DNA replication. The only
reported evidence of Lig I ubiquitination is through the Cul4A-DDB1 E3 ubiquitin ligase
complex [58]. Overexpression and immunoprecipitation of Lig I from 293T cells revealed
that lysine 376, and possibly lysine 79 and 192, were potential ubiquitination sites and that a
lysine to arginine mutant of Lig I at four sites (79, 192, 226 and 376) was more stable than the
wild type protein to degradation through serum starvation. Lig I was then demonstrated to
interact with and to be ubiquitinated in vitro by a Cul4A-DDB1 complex with the associated
factor DCAF7. An siRNA knockdown of DCAF7 in GM00847 cells was shown to supress the
degradation of Lig I following serum starvation. This study would suggest that Lig I protein
levels are controlled during DNA replication, however the impact of this mechanism for the
efficiency of long-patch BER, is still unknown.

2.5. Summary and future outlook

An increasing amount of evidence is strengthening the fact that BER is carefully regulated and
controlled by ubiquitination. This largely appears to be a mechanism for controlling cellular
BER protein levels via the 26S proteasome and therefore plays an important role in supressing
DNA damage accumulation and coordinating an efficient cellular DNA damage response. In
this Chapter we have presented evidence that the majority of BER proteins have been shown
in vitro and in vivo to be targeted for ubiquitination by specific E3 ubiquitin ligases. However
there are other proteins (e.g. the DNA glycosylases MBD4, MTH1, NEIL2 and NEIL3) which
have not yet been demonstrated to be ubiquitinated directly (Table 1). It is interesting to note
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E3 ubiquitin ligase BER protein Reference
CHIP Lig III [48]
OGGl1 (24]
Pol B [48]
Pol A [54]
XRCC1 [48]
Cull SMUG1 [16]
UNG [16]
Cul4 Ligl [58]
PNKP [45]
SMUG1 [16]
TDG [21, 22]
UNG (16]
Iduna/RNF146 Lig II1 [38]
PARP-1 [38]
XRCC1 [38]
MDM2 APE1 [41]
Mule MUTYH [26]
NEIL1 [34]
Pol B [49]
Pol A 53]
RNF8 Pol d [55]
TRIM26 NEIL1 [34]
UBR3 APE1 [43]
Unknown MBD4
NEIL2
NEIL3
NTHI1
Pol e

Table 1. Summary of the known E3 ubiquitin ligases targeting BER proteins for ubiquitination.

that some of the identified E3 ubiquitin ligases appear to target more than one BER protein
for ubiquitination. For example, Mule can ubiquitinate both the DNA glycosylases NEIL1 and
MUYTH, and the DNA polymerases Pol 3 and Pol A for ubiquitination-dependent degrada-
tion which would suggest that this E3 ubiquitin ligase, and others targeting multiple BER pro-
teins, can control BER at several different points in the repair pathway. The Cullins, Cull and
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Cul4, also appear to regulate several BER members although this is unsurprising given that
they represent the largest family of E3 ubiquitin ligases with several hundred members. In
fact the most important element of these complexes is the adaptor proteins that provide speci-
ficity of ubiquitination to their target protein. Indeed Cdt2, DCAF7 and STRAP have already
been identified as adaptors of the Cul4A-DDB1 complexes that target TDG, Lig I and PNKP,
respectively for ubiquitination. Nevertheless, we currently do not have a clear understanding
of how these ubiquitination events are controlled and co-ordinated to ensure an efficient BER
response to DNA damage. In particular there is insufficient knowledge on how the identified
E3 ubiquitin ligase enzymes are activated and directed to their specific enzyme targets. This
could be achieved by either compartmentalisation of the enzymes or targets within the cell,
or by activation of ubiquitination enzymatic activity by PTMs. Secondly, with ubiquitination
being a reversible process, the identities of deubiquitination enzymes that work in concert
with E3 ubiquitin ligases in the regulated control of BER proteins have not yet been fully
elucidated. In fact the only evidence for this is by USP47, which has been demonstrated to
be actively involved in the deubiquitination of Pol (3. Thirdly, in addition to ubiquitination,
it is clear that BER proteins are also regulated by other PTMs, including acetylation, meth-
ylation, phosphorylation and SUMOylation. There is some evidence of crosstalk between
these modifications and ubiquitination in regulating BER protein levels and activities, par-
ticularly for PARP-1, FEN-1 and PNKP, although this is not yet fully understood. However
these regulatory “switches” are undoubtedly an efficient way of controlling the cellular BER
response to DNA damage. Ultimately further research is necessary in order to fully identify
and understand the specific E3 ubiquitin ligase and deubiquitination enzymes for individual
BER proteins, and the precise mechanisms that are co-ordinated in association with other
PTMs, which act to ensure an efficient repair process.

In addition to discovering the molecular details for regulating cellular BER, research into the
associations of these and the development of human diseases, including premature ageing, neu-
rodegenerative diseases and cancer is essential. It is understood that BER protein levels are fre-
quently misregulated in these diseases although whether defective ubiquitination is contributory
to this effect is largely unknown and understudied. This information may also uncover novel
therapeutic strategies for the treatment of specific diseases. Indeed the BER pathway is known to
be an attractive therapeutic target, which is exemplified by the success of PARP inhibitors in the
treatment of BRCA-deficient breast cancers which block BER and cause synthetic lethality due to
the inability of these cells to process DNA double strand breaks. It is therefore entirely possible
that the discovery of E3 ubiquitin ligases or deubiquitination enzymes targeting BER proteins
may provide novel cellular targets for drugs or small molecule inhibitors which can be used in
combination with radiotherapy and/or chemotherapy for treatment of diseases, such as cancer.
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Abstract

DNA double-strand break (DSB) is a type of the most critical DNA lesions, and if not
repaired promptly, it can result in cell death or a wide variety of genetic alterations
including genome instability, large- or small-scale deletions, chromosome loss, loss of
heterozygosity, and translocations. DSBs are repaired by double-strand break repair
(DSBR), including nonhomologous end-joining (NHE]) and homologous recombination
(HR) pathway, and defects in these pathways cause genome instability and promote
tumorigenesis. Accumulating evidence has demonstrated that the superfamily of deubig-
uitinases (DUBs) can regulate the action and stability of DNA repair enzymes involving
in DSBR via modifying ubiquitination levels, a reversible posttranslational modification
pathway. In this review, we will discuss ubiquitination/deubiquitination modification
involving in DSBR genes, the role of DUBs in DSBR and corresponding mechanisms, and
the potential effects of this modification on human diseases.

Keywords: double-strand break repair, deubiquitinase, ubiquitination, deubiquitination,
double-strand break

1. Introduction

DNA double-strand break (DSB) is a fatal alteration in the chemical structure of DNA; if it
has not been repaired in time, it may destroy the stability of genome and lead to a series of
human diseases. Usually, they result from a variety of causes including abnormal metabolic
process, ionizing radiation, ultraviolet radiation, and active oxygen damage factors [1, 2]. In
organism, DNA double-strand break repair (DSBR), a complex reaction system consisting
of nonhomologous end-joining (NHE]) and homologous recombination (HR) pathway, can
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repair DSBs [3, 4]. Accumulating evidence has demonstrated that ubiquitination and deubiq-
uitination modification play a vital role in controlling the capacity of DSBR via regulating the
action and stability of DNA repair enzymes involving in DSBR pathway. In the past decades,
there has been great advance in the role of deubiquitinases (DUBs) in DNA damage repair.
Here, we reviewed ubiquitination/deubiquitination modification of DSBR genes, the role of
DUBs in DSBR and corresponding mechanisms, and the potential effects of this modification
on human diseases.

2. Ubiquitination and deubiquitination

Ubiquitin is an important single-chain polypeptide consisting of 76 amino acid residues and
ubiquitously exists in almost all eukaryotic cells and tissues [5, 6]. This polypeptide is charac-
terized by highly conserved protein from yeast to human [6] and is invariant in higher plants
and differs by only three residues from animals [7]. Structurally, ubiquitin polypeptide chain
appears to be a highly compact 3-grasp fold with an a-helix in the cavity formed by a five-
strand mixed (-sheet and a marked hydrophobic core formed between the (3-sheet and the
a-helix [8]. A flexible six-residue tail in the C-terminal of ubiquitin protrudes from -grasp
fold and is requested for forming the bond between ubiquitin and its substrate [9].

Ubiquitination is defined as the process that ubiquitin attaches to its target proteins via cataly-
sis of enzymes. This process is a reversible posttranslational modification that can regulate
various processes including cell proliferation, apoptosis, transcription, protein stability and
translocation, and DNA damage repair [10-12]. Ubiquitination process is an ATP-dependent
enzymatic cascade reaction [13, 14]. During cascades reaction, C-terminal of ubiquitin is first
adenylated by ubiquitin-activating enzyme (E1) via forming a bond between the adenosine
monophosphate (AMP) and the C-terminal glycine carboxyl group of ubiquitin, and subse-
quently, the E1 cysteine side chain directly binds to C-terminal and results in the formation of
a thiol-ester linkage. Then, the activated ubiquitin is presented to the active cysteine in a ubiq-
uitin-conjugating enzyme (E2). The E2 delivers the ubiquitin to its substrate cooperating with
ubiquitin ligases (E3), which plays a role in substrate recognition. Finally, the C-terminal gly-
cine of the ubiquitin binds to a lysine residue of the substrate with an isopeptide bond. After
multiple cycles of cascade reaction, substrate will bind one or more polyubiquitin chains that
are formed between the lysine side of one ubiquitin and the C-terminal carboxyl group of
another ubiquitin [13, 14]. The 26S proteasome can specifically recognize these target proteins
with ubiquitination modification and lead them into ubiquitin-proteasome pathway (UPP)
for inducting protein degradation, a key role of ubiquitination. However, UPP is not the only
role of ubiquitination. Ubiquitination can also regulate protein activity and the interaction
among proteins [13, 14].

Deubiquitination is the reverse process of ubiquitination and regulated by deubiquitinases
(DUBs). DUBEs, also known as deubiquitinating enzymes, can cleave the bonds between sub-
strate and polyubiquitin chains and improve the stability of substrate. They can also remove
single ubiquitin molecule from polyubiquitin chains. Until now, approximately 561 DUBs
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have been identified in the human genome [15], and most of them are cysteine proteases.
According to the difference in their structure and function, DUBs are divided into six classes:
ubiquitin-specific proteases (USPs), ubiquitin carboxy-terminal hydrolases (UCHSs), ovar-
ian tumor proteases (OTUs), Machado-Joseph disease protein domain proteases (M]Ds),
JAMM/MPN domain-associated metallopeptidases (JAMMs), and the monocyte chemotactic
protein-induced protein (MCPIP) family. These enzymes can stabilize protein and play a cru-
cial role in the life process [13, 14].

3. DSBs and DSBR pathways

3.1. DSBs and DSB response

DSBs are vital DNA damages caused by a variety of physiological or pathological factors.
V(D)J] recombination has been identified as the only physiological reason inducing DSBs that
result from the recombination of variable (V), diversity (D), and joining (J) gene segments. It
often appears in the early development process of the vertebrate immune system. Evidence
has shown that diverse immunoglobulins and T-cell receptors are generated due to this spe-
cial recombination pathway. During V(D)] recombination, DNA strands are cut by RAG-1
and RAG-2 protein between the recombination signal sequences (RSS) heptamer and the
flanking sequence and result in the formation of DSBs [16, 17], whereas the ends of the broken
strands are subsequently processed and connected through NHE] pathway [18].

For pathological factors, reactive oxygen species (ROSs) resulting from cellular oxidation are
one main source of pathological DSBs. Studies have shown that about one percent of the
oxygen that we breathe is converted into oxidative free radicals and ultimately can cause
DSBs in different degrees [19]. Pathological DSBs can also arise from DNA replication across
a nick that is caused by exogenous or endogenous sources. Such ionizing radiation as X-rays
and gamma rays may produce free radicals and induce the formation of DSBs [20]. This type
of DSBs only occurs in the S phase and is repaired through HR pathway. Additionally, one
unusual cause producing DSBs is the topoisomerase II poisons that can lead to DSBs forma-
tion, apoptotic cell death, and genomic instability via stabilizing the DNA topoisomerase 1I
cleavable complexes [21]. Another unusual cause is physical stress on the DNA duplex, which
may be from the mitotic spindle on chromosomal fusions or telomere failures [22].

Studies have shown that DSBs can induce DNA damage response, and such E3 ligases as
ring finger protein (RNF8) subsequently accumulate around the lesions. After that, RNF8-
recruiting RNF168 promotes histone H2A Lys13,15 mono-ubiquitination (H2AK13, 15ub).
Therefore, the accumulation of DNA-repair regular factors, such as receptor-association pro-
tein (RAP80) and TP53 binding protein (53BP1), is allowed [23-26]. Finally, the ataxia telan-
giectasia mutated (ATM) and ATM/rad3-related (ATR) kinases, a central regulator of DSB
response, are activated and induce the activation of Chk1 and Chk2 kinases and TP53 protein.
The activated Chk1 and Chk2 kinases arrest cell cycle to obtain sufficient time for DNA repair,
while activate TP53 induces cell death [27, 28].
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3.2. DSBR pathways

Merely one DSB that triggers apoptosis or destroys a critical gene is enough to lead a cell
to death [29], whereas losing ability to repair DSBs can also lead to genome rearrangement
and cellular transformation [30]. In organism, the two primary pathways to correct DSBs are
known as HR pathway and NHE] pathway. For NHE] pathway, it can repair DSBs with non-
homological damaged ends and is the primary DSBR pathway in mammalian cells. This path-
way consists of classical-NHE] (C-NHE]) and alternative-NHE] (A-NHE]). In C-NHE], Ku
heterodimer (Ku70 and Ku80 subunits) recognizes and binds to the ends of a DSB to prevent
the free ends from degradation. Subsequently, DNA-dependent protein kinase catalytic sub-
unit (DNA-PKcs) is recruited and then binds to Ku heterodimer to recruit XRCC4 and DNA
ligase 4 (LIG4). XRCC4 and LIG4 form a complex with XLF to ligate the broken ends [31, 32].
Until now, although the detailed mechanism of NHE] is poorly understood, a recent study
has partly revealed the mechanism about how the complex of XRCC4, LIG4, and XLF con-
nects the fragments of broken DNA [33]. It has shown that XRCC4-XLF complex first bridges
the two DNA molecules generated by DSBs, and the bridge can slide along the DNA. Then,
the ends of broken DNA are rapidly reconnected. Evidence from molecular epidemiologi-
cal and genetical studies displays that low or losing capacity of NEE] pathway is positively
associated with the deficiency of immune reaction [34, 35]. For example, about 15% of human
severe combined immune deficiency (SCID) has been observed to feature low NHE] capacity
caused by null mutations of Artemis gene [34, 35]. Patients carrying the mutations in the DNA
ligase IV gene that is crucial in NHE] pathway presented some NBS-like features; however,
cancers were not observed on these patients [36].

For HR pathway, it was first illuminated in Escherichia coli and Saccharomyces cerevisiae [37],
and the similar mechanisms of the key reaction in HR pathway are observed in bacteria, yeast
and human cells. An intact double-strand DNA that has highly homologous sequence of the
damaged molecule is needed to act as the template to direct repair [38]. HR pathway includes
three main steps: termini procession, strand invasion and branch migration, and Holliday
junction formation. The ends of DSB are first processed by a nuclease, such as Mrel1-Rad50-
NBS1 (MRN) complex, and produce a single-stranded region with a 3" overhang. Replication
protein A (RPA) subsequently binds to the single-strand region for stabilizing and protecting
this single-strand status [39, 40]. The core procedure of HR pathway is RAD51-depended
strand invasion and branch migration. RAD51 displaces the RPA from single-strand DNA
to form a nucleoprotein filament and then directs the later to recognize homologous duplex
DNA [41]. DNA strand exchange generates a Holliday junction between the homologous
damaged and undamaged DNAs under the condition of cooperating RAD51 with RAD52,
RAD54, and RAD55/57 protein. Finally, the MUS81/MMS4 can resolve Holliday junction to
stop the process of HR pathway [3].

Except for above-mentioned directly regulated proteins, DSB response factors (including
ATM/ATR and BRCA1/BRCAZ2) can indirectly regulate the capacity of HR pathway [42-46].
The defects of ATM may alter kinetics of radiation-induced RAD51 formation and the hall-
mark of RAD51 activation [42]. ATM/ATR can also mediate the phosphorylation of PALB2 to
promote the formation of RAD51 nucleofilaments [43]. However, roles of ATM and ATR in
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HR pathway are still poorly understood. BRCA1 is a protein with 1863 amine acids encoded
by breast cancer susceptibility gene and can target DSB lesion through its N-terminal RING
domain binding to BRCA1l-associated RING domain 1 (BARD1) [44]. BRCA1 can also pro-
mote HR pathway via cooperating with RAD51 and forming the complex of BRCA1-PALB2-
BRCA2-RAD51 (BRCC) [44]. Surprisingly, BRCA1 can also prevent HR pathway by its
incorporating into the complex of BRCA1-Abraxas-RAP80-MERIT40 (BRCA1-A). This may
be because BRCA1-A can limit DNA end-resection or sequester BRCA1 away from HR sites
by binding to RNF8/RNF168-ubiquitylated chromatin [45, 46]. Studies have shown that low
or lost capacity of HR pathway resulting from these causes may cause a series of cancer-prone
diseases, including ataxia telangiectasia (AT), Nijmegen breakage syndrome (NBS), Bloom
syndrome, Werner syndrome, and Fanconi anemia, reviewed by Thompson and Schild [47].

4. Deubiquitinases regulating DSBR

4.1. USPs

USPs, the largest subfamily of DUBs with approximately 100 members and the most divers
structures, belong to cysteine protease family (clan CA, family C19) and were first identified
in Saccharomyces cerevisiae [48]. The size of USPs is ranging between 330 and 3500 amino acids,
with 800 and 1000 residues. These DUBs have three functional domains: a catalytic domain, a
protein-protein interaction domain, and localization domain [48]. In the catalytic domain, USPs
are marked with two short and well-conserved sequences, also called as the N-terminal Cys-box
and the C-terminal His-box. These sequences are essential for catalytic activity of USPs [48, 49],
while other domains provide the information of binding to their target protein. Interestingly,
almost all the UBP deubiquitinases display a conserved three-domain architecture, comprising
Fingers, Palm, and Thumb, and their C terminus are settled in the active site between the Palm
and the Thumb, except for CYLD that has an obviously truncated Fingers subdomain [50, 51].
A later study has shown that the core catalytic domain of USPs contains six conserved boxes,
and that boxes 1 and 2, boxes 3 and 4, and boxes 5 and 6 formed Thumb subdomain, Fingers
subdomain, and Palm subdomain, respectively [52]. USPs have been found to involve in many
diseases, such as cancer, inflammation and viral diseases [53]. At least 15 of USPs, including
USP1, USP3, USP4, USP6, USP7, USP10, USP11, USP15, USP20, USP26, USP29, USP37, USP42,
USP44, and USP51, can regulate DSBR.

USP1 contains 785 amino acids, and its catalytic domain is one of the largest among all USPs.
Although two insertions between boxes 2 and 3 and between boxes 5 and 6 have been iden-
tified to locate away from the ubiquitin binding site of USP1, it is still not clear whether
these insertions can reach the active site [52]. As USP1 has been reported to overexpress in
osteosarcoma and non-small cell lung cancer, inhibitors of USP1 are supposed to have anti-
cancer potential [54, 55]. Interestingly, USP1 can be stabilized by USP1-associated factor 1
(UAF1) that can increase the catalytic activity of USP1 [56]. This indicates that USP1 need
to form a complex with UAF1 to carry out its functions. A recent study has further proved
that three cell clones, USP17-, UAF177, and USP17- UAF177~ double-knockout cells, showed
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hypersensitivity to both camptothecin and poly (ADP-ribose) polymerase (PARP), suggesting
that the USP1/UAF1 complex can promote HR capacity. Moreover, the USP1/UAF1 complex
promoting HR capacity is at least in part associated with the suppression of NHE], although
corresponding mechanisms still need to be further researched [57].

USP3 is a nuclear protein that presents in the chromatin fraction and is also a chromatin-asso-
ciated DUB [58]. In 1999, Sloper-Mold et al. firstly identified and analyzed USP3 and found
that a human USP3 gene probe detected two different mRNA transcripts that were expressed
at low levels in all examined tissues [59]. USP3 is required for the deubiquitination of H2A
and H2B to revert corresponding mono-ubiquitination. It has been displayed that USP3 can
also regulate the cellular levels of ubiquitinated H2A and H2B (uH2A and uH2B), as H2A
and H2B are the two major mono-ubiquitinated chromosomal protein [13, 58]. In addition,
uH2A and uH2B have been revealed to associate with transcriptional regulation, where USP3
potentially plays a vital role [14]. Furthermore, the results from a study on mice with the
deficiency of USP3 have shown that these mice can develop tumor spontaneously, and cells
with the deficiency of USP3 fail to preserve chromosomal integrity [60]. For DSBR pathway,
USP3 plays a key role in regulate DSB response. Transient USP3 silencing will cause sponta-
neous DNA damage, and DNA damage response will be enhanced at the same time [60]. The
ubiquitination of histone H2A and yH2AX initiated by RNF168 and RNF8 in DSB response
generates a cascade reaction and results in the accumulation of DSBR enzymes, whereas USP3
can oppose RNF168 and RNES via deubiquitination modification for the ubiquitinated H2A
and YH2AX. Moreover, ectopic expression of USP3 can also block the accumulation of down-
stream repair enzymes such as BRCA1 and 53BP1 [61].

Except for USP3, several other USPs (including USP6, USP51, USP29, and USP44) can also
deubiquitinate H2A [26, 62, 63]. Among these USPs, USP51 acts as a DUB for histone H2B
mono-ubiquitination (H2Bub1), and the depletion of USP51 will suppress DSB reaction and
tumor growth [64].

USP4, also named as ubiquitous nuclear protein (UNP), was initially found to promote carci-
nogenesis of lung and act as an oncogene [65, 66]. The following studies showed that USP4 is
overexpressed in several types of human cancers such as hepatocellular carcinoma and plays
a crucial role in the progression of tumorigenesis [67, 68]. Growing evidence has exhibited that
USP4 affecting tumorigenesis may be correlated with abnormal DSBR capacity [67]. During
DSBR pathway, USP4 may display its regulation functions on DSBR in several different pro-
cesses, including DSB response and HR capacity. It has been identified to act as an important
TP53 regulator that can decrease TP53 by deubiquitinating and stabilizing ARF-BP1, a ubiqui-
tin ligase for p53 degradation [67]. During HR pathway, USP4 is required for CtIP recruitment
to DNA damage site. It also regulates the resection of DNA DSBs via interacting with CtIP
and the MRE11-RAD50-NBS1 (MRN) complex. The depletion of USP4 may abolish DNA end
resection [69]. In addition, USP4 is ubiquitinated on multiple sites, and auto-deubiquitination
of USP4 can promote CtIP recruitment and affect HR capacity [70].

USP11 and USP15 are two paralogs of USP4, and all of them share a common functional
domain consisting of two ubiquitin-like (UBL) and a motif with ubiquitin-specific protease
(DUSP) activity [71, 72]. USP11 is identified as a component of HR pathway, but the molecular
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mechanism is not clear [73], while USP15 is a DUB for murine double minute-2 (Mdm?2), one
of the E3 ligases that play a major role in regulating TP53 [74]. Thus, cell apoptosis induced
by TP53 in DSB response may be inhibited by USP15 via deubiquitinating and stabilizing
Mdm?2. Except for USP15, USP26 can also deubiquitinate Mdm?2 and play the same role as
USP15 regulating TP53 [75]. Furthermore, USP26 and USP37 have been shown to inhibit the
formation of BRCAI-A and promote the formation of BRCC. This function may involve in
HR pathway [76]. However, further studies are needed to elucidate how USP26 and USP37
regulate HR pathway.

USP7, also called herpesvirus-associated ubiquitin-specific protease (HAUSP), is identified
to act as a factor that promotes viral lytic growth, because it is associated with a herpesvi-
rus protein ICPO that is crucial for the viral lytic cycle [77, 78]. Substrates of USP7 are wide-
spread, and a large part of them are tumor suppressors or oncogenes, such as TP53, PTEN,
Chk1, Mdm?2, and FOXO [79]. USP7 can regulate these tumor suppressors and play a key
role in DSB response [80-82]. For example, USP7 directly deubiquitinates Chk1 in vivo and in
vitro [83]; however, its family brother USP20 can only indirectly enhance the activity of ATR-
Chk1 signaling by deubiquitinating Claspin [80]. Interestingly, deubiquitination of TP53 by
USP7 prevents TP53 from degradation, whereas deubiquitination of Mdm2 by USP7 increases
ubiquitination of TP53 and promotes the degradation of TP53 [81, 82]. This implies that the
regulation of TP53 by USP7 is very complicated. Although USP7 displays its deubiquitination
potential for both TP53 and Mdm?2 that are substrates each other, this regulation potential is
affected by different modificative status [81, 82]. Studies have shown that TP53 and Mdm?2
bind to the same domain of USP7, but the binding capacity of Mdm?2 is stronger except for
phosphorylated status of Mdm2 induced by DNA damages [81, 82]. Additionally, USP10,
USP29, and USP42 can deubiquitinate TP53, as well as USP7 [84-86]. However, they do not
have the ability of deubiquitinating Mdm2. Thus, different USPs may exhibit different regu-
lative potential for DSBR pathway via affecting different DNA repair factors such as Chkl,
TP53, Mdm?2, and so on [80-82] (Table 1).

4.2. OTUs

OTUs are divided into three subclasses: Otubians, A20-like OTUs, and other OTUs [91].
Otubians consist of OTUB 1 and OTUB 2 that are the first two proteins identified to display
the DUB activity in vitro [92]. Structurally, OTUs are partly similar to USPs, exception for the
incomplete catalytic triad [93, 94]. OTUs functionally involve in the regulation of diverse pro-
gresses, such as virus-triggered interferon induction, T cell anergy, and deubiquitination of
P53 [87, 95, 96]. Interestingly, OTUBL is a Lys48-specific DUB that can cleave ubiquitin from
branched-polyubiquitin chains but not from ubiquitinated substrates. This DUB can bind to
UBC13 (a cognate E2 enzyme for RNF168) and enhance DSB response potential via suppress-
ing RNF168-dependent polyubiquitination but not via its catalytic ability [88]. OTUBI also has
the potential for directly deubiquitinating and stabilizing TP53 protein, which results in the
decrease of cell death because of the increasing TP53 function [87]. Moreover, p53 is also the
substrate of another OTU, OUTD5 [89]. OUTD5 has been shown to cleave the polyubiquitin
chain from an essential type I interferon adaptor protein TRAF3 to interrupt the type I inter-
feron signaling cascade [97]. As a DUB for p53, it can form a direct complex with p53 and is
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DUB Substrates Process Reference
usP1 Unclear Promote HR and partly suppress NHE] [57]
usP3 H2A, yH2AX Suppress DNA DSB response [61]
USP4 ARF-BP1, USP4 Suppress p53-dependent apoptosis in DSB response [67,70]
usreé H2A Suppress DNA DSB response [26]
usp7 Chk1, p53, Mdm2  Promote p53-dependent apoptosis in DSB response [81-83]
USP10 p53 Promote p53-dependent apoptosis in DSB response [84]
USP11 unclear Promote HR [73]
USP15 Mdm?2 Suppress p53-dependent apoptosis in DSB response [74]
USP20 Claspin Promote DNA DSB response [80]
usP26 Mdm2 Suppress p53-dependent apoptosis in DSB response and promote [75, 76]
HR
USP29 H2A, p53 Suppress DNA DSB response and promote p53-dependent [63, 85]
apoptosis in DSB response
uspP37 Unclear Promote HR [76]
USP42 p53 Promote p53-dependent apoptosis in DSB response or promote DSB  [86]
response
usr44 H2A Suppress DNA DSB response [63]
USP51 H2A, H2B Suppress DNA DSB response [62, 64]
OTUBI1 p53 Promote p53-dependent apoptosis in DSB response not via its [87, 88]
catalytic ability
OTUD5 p53 Promote p53-dependent apoptosis in DSB response [89]
POH1 K63 Promote HR but not via deubiquitinating K63 [90]

Table 1. DUBs regulate DNA DSBR.

required for the p53-dependent apoptosis in response to DSB. Recently, increasing evidence has
exhibited that the dysregulation of this DUB may involve in the development of several types
of cancer, such as lung, colorectal, and colon cancer [98-100]. Taken together, the regulation of
OTUs may result in the defects of DSBR and ultimately promote damaged-cell carcinogenesis.

4.3. JAMM/MPN domain-associated metallopeptidases (JAMMs)

JAMMs, the important members of metalloproteinase (MMP), contain JAMM/MPN domain-
associated metallopeptidases sequences. These sequences include three conserved residues
(two His and one Asp) that make up of catalytic center with two zinc ions [101]. The 26S
proteasome-associated PAD1 homolog 1 (POH1) is a representative member of JAMMSs and
plays a key role in DSBR pathway. POH1 has been shown to be required for HR, which
was supposed to associate with its ability to restrict 53BP1 through cleaving ubiquitin from
the polyubiquitin chains of K63 protein. However, the result from another study showed
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that POH1-regulating HR process was independent of 53BP1 [90]. Thus, further studies are
needed to elucidate detailed regulative mechanisms.

5. Summary and future directions

DSBR is a crucial DNA repair pathway and requests a series of DNA repair enzymes, whose
activation is usually controlled via the post-translational modification regulation. In the regu-
lation of DSBR capacity, DUBs play a vital role via deubiquitinating key proteins involv-
ing in DSBR pathway and/or enhance DSB response. However, there are several issues to be
noted. First, although DUBs are a large posttranslational modification factor, only small part
of them have functionally been identified. Second, despite DUBs that regulate DSBR capac-
ity via increasing the stability and activation of DSBR enzymes, the detailed mechanisms are
still unclear. Finally, some other signal pathways may affect DSBR, and it is not clear whether
DUBs regulate these signal pathways. Thus, further studies are needed to solve more detailed
molecular mechanisms of DUBs regulating DSBR.
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MJD Machado-Joseph disease protein domain protease
NHE] non-homologous end-joining

ouT ovarian tumor protease

ROS reactive oxygen species

RSS recombination signal sequence

UCH ubiquitin carboxy-terminal hydrolase

UPP ubiquitin-proteasome pathway

usp ubiquitin-specific protease
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Abstract

Historically, genome maintenance has been viewed as the largely independent activities
of (1) ubiquitin ligases driving unidirectional cell cycle progression and, (2) the activity
of cellular checkpoints that monitor DNA integrity and DNA replication. It is well
established that the DNA damage response (DDR) checkpoint machinery promotes the
activation of repair mechanisms in addition to opening a window for repair. Emerging
evidence demonstrates an integrated network of the central cell cycle driving E3
ubiquitin ligases and the checkpoint machinery, as well as deubiquitinating enzymes,
which intermittently cooperate and antagonize one another to define windows of check-
point and repair activities to optimize genome stability and cellular health. A growing
number of components of the ubiquitin machinery are involved in the DDR. Herein, we
focus on the regulation of cell cycle checkpoints and the DNA repair mechanisms for
double strand breaks (DSBs) by the coordinated activities of Cullin RING ligases (CRLSs)
and the anaphase promoting complex/cyclosome (APC/C).

Keywords: DNA repair, deubiquitinating enzymes, E3 ubiquitin ligase, APC/C, Cullin-
RING ligase, SCF, homologous repair, non-homologous end-joining

1. Introduction

Our cells face a multitude of DNA damaging insults, both internally and externally derived, on
a daily basis. The majority of our cells is not cycling and must simply respond by rapidly
repairing the damaged DNA to maintain homeostasis. For those cells that are cycling, how-
ever, the precise maintenance of the genome is of even more critical importance to ensure the
faithful transmission of identical copies of an undamaged genome to the next generation of
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cells. Of critical concern for cycling cells is the precise duplication of one exact copy of the
genome followed by the accurate segregation of the two copies. To ensure that these events
happen once, only once, and in the proper order, cells utilize the periodic synthesis and
ubiquitin-mediated degradation of a host of proteins to control the timely activity of multiple
enzymatic activities, such as kinases and polymerases, to drive the unidirectional transit
through the cell cycle.

Upon the occurrence of DNA damage, cycling cells must not only sense and respond to the
insult, but must also coordinate cell cycle progression with repair. Moreover, as damage can
occur during any of the many processes taking place during the cell cycle, proliferating cells
have evolved a number of mechanisms for repairing and overcoming damage to maintain the
genome. However, the proper selection of the repair mechanism to use is nearly as important
as sensing the damage as some mechanism could be highly mutagenic if utilized at the wrong
point in the cell cycle or if used without proper control. Such errors would clearly result in the
generation of mutations that could lead to a number of human pathologies, most notably
cancer. Moreover, the induction of DNA damage is a central therapeutic strategy for treatment
of the majority of cancer types. And, while clinically useful, such treatments lack specificity
and are often limited by toxicities. The dissection of genome maintenance pathways thus holds
the potential to define new therapeutic targets that may ultimately lead to more effective
therapeutic strategies. This review will focus on recent advances in our understanding of how
the interplay of the major cell cycle-associated ubiquitin ligases, the DNA-monitoring check-
point machinery, and deubiquitinating enzymes coordinate cell cycle progression with the
response to the proper repair of DNA damage. In particular, the focus will be on the use of
mechanisms of repairing DNA double strand breaks and stalled replication forks.

2. Modular E3 ubiquitin ligases in the cell cycle and genome repair

2.1. Cullin RING ligases (CRLs)

The cullin family proteins (Cull, 2, 4A, 4B, 5, and 7) function as the central scaffolds for the
assembly of multi-subunit ubiquitin ligases [1]. The cullin C-terminus adopts a globular con-
formation that provides a docking site for the RING finger proteins Rbx1 or Rbx2. The RING
fingers recruit the ubiquitin E2 enzymes and catalyze the transfer of ubiquitin to substrates. At
the cullin N-terminus is a helical domain that is the site of interaction with an adapter protein
(s), which recruits substrate receptors. In general, each cullin associates with a distinct set of
substrate receptors. For example, the CRL1 ligases utilize the adaptor protein Skp1 to interact
the F-box family of proteins defined for a Skpl-interacting motif defined in the archetypical F-
box, Cyclin F. The CRLs are denoted by the identity of the cullin family member and the
associate receptor. For example, CRL1<Y"™ ¥ denotes a cullinl-based ligase complexed with
the substrate adapter Cyclin F. The human genome contains nearly 200 cullin-associated
substrate receptors thus allowing CRLs to regulate myriad cellular processes [1]. The extent
of this functional diversity is exemplified by the fact that a single CRL can have either onco-
genic or tumor suppressive activity depending on the substrate adaptor, for example CRL1°<P2
and CRL1"™™"7, respectively [2-5].
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With nearly 200 E3 ligases regulating an estimated 20% of the human proteome and a growing
number of cellular process, it is not surprising that the function of CRLs is highly regulated at
multiple levels, including; regulation of substrate receptor availability (e.g., regulated expres-
sion and degradation of receptors), activation/inactivation by the reversible neddylation of the
cullin subunit, CAND1-mediated exchange of substrate receptors, regulation of substrate-
receptor interactions (e.g., post-translational modification of substrates such as phosphoryla-
tion and glycosylation) and the activity of deubiquitinating enzymes [1, 6].

2.1.1. CRL1 (a.k.a. SCF) complexes

The Cullinl-based CRL1 ligases are more commonly known as the Skpl-Cullin1-F-box (SCF)
ligases. There are nearly 70 F-box proteins in the human genome, although only a subset has been
studied in great detail. For the purposes of this review we will utilize the SCF rather than CRL1,
nomenclature. Multiple SCF ligases are involved in cell cycle control and the response to and
repair of DNA damage. In consideration of space constraints, we will give overviews of two key
SCEF, rather than CRL1, ligases as more specific examples of the function of this group of enzymes.

2.1.1.1. SCESk?

SCF5*P? functions as a driver of S-phase and exhibits oncogenic activity in multiple settings.
Skp2 activity is regulated by its controlled expression and degradation. In addition, even when
the Skp2 protein is present and complexed with Cullinl and Skpl, its ability to recruit sub-
strates for ubiquitination requires site-specific phosphorylation of its target proteins to create a
phosphodegron that is recognized by Skp2. Many Skp2 substrates are phosphorylated in a cell
cycle-specific fashion, adding an additional layer of control. Skp2 is predominantly known for
its role in driving S-phase entry by degrading the Cdk inhibitors p21 and p27 to drive S-phase
entry. It is frequently overexpressed in tumours of varying origins and exhibits oncogenic

activity [7].

2.1.1.2. SCEPFTCP

SCFFT™F i a collective term for two SCF complexes defined by the F-box proteins BTrcpl and
BTrCp2, which are largely, but not exclusively interchangeable. In contrast to the fluctuating
levels of Skp2, BTrcp levels are relatively constant throughout the cell cycle, and a major
determinant SCFF™™ " activity is the creation of a consensus DpSGxxpS phosphodegron upon
substrates. Multiple kinases are involved in the generation of phospho-DSGxxS in substrates,
including GSK3p, CK2, Polo-like kinases (e.g., Plk1) and Chkl. Thus, some substrates, for
example those directed to SCFF™™" by Plk1, are degraded in a cell cycle specific manner owing
to the regulated expression of PIk1 itself [7].

2.1.2. CRL4 complexes

The cullin 4-based ligases, encompassing cullin 4A or 4B, display almost complete functional
redundancy and are generally referred to collectively as CRL4. These ligase complexes incorpo-
rate the adapter protein damage DNA-binding 1 (DDB1) and associate with ~25 substrate
receptors known as the DDB1 and Cul4 associated factors (DCAFs) [8, 9]. As with the SCF
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ligases, the majority of CRL4 complexes have not been studied in detail, yet it is clear that the
CRL4 ligases are involved in a multitude of processes, including embryogenesis and
haematopoiesis and impact both tumorigenesis and tumour suppression depending on context.
CRL4 ligases are best characterized for their roles in cell cycle progression (predominantly
controlling replication) and DNA repair. In regard to the latter, CRL4“>* and CRL4"""? are well
characterized for their roles in nucleotide excision repair (NER) in response to UV irradiation [10].

2.1.2.1. CRL4%%

CRLA“? is a central component of the S-phase machinery, which acts to ensure that genome
replication is limited to a single round per cell cycle. CRLA“™? couples destruction of these
targets to replication through a partnership with PCNA, which interacts with a host of proteins
to maintain genomic integrity, including licensing factors, helicases, methyltransferase, repair
enzymes, and the translesion (TLS) polymerases [11]. The regulated recruitment of these proteins
is critical for preparing the genome for faithful transmission to the next generation as spurious
engagement of several PCNA-binding proteins has been shown to have deleterious effects [8, 12—
17]. Importantly, the majority of these factors engage the same interaction surface on PCNA via a
PCNA-interacting protein (PIP)-box motif. Interestingly, the PIP-box of a subset of PCNA-
interacting proteins, such as the Cdk inhibitor p21 and the replication licensing factor Cdtl,
when bound to PCNA, acts to recruit the CRLA“Y® leading to the ubiquitination and destruction
of these proteins [13, 18]. Notably, these CRL4“Y2_PCNA-substrate interactions only occur when
PCNA is bound to DNA to allow recruitment of additional factors [11]. A number of mecha-
nisms regulate these interactions with PCNA, but a critical determinant is the strength of the
PCNA-PIP-box interface.20 The PIP-box of the tumour suppressor p21 has the highest known
affinity for PCNA, allowing it to prevent PCNA interactions with other PIP-box proteins [19]. In
this way, p21 acts to prevent spurious replication and prevent the inappropriate engagement of
the error-prone polymerases, which are able to continue DNA replication despite damaged
DNA. However, upon replication blocks such as UV-induced damage, p21 is degraded by
CRL4A to allow TLS. Subsequently, the bypassed sites of damage can be repaired by NER.

2.2. Anaphase promoting complex/cyclosome (APC/C)

The APC/C is a large, multi-subunit E3 ubiquitin ligase conserved from yeast to humans. By
targeting a multitude of proteins for destruction by the 26S proteasome, the APC is a major
driver of cell cycle progression, as well as regulating many diverse processes including meiosis,
TFGg signalling, synaptic maturation and differentiation [20-31]. Although not itself a cullin, the
central APC2 subunit bares significant homology to the cullins and like these proteins provides a
scaffold for the assembly of the multi-subunit APC/C E3 ligase. APC2 contains a binding site for
APC11, the RING finger and catalytic component of the APC/C. The APC/C, like CRLs, is
involved in numerous cellular processes. However, in contrast to the CRLs, substrate recognition
by the APC/C is mediated by a bipartite receptor made up of the APC/C core component APC10
and one of only two substrate receptor/activator proteins, Cdc20 and Cdhl.

Recognition of substrates is mediated by several cis-acting sequence motifs (degrons). It is
generally thought that D-boxes and KEN-boxes are responsible for the destruction of all APC
substrates [32, 33]. Indeed, most substrates contain one (often multiple) of these two degrons;
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however, there are a growing number of motifs identified as critical for APC/C-mediated
ubiquitination in the ever-increasing number of APC/C substrates. Recent structural analyses
have identified the molecular basis for the interaction of substrates with Cdc20 and Cdhl,
which suggests that non-canonical APC/C degrons interact with the activators in manners
analogous to the canonical degrons.

APCS4% essential for cell division and viability, is indirectly inhibited by clinically relevant
agents (e.g. paclitaxel, an anti-cancer drug Taxol), and has received substantial evaluation for
pharmacological manipulation. In contrast, APC““" activity is not required for viability,
although increasing data demonstrate a role for APC“®" in genomic stability and tumor
suppression [34, 35]. Indeed, many APCCM gubstrates (e.g. Cyclin A, Skp2, Aurora A, PIk1,
and Id2) are associated with oncogenesis, and the regulation of the stability of these substrates
has been extensively linked to highly malignant cancers [36]. However, increased Cdh1 activ-
ity is also deleterious to cells.

APC/C activity must be tightly controlled and this is accomplished by several mechanisms.
First, the activators are regulated at the level of expression with both Cdc20 and Cdhl
accumulating during S and G2 phases. At the end of mitosis, Cdc20 is then degraded by
APC/CIM, APC/CEIM activity remains high in G1 and its inactivation is critical for commit-
ment to S-phase. Down regulation of APC/C“"! activity involves APC/C-mediated degrada-
tion of its primary E2 enzyme, UbcH10, Cdk-mediated phosphorylation of Cdhl which
antagonizes its binding to the APC/C holoenzyme, degradation of Cdhl, and the interaction
of APC/C with Emil. Binding of Emil prevents substrate engagement and ubiquitination
activities and is critical for inhibition of APC/C".,

2.3. Crosstalk between CRL and APC/C ligases

There is increasing understanding that crosstalk between the CRL ligases and APC/C ligases is
required for efficient cell cycle. For example, Skp2 is a substrate of APC/C“" and as cells near
the G1/S transition, Cyclin E-Cdk2 complexes initiate the inactivation of APC/Cthl, which
promotes early accumulation of APC substrates such as Cyclin A and Skp2 (and the activation
of SCF®*P2) which promotes further Cdk activity as well as the expression of Emil, leading to
rapid abrogation of APC/C“M activity [37-47]. Then, as cells transit S and G2 the accumula-
tion of the APC/CSM PIk1 leads to the SCFF™™"-mediated degradation of Emil at the G2/M
transition to allow APC/C to become active in mitosis [48-51]. Recently, it was discovered that
in addition to APC/C-mediated degradation of Cdhl in late G1, Plk1 also directs the SCFPTCP.
mediated degradation of Cdh1 as cells enter S-phase [52]. SCF™™7 via its ability to target and
regulate the levels of Cyclin E and Plk1 adds another input to this regulatory circuit [53].

3. DNA damage responses

3.1. The double strand break response

The generation of double strand breaks (DSBs) is of potentially grave consequence to cells at
any stage of the cell cycle and must be dealt with immediately. In response to DSBs the
MRE11-RAD50-NBS1 (MRN) complex and the inactive dimers of the ATM kinase localize to
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the damaged site, resulting in the autophosphorylation and activation of ATM monomers
(Figure 1). The MRN-dependent activation of ATM is facilitated by the non-degradative, K63
linked ubiquitination of NBS1 by SCF®*F? [54]. Phosphorylation of histone H2AX by ATM
leads to the recruitment of the checkpoint mediator MDC1, which recruits additional MRN-
ATM complexes, to amplify the checkpoint signal, and promotes ubiquitination of histone
H2AK15, by the concerted actions of the RNF8 and RNF168 ubiquitin ligases [55-61]. The
PR-Set7 and MMSET methyltransferases are also recruited to sites of DNA damage where
they catalyse methylation of histone H4K20 [62-66]. Together the ubiquitination of H2A and
the methylation of H4 provide a high-affinity binding sight for the checkpoint mediator
53BP1 at sites of damage [67, 68]. 53BP1 further stimulates ATM activity by interacting with
MRN complexes and sets the stage for repair. While ATM provides local regulation of the
DDR, global regulation is carried out by the effector kinase Chk2, which is activated by
ATM. Chk2 phosphorylates numerous proteins, including Cdc25 family phosphatases (to
promote/maintain inhibitory phosphorylation of Cdks and cell cycle arrest), p53, and the
repair protein BRCAT.

ATR - Chk1 Axis ATM - Chk2 Axis

Cell Cycle Arrest Cell Cycle Arrest
DNA Repair DMA Repair

Figure 1. Activation of the ATR and ATM kinase cascades upon DNA damage. Left—Single stranded DNA, generated
by blocks to DNA replication or the resection of double strand breaks (DSBs) is coated by RPA, which acts to recruit the
ATR-ATRIP heterodimer. The RAD9-RAD1-HUSI1 [1] complex is loaded by RAD17. 9-1-1 recruits the ATR activator
TopBP1. The mediator protein, Claspin then recruits Chkl to the site of damage where it is activated by ATR to effect
the checkpoint. Right—The induction of a DSB leads to the direct binding of the MRE11-RAD50-NBS1 (MRN)—ATM
complex, which phosphorylates histone H2AX (grey spheres represent the histone octamer). The checkpoint mediator
MDC1 binds to the phosphorylated histone and is then bound by another MRN-ATM complex. Phosphorylation of
MDCI1 by ATM recruits the E3 ubiquitin ligase RNF8, which in conjunction with RNF168, ubiquitinates histone H2K15.
The ubiquitin ligase SCF**P* also promotes the MRN-ATM complex formation. The methyltransferases MMSET and PR-
SET catalyse methylation of histone H4K20. The H2K15-Ub and H4K20me marks are recognized by 53BP1 leading to
further stimulation of ATM activity and the ultimate induction of cell cycle arrest and DNA repair by the effector kinase
Chk2.
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3.2. Mechanisms of DSB repair

Cells with DNA damage in the form of double strand breaks (DSBs) predominantly use two
mechanisms to repair these lesions (Figure 2) [69, 70]. The least error-prone of these mecha-
nisms, homologous recombination (HR), utilizes the non-damaged sister chromatid as a tem-
plate to inform repair of the damaged DNA and is thus limited to S and G2 phases of the cell
cycle, where the sister template is available [69]. Indeed, damage incurred during S-phase,
whether DSB, interstrand cross-links, or collapsed replication forks rely heavily on HR for
repair. The alternative repair pathway, non-homologous end-joining (NHE]), as the name
suggests, involves the sequence-independent ligation of broken DNA ends. Although, some
NHE] (alt-NHE] or microhomology-mediated, mmNHE]) do utilize very small regions of
homology to identify DNA ends for ligation, canonical NHE] has no requirement for any

— N ——

KU
Homologous Recombination / \ Mon-Homologous End Joining

Figure 2. Mechanisms of DSB repair. Upon induction of DSBs, KU proteins are recruited to the broken DNA, protecting
the ends. MRN complexes are then recruited. In the presence of BRCA1 and CtIP, the DNA ends are resected, recruiting
additional nucleases, including EXOI1. Resection leads to the removal of KU proteins. SCF¥i" F prevents excessive
resection by targeting EXO1 for degradation. ssDNA generated by resection is coated by RPA. The BRCA1, BRCA2,
PALB2 complex then stimulates the replacement of RPA with RAD51, which promotes strand invasion of the sister
chromatid template, leading to homology directed repair of the break. PALB2 function is negatively regulated by the
CRL3**A" ligase and promoted by USP11. In the absence of resection, DNA-PKcs is recruited by the KU proteins, which
leads to the recruitment of additional factors, including XRCC4, which is stimulated by SCF™®" ligase activity, and DNA
ligase IV, which ultimately joins the DNA fragments together.
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sequence homology in the selection of ends to be ligated and NHE] is thus potentially error
prone and mutagenic [71]. A key step in NHE] is the rapid recruitment of Ku70/80 proteins to
the severed DNA ends, which function to hold the broken fragments together, limiting the
mutagenic potential of this mechanism (Figure 2) [72, 73]. Ku70/80 recruits the DNA-PKcs to
form the functional DNA-dependent protein kinase, which directs NHE]. Small gaps in the
broken DNA are filled by polymerase p in to generate blunt ends, which are then ligated by
DNA ligase IV in conjunction with XRCC4 [70, 74]. NHE] is further stimulated by the K63-
linked ubiquitination of XRCC4 by SCF™™7 [74]. The end-joining process is rapid and likely of
relatively little genetic consequence [75]. Small deletions could readily occur [71]. If, however,
the damage is extensive, processing of DNA ends in an ATM and MRN dependent manner is
required, which may lead to larger deletions and in the case of multiple damage sites can
produce mutagenic evens on the scale of chromosomal rearrangements [71].

In contrast to blunt-ended ligation of NHE], the use of the sister chromatid as a template for
HR requires the formation of a synapse between the damaged DNA and the undamaged sister
(Figure 2). Synapse formation requires resection of the DNA from at the site of the break to
generate ssDNA. Resection is driven by stimulation of the nuclease activity of the MRN
complex by CtIP [76-79]. The ability of CtIP to drive resection is controlled by the balance of
BRCAL1 and 53BP1 on the chromatin [79-86]. The presence of 53BP1 forms a barrier that limits
the accessibility of chromatin to HR-driving nucleases (Figure 3). A major role of BRCA1 in HR
is to antagonize the binding of 53BP1 to chromatin to al-low resection and repair. Indeed, loss
of 53BP1 function in BRCA1 mutant cells improves resection and overall genomic stability
(Figure 2) [81, 85]. BRCA1 recruitment to damaged chromatin is multifactorial and it is
thought that BRCA1-Ctip-MRN complex accesses chromatin directly while BRCA1-PALB2-
BRCA2 complexes promote the loading of Rad51 on the resected DNA [78, 79, 87]. Rad51
functions to coat the ssDNA and facilitates synapse formation with the template DNA. In
contrast the BRCA1-A (BRCA1-MERIT40-BRCC36-BRCC45-ABRAXAS) complex is recruited
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Figure 3. 53BP1 and BRCA1 determine the choice between DNA repair mechanisms. Homologous recombination, takes
place in S- and G2 phases after DNA replication. Histones (gray circles) of newly replicated DNA lack methylation at
H4K20, which weakens the interaction with 53BP1. Moreover, MMS22-TONSL binds the non-methylated H4, which may
further antagonize 53BP1, and promotes RAD51 function, which is antagonized by FBH1. BRCAT1 is then able to complex
with CDK phosphorylated CtIP to drive end resection, preventing NHE] and setting the stage for HR. BRCA1 further
blocks 53BP1 binding, in part by competing for the histone H2K15-Ub marks when complexed with RAP80. This complex
also limits resection and is antagonized by the deubiquitinase USP37. In G1 and G2 upon de novo H4K20 methylation,
53BP1 is recruited to chromatin to form a barrier to resection. ATM phosphorylation of 53BP1 recruits RIF1 and PTIP,
which antagonize BRCA1 and promote recruitment of additional factors to promote repair by NHE].
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to chromatin by the RNF168-mediated ubiquitination of histones, via the ubiquitin-binding
RAPS80 protein (Figure 3) [88-90]. Interestingly, formation of this complex limits the access of
BRCAL1 to the damaged DNA, suppressing resection [88].

The critical distinction between these two pathways is the dependency of HR on the resection
of the broken DNA end to generate ssDNA to form the synapse with the template DNA. In
addition, because NHE] relies on the ligation of blunt DNA ends and once resection is initiated
NHE] cannot be used. Thus, regulation of resection is central to the choice between mecha-
nisms of repair. Moreover, the inappropriate induction of resection can also give rise to the use
of alt-NHE]. Given that cells that are HR-deficient, (e.g., BRCA1 mutant cells) exhibit sensitiv-
ity to DSBs suggests that NHE] is either too mutagenic or simply does not function efficiently
during S-phase, when HR normally predominates. These two possibilities are not mutually
exclusive. In addition to DSB repair, HR is also critical for the stabilization and restart of
replication forks after prolonged replication stress. As discussed below, multiple layers do, in
fact, limit the use of NHE] during S-phase.

3.3. The replication stress checkpoint

Cells encounter a multitude of intrinsic and extrinsic barriers in attempting to achieve accurate
DNA replication. To ensure that replication is error free, eukaryotes possess a conserved check-
point that monitors replication progress. Upon replication stress (e.g., stalled replication fork,
nucleotide deficiency, DNA damage), extensive regions of ssDNA are formed, which are
coated by Replication Protein A (RPA) which mediates the recruitment of the apical kinase
ATR to the DNA [91]. The Rad17 protein then promotes the loading of a protein complex
including the ATR activator, TopBP1, and the checkpoint mediator, Claspin, that then recruits
the effector kinase Chk1, which is ultimately phosphorylated by ATR at S317 and S345 that
allow Chkl to adopt an open, active conformation. In turn, Chkl phosphorylates many pro-
teins, including the Cdk-activating Cdc25 phosphatases, the CDK inhibitory kinase WEE1, and
the key HR protein Rad51 [92]. Notably, phosphorylation of Cdc25A by Chkl leads to
SCFPT™“".mediated degradation. Chk1 ultimately controls origin firing and entry into mitosis
as well as promoting replication fork restart and repair, which is predominantly dependent
upon the HR machinery.

In the absence of Chk1 recruitment and activation, cells undergoing replication stress maintain
high levels of Cdk activity and, continue to fire origins. Under these conditions, replication
forks may be prone to stalling and will likely collapse to form DSBs leading to chromosomal
abnormalities. These cells are thus highly sensitive to additional replication stress. Importantly,
high levels of replication stress are associated with high rates of proliferation during early
development and expression of multiple oncogenes (e.g., Cyclin E, c-Myc) [93-98]. Chkl
activity is essential for embryonic development and it follows that surviving the process of
transformation requires Chkl1 function to survive with abnormal levels of replication stress
[99]. As a result, transformed cells are highly dependent on the ATR-Claspin-Chk1 pathway
for survival and are sensitive to agents that either induce additional stress or inhibit this critical
checkpoint [94, 97, 98]. Indeed, mice possessing an extra copy of Chk1 are more susceptible to
oncogenic stimuli. Intriguingly, premature Chk1 activation may drive S-phase entry and fail-
ure to down-regulate Chk1 activation is also detrimental.
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3.4. Crosstalk between the ATM-Chk2 and ATR-Chk1 axes

As described above, it would seem that the ATM-Chk2 and ATR-Chk1 pathways function in
isolation, depending on cell cycle stage and type of insult. However, there is clear cross-talk
between the two and, at least in some cell types, the G2 DDR is dramatically weakened, if not
abrogated, in the absence of Chk1 function. Resection of damaged DNA ends upon initiation
of the HR pro-cess yields ssDNA similar to replication stress, which is also coated by RPA and
serves as a scaffold upon which to activate the ATR-Chk1 cascade.

4. CRLs and APC/C in DNA damage checkpoint responses

4.1. The G2 DNA damage checkpoint

Initial evidence that Cdh1 possesses a function in the DDR was obtained from chicken DT40
cells in which Cdh1 gene had been deleted [100]. Surprisingly, these Cdh1 knock-out cells were
unable to maintain a G2 arrest in the presence of DNA damage. This result was unexpected as
APC/CM is largely thought to be inactive in S and G2 cells due to Cyclin A- and Cyclin E-
Cdk-mediated phosphorylation of Cdh1, which both prevents its binding to the APC/C holo-
enzyme and, at least at the G1/S transition promotes the creation of a phosphodegron that is
recognized by SCFF"" Jeading to Cdh1 degradation [40, 41, 52, 53, 101]. In addition, Emil,
which binds to the APC/C with high affinity and prevents ubiquitination of substrates, is
maximally expressed from late G1 through early mitosis [44, 46, 47, 49-51, 102]. Moreover,
key APC/C substrates, including Cyclin A, Cyclin B, and Skp2 remain stable during a G2
arrest [103]. Indeed, nearly all APC/C targets tested do remain stable upon DNA damage in
G2, with the exception of Plk1 [103]. This is an important distinction as APC/C substrates can
have dramatically different impacts on the checkpoint. Pkl dampens the checkpoint by
phosphorylating 53BP1 and Chk2 to inhibit ATM signalling (Figure 4) [104]. In addition, P1k1
catalyzes the SCFFT™"-mediated inhibition of ATR-Chk1 signalling (Figure 4) [105-109].
Down-regulation of Plk1 protein levels upon DNA damage was demonstrated to be the result
of APC/CE™™ activation (Figure 4) [103]. A critical question stemming from these studies is
how APC/C“®"! targets only Plk1 under these conditions.

The studies in both chicken and human cells indicate that active APC/Cthl complexes form
upon DNA damage in G2 [100, 103]. Previous analyses had suggested the existence of an
Emil-free pool of the APC/C during interphase [44]. Consistent with this idea, an increased
APC/C-Cdh1 association was detected upon damage whereas changes in the abundance of
either Emil protein or in amount of Emil-bound APC/C were not observed upon DNA
damage [103]. Given that Cdk activity is diminished upon DNA damage (Figure 4), these data
suggest that a pool of APC/C exists that is independent of Emil and regulated largely by
inhibitory phosphorylation of Cdhl. The failure to phosphorylate Cdhl may result in the
dephosphorylation and activation of this pool of Cdhl due to a shift in the balance of kinase
phosphatase activities brought about by the inactivation of Cdks by the DDR. In addition, it
has been shown that specific release of the Cdc14B phosphatase from the nucleolus upon DNA
damage contributes to the dephosphorylation of Cdh1, promoting APC/C-"! formation [103].
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Figure 4. Interplay between Plk1 kinase, ubiquitin machinery and DNA damage checkpoint activity. The circuitry in the
main figure depicts the crosstalk between APC/C, SCF ligases and the checkpoint. PIk1 is a critical factor in checkpoint
recovery, silencing both the ATM and ATR cascades. Plk1 phosphorylates and inhibit both 53BP1 and Plk1 to allow Cdk1
activity. Similarly, PIk1 triggers the SCFF™™"-dependent destruction of Claspin and FANCM to silence the ATR-Chk1 axis.
PIK1 activity may also contribute to the silencing of APC/C ™ activity upon replication stress and during recovery from
APC/C" activation during the G2 DDR. In G2 APC/C"" targets PIk1 for degradation, while USP28 prevents it from
targeting Claspin. USP28 also stabilizes 53BP1 after DNA damage as well, possibly from APC/C" (represented by, “?”).
Chk1 activation requires Claspin function, which is protected from SCFFT™F-mediated degradation by USP29 and USP7.
USP20 stabilizes both Claspin and Rad17 to promote Chkl activity, possibly from APC/C“! (“?”) as they are both
substrates of the ligases. ATR and Chk1 prevent checkpoint recovery by inhibiting the Plk1 activators Aurora and Bora.
Trreversible checkpoint activation is prevented by the degradation of active Chk1 by SCE™™. USP7 prevents the complete
destabilization of Chk1. The inset shows a potential feedback loop between ATR-Chk1 and the Fanconi pathway. FANCM
promotes Chkl activation (indirectly via ATR). Chkl promotes FANCM-promoted FANCD2 monoubiquitination. In
turn, FANCD2-Ub promotes the CRL4“"*-mediated degradation of Chk1. USP1 deubiquitinates FANCD2, stabilizing
Chk1. The negative feedback loop favors silencing of Chk1 due to the inactivation of USP1 upon DNA damage.

However, whether this Cdcl4B contributes to the G2 checkpoint activity or DNA repair
functions of APC/C“" is unclear and could be influenced by cell type [110-112].

Activation of this pool of APC/C“™™ may not be sufficient to target the majority of APC/C
substrates. As dephosphorylated Cdhl localizes to the nucleus, substrates such as Cyclin B,
which are localized in the cytoplasm in G2 would be likely to remain safe from this pool of
APC/CCM [113]. How other nuclear APC/C substrates (e.g., Cyclin A) remain stable is an
open question. One potential mechanism by which APC/C substrates may evade degradation
is via the antagonistic activity of DUBs. Indeed, there is evidence that USP28 activity prevents
APC/C“?"_mediated degradation of Claspin after DNA damage (Figure 4) [103, 114]. Given
the apparently small size of the APC/C pool activated by DNA damage, it is likely that
selective targeting of APC/C substrates may also be achieved by specific localization of DNA
damage-activated APC/C“?™, for example to sites of DNA damage where proteins such as
Claspin and PIk1 are expected be found. This idea remains to be tested, but it is worth noting
that APC/C“®™ is found on chromatin in S-phase and APC/C“"!- mediated regulation of
Cdc7-Dbf4 activity appears to be via specific targeting of the chromatin-bound fraction of the
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kinase [115]. Thus it is possible that the apparent substrate-specificity may be due to limited
access to substrates in conjunction with antagonism by DUBs. In keeping with this idea, it is
worth noting that Plk1 levels are diminished, but not abolished by damage-activated APC/
CCM perhaps reflecting degradation of a pool of PIk1 in the vicinity of the sites of damage,
where phosphorylation of key substrates such as Claspin and 53BP1 will eventually be phos-
phorylated to promote checkpoint recovery [103, 104]. In addition, 53BP1 has recently been
identified as an APC/C substrate and, intriguingly, was also identified as an USP28 substrate
raising the possibility that it too may be protected from APC/C at sites of DNA damage, but
idea has not been tested (Figure 4) [114, 116].

4.2. The replication stress checkpoint

Whereas it is clearly established that APC/C““"'controls entry into S-phase, multiple recent lines
of evidence suggest that the E3 is also a key regulator of the replication stress response as well.
However, in contrast to its role as a positive regulator of the G2 DNA damage checkpoint, APC/
CC! appears to be a negative regulator of the replication stress checkpoint, as it targets two
critical regulators of the checkpoint, Rad17 and Claspin, which are central to the activation of
Chk1 (Figure 4) [103, 117, 118]. Indeed, in the absence of Cdhl, failure to degrade Claspin leads
to unscheduled Chk1 activation, which is associated with premature S-phase entry [117]. Given
the importance of these proteins for the stress response, both UV-irradiation and induction of
replication stress by treatment with hydroxyurea lead to the degradation of Cdh1 and, at least in
the case of UV, to the stabilization of Rad17 [115, 118]. Activation of Chk1 then feeds back to
further enhance its own activation by triggering Cdhl destruction [115]. Claspin stability is also
dependent on Chk1 activity, suggesting that down-regulation of Cdh1 contributes to this arm of
a Chkl auto-amplification loop as well [119]. Notably, Claspin stability is also dependent on
context dependent DUB activity as well. ATR activation leads to the stabilization of USP20,
which promotes Claspin stability during S-phase [120, 121]. USP20 has also been demonstrated
to stabilize Rad17, suggesting perhaps that this DUB may antagonize APC/C-™-mediated
destruction of these proteins to promote ATR-Chkl1 function (Figure 4) [122, 123]. USP9x has
also been identified as a DUB for Claspin during replication stress and USP7 has been found to
counteract the degradation of Claspin by SCEF™F, but not APC/C“™™, during replication stress
as well [123, 124]. A similar role has been demonstrated for USP29 (Figure 4).

The mechanism for Chkl-mediated degradation of Cdhl is not well-defined, but in the case
of HU-induced stress, APC/C-mediated destruction has been implicated [115]. However,
degradation induced by UV exposure, which would presumably be augmented by Chk1 as
well, involves a region of Cdh1, which is not known to mediate interactions with the APC/C,
but does lie between two regions of the Cdhl N-terminal domain (NTD) that make critical
contacts with the APC/C and are negatively regulated by phosphorylation [125, 126]. Thus,
Chk1 may directly or indirectly alter the association of Cdh1 with the APC/C to promote its
degradation. In addition, the region containing the UV-responsive degron in Cdhl also
encompasses the SCFP™" phosphodegron [53, 115, 125]. Notably, while phosphorylation
by Plk1 has been identified as critical for creating this phosphodegron there are additional
phosphorylation events, mediated by unknown kinases, which contribute to recognition by
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SCFPT™“ [53]. It is tempting to speculate that Chk1 directly or indirectly promotes the
SCFPT™“"_mediated destruction of Cdh1 as well.

Chk1 itself is also targeted for destruction. Upon activation, Chkl adopts an open conforma-
tion, which exposes degrons that are recognized by SCF™™"® and CRL4““* ubiquitin ligases
(Figure 4) [127-129]. DUB activity also plays a role in the maintenance of Chk1 levels. Surpris-
ingly, there are few examples of Chkl stabilization by DUBs in comparison to their involve-
ment stabilizing Claspin to promote Chk1 activation. To date, only USP7 and USP1 have been
implicated in the maintenance of active Chk1 levels. USP7 directly deubiquitinates Chk1 and
this activity is enhanced by ATM activation [124, 130, 131]. Whether ATR may also promote
USP7-mediated Chk1 activity is not clear. Active Chk1 levels are indirectly protected by USP1
via its ability to antagonize the ubiquitination FANCD2, which induces CRL4-mediated deg-
radation of Chk1 (Figure 4) [132]. USP1 is also an APC/CCM substrate adding another level of
complexity to the Chk1-Cdh1 feedback loop [133].

The relationship between Chk1 and USP1 also begins to lend some insight into how the feedback
loop is faulted to allow checkpoint recovery (Figure 4). First, the ATR-Chk1 axis promotes
FANCD?2 ubiquitination, which would begin to induce down-regulation of active Chkl
[132, 134-136]. Second, USP1 activity is inhibited by multiple mechanisms after UV-damage or
the induction of replication stress [137-140]. Thus as the damage or stress-inducing events are
resolved and ATR signalling is diminished, active Chk1 becomes susceptible to degradation,
which would allow the accumulation of Cdh1 protein. Stabilization of Cdh1 leads to degradation
of Rad17 to further inhibit activation of additional Chk1 [118]. Diminished activity of ATR and
Chk1 promotes the stabilization of Bora and allows Aurora A activity, respectively, which are
critical for Plk1 activation (Figure 4) [108, 134, 141]. PIk1, in turn, phosphorylates FANCM and
Claspin to promote their SCFF™™"-mediated degradation to further silence ATR and Chk1l
activity, respectively, and further promote loss of Chk1 activity (Figure 4) [109, 142]. A key
remaining question is how APC/C activity is then restrained to allow normal cell cycle progres-
sion. The increase in PIkl activity also triggers SCFF™"-mediated degradation of Weel,
preventing the inhibitory phosphorylation of Cdks [143, 144]. A straightforward mechanistic
model is that increased Cdk activity following stabilization of Cdc25A levels and loss of Weel
promote increased Cdk-mediated inhibitory phosphorylation of Cdhl to return to normal levels
of APC/C“M activity. It is currently unclear, however, why Cdhl is able reaccumulate during
checkpoint recovery despite rising activity of the SCFF™-targeting kinase, Plk1.

5. CRLs and APC/C influence the selection of DSB repair mechanism

Given their many roles in the regulation and execution of checkpoints that monitor the integ-
rity of DNA, it is not surprising that the CRL and APC/C ligases also have roles in regulating
DNA repair pathways. SCF"™ has been demonstrated to promote NHE] by catalyzing
Ké63-linked ubiquitination of XRCC4 to enhance its interaction with Ku70/80 complex [74].
However, for the most part the concerted efforts of these ligases do not appear to exert a
predominant effect on the decision between NHE] and HR repair pathways at the moment of
damage. Rather their activities appear to promote proper and efficient use of NHE] and HR.
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A critical distinction between these two pathways is the dependency of HR on the resection of
the broken DNA end to generate ssDNA that forms a synapse with the template DNA.

APC/CE! activity is required for faithful repair, possibly independent of its checkpoint role.
Indeed, APC/C“™™ regulates multiple components of these pathways. Recently, it was shown
that CtIP levels are regulated by APC/C““™ upon mitotic exit and after DNA damage, thus
limiting the potential for attempting HR in G1, which would likely be mutagenic, and limiting
the potential frequency of HR upon damage in G2 (Figure 5) [145]. Interestingly, failure to

Homologous Recombination HMon-Hemologous End Joining
Gl-Phase

Figure 5. Cell cycle ligases set the stage for the selection of NHE] and HR in G1 and S phases, respectively. During G1
(upper panel) APC/C-™ mediates the degradation of pro-HR factors, CtIP, USP37 and RAP80, whereas pro-NHE]
factors MMSET and PR-SET remain stable. Together these factors promote the recruitment of 53BP1 to chromatin favoring
NHEJ. The anti-HR factor FBH1 also remains stable. During S-phase (lower panel) replication coupled, CRL4“**-medi-
ated degradation of FBH1 favors HR. Similarly, CRLA““? targets the methyltransferase MMSET2 and PR-SET7 for
destruction. PR-SET? is also targeted for destruction by SCF**P? and SCFF™™F. This destruction hinders the recruitment
of 53BP1 to chromatin favoring HR. Finally, Cdk activity, positively regulated by SCF**? and the downregulation of
APC/C“™activity in S-phase further promotes the use of HR. The activities of SCF°*P? and SCF***** limit BRCA1-Ct[P-
mediated resection are depicted in both phases, although the cell cycle-dependence of these events is not clear. Similarly,
the potential for APC/C““"'_mediated regulation of PR-SET?7 is depicted, but remains unclear.
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down-regulate CtIP levels by APC/C“" leads to increased resection and inefficient repair,
potentially due to interference with the use of NHE] as well [145]. Although it remains to be
tested, it would stand to reason that degradation of Cdh1 upon replication stress may also lead
to enhanced stabilization of CtIP to promote HR. In contrast to limiting resection by targeting
CtIP, APC/CS" also targets the HR-limiting factor RAP80, which localizes BRCA1 to regions
flanking DSB in an ubiquitin-dependent manner, but represses BRCA1-mediated HR [88, 146].
APC/C-mediated destruction limits RAP80 expression during G1, presumably to diminish
competition for H2AK15-Ub binding with 53BP1 at DSBs to promote the use of NHE] in the
absence of a homologous template (Figure 5). During S and G2, BRCAl-dependent HR is
thought to involve the degradation of RAP80 and, although the activation of APC/C*"! by
DSBs in G2 suggests that it may be, it remains to be determined whether the APC/C“IM is
involved in this destruction event. In addition, APC/CC4PT and SCFPTCP cooperate to limit the
expression of USP37 to S-phase and early G2 (Figure 5). USP37, along with the related USP26,
has been shown to antagonize RAPS0 to promote BRCA1-dependent HR [147-149]. SCF™? is
also required for efficient HR, in part via promotion of checkpoint signaling [54]. In addition,
SCFSP2 and SCEFPxot ubiquitinate BRCA1 to control the extent of resection (Figure 5) [150].
The balance of CRL3"**P and USP11 activities also regulates HR by targeting PALB2 (Figure 2)
[151]. CRL4“Y catalyzes the degradation of FBH1, which negatively regulates Rad51 function
to limit HR prior to replication-dependent generation of the template. Interestingly, the inter-
action of FBH1 with PCNA may promote the use of TLS [152-156]. The APC/C may also
contribute to the use of HR by antagonizing the expression of the NHEJ-promoting protein
53BP1 [116]. However, it is not clear whether APC/C impacts NHE] activation via regulation
53BP1. Interestingly, a proteomic screen identified several additional pro-NHE] factors in
association with APC/C“?M [145]. Yet, it remains to be determined whether these are sub-
strates of the ligase.

In addition to restricting the use of HR to S-phase and G2 by regulating the levels of key HR
factors to these phases, the coordinated efforts of APC/C and CRL ligases also limit the use of
NHE] during S-phase. The methyltransferases PR-SET7 and MMSET promote NHE] by
directing recruitment methylating H4K20 to recruit 53BP1 (Figure 5) [62-65]. Whereas global
H4K20 methylation is not significantly altered by the induction of DSBs, de novo methylation
of H4K20 at sites of damage has been demonstrated to mediate recruit 53BP1 and promote
NHE]. Importantly, histones deposited during replication lack H4K20 methylation. Multiple
ligases, APC/CCIM  gCRPTrCY gCRSP2 and CRLACY? restrict expression and activity of the
methyltransferase PR-Set7 to G2, mitosis, and early G1 (Figure 5) [66, 157-161]. In addition,
CRL4““? targets MMSET for replication-coupled degradation (Figure 5) [162]. Thus, with little
capacity to generate NHE] promoting methylation marks, DSBs occurring in S-phase, and
likely early G2 as well, are not permissive for the recruitment of NHE] factors allowing
relatively uncontested access to the damaged sites by the HR machinery. In addition, the
deposition of histones lacking H4K20 methylation marks in newly replicated DNA recruits
MMS22L-TONSL complex, which directly promotes HR (Figure 5) [163-166]. Finally, the
window of kinase activities, (cyclin-Cdk activity in particular) opened to promote the transi-
tion into and through S-phase also catalyze the phosphorylation of multiple components of the
HR machinery, which promote the activity of this pathway [77, 78, 167, 168].
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6. Conclusion

For many years, the importance of the CRL and APC/C ligases in cancer and genome stability
has been appreciated. It was long thought that these roles were attributed to their ability to
control cell cycle transitions, particularly their abilities to regulate one another. As discussed
herein, we have more recently begun to elucidate that these ligases possess more direct, highly
regulated and interconnected roles in the response to and repair of DNA damage as well.

While alterations in the mechanisms controlling genome stability lead to disease such as
cancer, the induction of DNA damage is a tested and potent anti-cancer strategy. Moreover,
manipulating these pathways has obvious therapeutic potential. Indeed, recent advances in
inhibitors of DNA checkpoint and repair proteins (e.g., Chkl) suggest that manipulating the
DDR response offers a therapeutic advantage over DNA damage based therapies alone.
However, these strategies have faced challenges in translation. As we move ever closer to the
realization of personalized medicine, it is of increasing importance that we understand not
only the full cadre of players in a given pathway, but also those regulating it as well. Only with
this knowledge can we fully appreciate the impact of altering that pathway, whether in
dissecting pathophysiological changes of disease or in the development of potential therapeu-
tic manipulations. We are increasingly successful in targeting components of the ubiquitin
proteasome system and there are now small molecules capable of inhibiting specific SCF
complexes with potential for substrate specificity. Similar accomplishments have been made
in the targeting of the APC/C as well as DUBs, including USP1 and USP7. Finally, while we
have focused on the role of these ligases in the major responses to DNA damage and the
impact they have on DSB repair, there is mounting evidence that the activities of these
enzymes impact multiple damage response and repair pathways. Thus, as we increase our
understanding of the how these components of the ubiquitin machinery impact the choice and
efficient use of DNA repair mechanisms we also increase our opportunities for improved
therapeutic options.

Acknowledgements

We thank Monica Venere for helpful discussions. This work was supported by NIH grants
RO1GM112895 and RO1GM108743, to MKS.

Author details
Debjani Pal and Matthew K. Summers*
*Address all correspondence to: matthew.summers@osumc.edu

Department of Radiation Oncology, The Ohio State University Wexner Medical Center and
Comprehensive Cancer Center, Columbus, OH, USA



The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

References

(1]

(2]

[11]

[12]

[13]

[14]

[15]

(16]

Lydeard JR, Schulman BA, Harper JW. Building and remodelling Cullin-RING E3
ubiquitin ligases. EMBO Reports. 2013;14:1050-1061

Zheng N, Zhou Q, Wang Z, Wei W. Recent advances in SCF ubiquitin ligase complex:
Clinical implications. Biochimica et Biophysica Acta. 2016;1866:12-22

Kitagawa K, Kitagawa M. The SCF-type E3 ubiquitin ligases as cancer targets. Current
Cancer Drug Targets. 2016;16:119-129

Kitagawa K, Kotake Y, Kitagawa M. Ubiquitin-mediated control of oncogene and tumor
suppressor gene products. Cancer Science. 2009;100:1374-1381

Nakayama KI, Nakayama K. Regulation of the cell cycle by SCF-type ubiquitin ligases.
Seminars in Cell & Developmental Biology. 2005;16:323-333

Soucy TA, et al. An inhibitor of NEDD8-activating enzyme as a new approach to treat
cancer. Nature. 2009;458:732-736

Frescas D, Pagano M. Deregulated proteolysis by the F-box proteins SKP2 and beta-
TrCP: Tipping the scales of cancer. Nature Reviews. Cancer. 2008;8:438-449

Jin ], Arias EE, Chen ], Harper JW, Walter JC. A family of diverse Cul4-Ddbl-interacting
proteins includes Cdt2, which is required for S phase destruction of the replication
factor Cdtl. Molecular Cell. 2006;23:709-721

Angers S, et al. Molecular architecture and assembly of the DDB1-CUL4A ubiquitin
ligase machinery. Nature. 2006;443:590-593

Hannah J, Zhou P. Regulation of DNA damage response pathways by the cullin-RING
ubiquitin ligases. DNA Repair (Amst). 2009;8:536-543

Mailand N, Gibbs-Seymour I, Bekker-Jensen S. Regulation of PCNA-protein interactions
for genome stability. Nature Reviews. Molecular Cell Biology. 2013;14:269-282

Mansilla SF, et al. UV-triggered p21 degradation facilitates damaged-DNA replication
and preserves genomic stability. Nucleic Acids Research. 2013;41:6942-6951

Havens CG, Walter JC. Docking of a specialized PIP Box onto chromatin-bound PCNA
creates a degron for the ubiquitin ligase CRL4Cdt2. Molecular Cell. 2009;35:93-104

Soria G, Speroni ], Podhajcer OL, Prives C, Gottifredi V. P21 differentially regulates
DNA replication and DNA-repair-associated processes after UV irradiation. Journal of
Cell Science. 2008;121:3271-3282

Soria G, Podhajcer O, Prives C, Gottifredi V. P21Cip1/WAF1 downregulation is required
for efficient PCNA ubiquitination after UV irradiation. Oncogene. 2006;25:2829-2838

Gottifredi V, McKinney K, Poyurovsky MV, Prives C. Decreased p21 levels are required
for efficient restart of DNA synthesis after S phase block. The Journal of Biological
Chemistry. 2004;279:5802-5810

91



92

Ubiquitination Governing DNA Repair - Implications in Health and Disease

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Jones M]J, Colnaghi L, Huang TT. Dysregulation of DNA polymerase kappa recruitment
to replication forks results in genomic instability. The EMBO Journal. 2012;31:908-918

Havens CG, Walter JC. Mechanism of CRL4(Cdt2), a PCNA-dependent E3 ubiquitin
ligase. Genes & Development. 2011;25:1568-1582

Bruning JB, Shamoo Y. Structural and thermodynamic analysis of human PCNA with
peptides derived from DNA polymerase-delta p66 subunit and flap endonuclease-1.
Structure 2004;12:2209-2219

Pesin JA, Orr-Weaver TL. Regulation of APC/C activators in mitosis and meiosis.
Annual Review of Cell and Developmental Biology. 2008;24:475-499

Manchado E, Eguren M, Malumbres M. The anaphase-promoting complex/cyclosome
(APC/C): Cell-cycle-dependent and -independent functions. Biochemical Society Trans-
actions. 2010;38:65-71

Peters JM. The anaphase promoting complex/cyclosome: A machine designed to
destroy. Nature Reviews. Molecular Cell Biology. 2006;7:644-656

Wasch R, Robbins JA, Cross FR. The emerging role of APC/CCdhl in controlling differ-
entiation, genomic stability and tumor suppression. Oncogene. 2010,29:1-10

Simpson-Lavy K], et al. Fifteen years of APC/cyclosome: A short and impressive biog-
raphy. Biochemical Society Transactions. 2010;38:78-82

Bassermann F, Pagano M. Dissecting the role of ubiquitylation in the DNA damage
response checkpoint in G2. Cell Death and Differentiation. 2010;17:78-85

Skaar JR, Pagano M. Control of cell growth by the SCF and APC/C ubiquitin ligases.
Current Opinion in Cell Biology. 2009;21:816-824

Li M, Zhang P. The function of APC/CCdh1 in cell cycle and beyond. Cell Division.
2009;4:2

van Leuken R, Clijsters L, Wolthuis R. To cell cycle, swing the APC/C. Biochimica et
Biophysica Acta. 2008;1786:49-59

Lindon C. Control of mitotic exit and cytokinesis by the APC/C. Biochemical Society
Transactions. 2008;36:405-410

Sullivan M, Morgan DO. Finishing mitosis, one step at a time. Nature Reviews. Molec-
ular Cell Biology. 2007;8:894-903

Kim AH, Bonni A. Thinking within the D box: Initial identification of Cdh1-APC sub-
strates in the nervous system. Molecular and Cellular Neurosciences. 2007;34:281-287

Pfleger CM, Kirschner MW. The KEN box: An APC recognition signal distinct from the
D box targeted by Cdhl. Genes & Development. 2000;14:655-665

Glotzer M, Murray AW, Kirschner MW. Cyclin is degraded by the ubiquitin pathway.
Nature. 1991;349:132-138



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

Garcia-Higuera T, et al. Genomic stability and tumour suppression by the APC/C cofac-
tor Cdhl. Nature Cell Biology. 2008;10:802-811

Engelbert D, Schnerch D, Baumgarten A, Wasch R. The ubiquitin ligase APC(Cdh1) is
required to maintain genome integrity in primary human cells. Oncogene. 2008;27:907-917

Lehman NL, et al. Oncogenic regulators and substrates of the anaphase promoting
complex/cyclosome are frequently overexpressed in malignant tumors. The American
Journal of Pathology. 2007;170:1793-1805

Wei W, et al. Degradation of the SCF component Skp2 in cell-cycle phase G1 by the
anaphase-promoting complex. Nature. 2004;428:194-198

Bashir T, Dorrello NV, Amador V, Guardavaccaro D, Pagano M. Control of the SCF(Skp2-
Cks1) ubiquitin ligase by the APC/C(Cdh1) ubiquitin ligase. Nature. 2004;428:190-193

Cappell SD, Chung M, Jaimovich A, Spencer SL, Meyer T. Irreversible APC(Cdh1)
inactivation underlies the point of no return for cell-cycle entry. Cell. 2016;166:167-180

Sorensen CS, et al. A conserved cyclin-binding domain determines functional interplay
between anaphase-promoting complex-Cdh1 and cyclin A-Cdk2 during cell cycle pro-
gression. Molecular and Cellular Biology. 2001;21:3692-3703

Sorensen CS, et al. Nonperiodic activity of the human anaphase-promoting complex-
Cdhl ubiquitin ligase results in continuous DNA synthesis uncoupled from mitosis.
Molecular and Cellular Biology. 2000;20:7613-7623

Lukas C, et al. Accumulation of cyclin Bl requires E2F and cyclin-A-dependent
rearrangement of the anaphase-promoting complex. Nature. 1999;401:815-818

Verschuren EW, Ban KH, Masek MA, Lehman NL, Jackson PK. Loss of emil-dependent
anaphase-promoting complex/cyclosome inhibition deregulates E2F target expression
and elicits DNA damage-induced senescence. Molecular and Cellular Biology. 2007;27:
7955-7965

Miller JJ, et al. Emil stably binds and inhibits the anaphase-promoting complex/
cyclosome as a pseudosubstrate inhibitor. Genes & Development. 2006;20:2410-2420

Eldridge AG, et al. The evi5 oncogene regulates cyclin accumulation by stabilizing the
anaphase-promoting complex inhibitor emil. Cell. 2006;124:367-380

Hsu JY, Reimann JD, Sorensen CS, Lukas ], Jackson PK. E2F-dependent accumulation
of hEmil regulates S phase entry by inhibiting APC(Cdh1). Nature Cell Biology. 2002;4:
358-366

Reimann JD, et al. Emil is a mitotic regulator that interacts with Cdc20 and inhibits the
anaphase promoting complex. Cell. 2001;105:645-655

Moshe Y, Boulaire ], Pagano M, Hershko A. Role of Polo-like kinase in the degradation
of early mitotic inhibitor 1, a regulator of the anaphase promoting complex/cyclosome.

93



94  Ubiquitination Governing DNA Repair - Implications in Health and Disease

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

Proceedings of the National Academy of Sciences of the United States of America.
2004;101:7937-7942

Hansen DV, Loktev AV, Ban KH, Jackson PK. Plk1 regulates activation of the anaphase
promoting complex by phosphorylating and triggering SCFbetaTrCP-dependent
destruction of the APC inhibitor Emil. Molecular Biology of the Cell. 2004;15:5623-5634

Margottin-Goguet F, et al. Prophase destruction of Emil by the SCF(betaTrCP/Slimb)
ubiquitin ligase activates the anaphase promoting complex to allow progression beyond
prometaphase. Developmental Cell. 2003,4:813-826

Guardavaccaro D, et al. Control of meiotic and mitotic progression by the F box protein
beta-Trcpl in vivo. Developmental Cell. 2003;4:799-812

Lau AW, et al. Regulation of APC(Cdh1) E3 ligase activity by the Fbw7/cyclin E signaling
axis contributes to the tumor suppressor function of Fbw?7. Cell Research. 2013;23:947-961

Fukushima H, et al. SCF-mediated Cdhl degradation defines a negative feedback sys-
tem that coordinates cell-cycle progression. Cell Reports. 2013;4:803-816

Wu J, et al. Skp2 E3 ligase integrates ATM activation and homologous recombination
repair by ubiquitinating NBS1. Molecular Cell. 2012;46:351-361

Mailand N, et al. RNF8 ubiquitylates histones at DNA double-strand breaks and pro-
motes assembly of repair proteins. Cell. 2007;131:887-900

Kolas NK, et al. Orchestration of the DNA-damage response by the RNF8 ubiquitin
ligase. Science. 2007;318:1637-1640

Huen MS, et al. RNF8 transduces the DNA-damage signal via histone ubiquitylation
and checkpoint protein assembly. Cell. 2007;131:901-914

Mochan TA, Venere M, DiTullio RA Jr, Halazonetis TD, 53BP1 and NFBD1/MDC1-Nbs1
function in parallel interacting pathways activating ataxia-telangiectasia mutated
(ATM) in response to DNA damage. Cancer Research. 2003;63:8586-8591

Mattiroli F, et al. RNF168 ubiquitinates K13-15 on H2A/H2AX to drive DNA damage
signaling. Cell. 2012;150:1182-1195

Stewart GS, et al. The RIDDLE syndrome protein mediates a ubiquitin-dependent sig-
naling cascade at sites of DNA damage. Cell. 2009;136:420-434

Doil C, et al. RNF168 binds and amplifies ubiquitin conjugates on damaged chromo-
somes to allow accumulation of repair proteins. Cell. 2009;136:435-446

Pei H, et al. The histone methyltransferase MMSET regulates class switch recombina-
tion. Journal of Immunology. 2013;190:756-763

Pei H, et al. MMSET regulates histone H4K20 methylation and 53BP1 accumulation at
DNA damage sites. Nature. 2011;470:124-128



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

Tuzon CT, et al. Concerted activities of distinct H4K20 methyltransferases at DNA
double-strand breaks regulate 53BP1 nucleation and NHE]J-directed repair. Cell Reports.
2014;8:430-438

Dulev S, Tkach ], Lin S, Batada NN. SET8 methyltransferase activity during the DNA
double-strand break response is required for recruitment of 53BP1. EMBO Reports.
2014;15:1163-1174

Oda H. et al. Regulation of the histone H4 monomethylase PR-Set7 by CRL4(Cdt2)-medi-
ated PCNA-dependent degradation during DNA damage. Molecular Cell. 2010;40:364-376

Wilson MD, et al. The structural basis of modified nucleosome recognition by 53BP1.
Nature. 2016;536:100-103

Fradet-Turcotte A, et al. 53BP1 is a reader of the DNA-damage-induced H2A Lys 15
ubiquitin mark. Nature. 2013;499:50-54

Karanam K, Kafri R, Loewer A, Lahav G. Quantitative live cell imaging reveals a gradual
shift between DNA repair mechanisms and a maximal use of HR in mid S phase. Mole-
cular Cell. 2012;47:320-329

Deriano L, Roth DB. Modernizing the nonhomologous end-joining repertoire: Alterna-
tive and classical NHE] share the stage. Annual Review of Genetics. 2013;47:433-455

Ceccaldi R, Rondinelli B, D'Andrea AD. Repair pathway choices and consequences at
the double-strand break. Trends in Cell Biology. 2016;26:52-64

Pierce AJ, Hu P, Han M, Ellis N, Jasin M. Ku DNA end-binding protein modulates
homologous repair of double-strand breaks in mammalian cells. Genes & Development.
2001;15:3237-3242

Mari PO, et al. Dynamic assembly of end-joining complexes requires interaction
between Ku70/80 and XRCC4. Proceedings of the National Academy of Sciences of the
United States of America. 2006;103:18597-18602

Zhang Q, et al. FBXW?7 facilitates nonhomologous end-joining via K63-linked polyubi-
quitylation of XRCC4. Molecular Cell. 2016;61:419-433

Betermier M, Bertrand P, Lopez BS. Is non-homologous end-joining really an inherently
error-prone process? PLoS Genetics. 2014;10:21004086

Sartori AA, et al. Human CtIP promotes DNA end resection. Nature. 2007;450:509-514

Huertas P, Jackson SP. Human CtIP mediates cell cycle control of DNA end resection
and double strand break repair. The Journal of Biological Chemistry. 2009;284:9558-9565

Wang H, et al. The interaction of CtIP and Nbsl connects CDK and ATM to regulate
HR-mediated double-strand break repair. PLoS Genetics. 2013;9:e1003277

Escribano-Diaz C, et al. A cell cycle-dependent regulatory circuit composed of 53BP1-RIF1
and BRCA1-CtIP controls DNA repair pathway choice. Molecular Cell. 2013;49:872-883

95



96 Ubiquitination Governing DNA Repair - Implications in Health and Disease

(80]

[81]

[82]

(83]

[84]

(85]

[86]

(87]

[88]

(89]

[90]

[91]

[92]

[93]

Zimmermann M, Lottersberger F, Buonomo SB, Sfeir A, de Lange T. 53BP1 regulates
DSB repair using Rifl to control 5' end resection. Science. 2013;339:700-704

Li M, et al. 53BP1 ablation rescues genomic instability in mice expressing RING-less'
BRCA1. EMBO Reports. 2016;17:1532-1541

Feng L, et al. Cell cycle-dependent inhibition of 53BP1 signaling by BRCA1. Cell Dis-
covery. 2015;1:15019

Feng L, Fong KW, Wang ], Wang W, Chen ]. RIF1 counteracts BRCAl-mediated end
resection during DNA repair. The Journal of Biological Chemistry. 2013;288:11135-11143

Chapman JR, et al. RIF1 is essential for 53BP1-dependent nonhomologous end joining
and suppression of DNA double-strand break resection. Molecular Cell. 2013,49:858-871

Bunting SF, et al. 53BP1 inhibits homologous recombination in Brcal-deficient cells by
blocking resection of DNA breaks. Cell. 2010;141:243-254

Bouwman P, et al. 53BP1 loss rescues BRCA1 deficiency and is associated with triple-
negative and BRCA-mutated breast cancers. Nature Structural & Molecular Biology.
2010;17:688-695

Park JY, Zhang F, Andreassen PR. PALB2: The hub of a network of tumor suppressors
involved in DNA damage responses. Biochimica et Biophysica Acta. 2014;1846:263-275

Coleman KA, Greenberg RA. The BRCA1-RAP80 complex regulates DNA repair mech-
anism utilization by restricting end resection. The Journal of Biological Chemistry.
2011;286:13669-13680

Shao G, et al. The Rap80-BRCC36 de-ubiquitinating enzyme complex antagonizes
RNF8-Ubc13-dependent ubiquitination events at DNA double strand breaks. Proceed-
ings of the National Academy of Sciences of the United States of America. 2009;106:
3166-3171

Sobhian B, et al. RAP80 targets BRCAL1 to specific ubiquitin structures at DNA damage
sites. Science. 2007;316:1198-1202

Nam EA, Cortez D. ATR signalling: More than meeting at the fork. The Biochemical
Journal. 2011;436:527-536

Zhang Y, Hunter T. Roles of Chkl1 in cell biology and cancer therapy. International
Journal of Cancer. 2014;134:1013-1023

Bester AC, et al., Nucleotide deficiency promotes genomic instability in early stages of
cancer development. Cell. 2011;145:435-446

Hoglund A, et al., Therapeutic implications for the induced levels of Chkl in Myc-
expressing cancer cells. Clin Cancer Res. 2011;17:7067-7079

Halazonetis TD, Gorgoulis VG, Bartek J. An oncogene-induced DNA damage model for
cancer development. Science. 2008;319:1352-1355



[96]

[97]

[98]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

Bartkova J. et al,, Oncogene-induced senescence is part of the tumorigenesis barrier
imposed by DNA damage checkpoints. Nature. 2006;444:633-637

Murga M. et al., Exploiting oncogene-induced replicative stress for the selective killing
of Myc-driven tumors. Nat Struct Mol Biol. 2011;18:1331-1335

Schoppy DW. et al., Oncogenic stress sensitizes murine cancers to hypomorphic sup-
pression of ATR. J Clin Invest. 2012;122:241-252

Zachos G, Rainey MD, Gillespie DA, Chkl-dependent S-M checkpoint delay in verte-
brate cells is linked to maintenance of viable replication structures. Mol Cell Biol.
2005;25:563-574

Sudo T, et al. Activation of Cdhl-dependent APC is required for G1 cell cycle arrest and
DNA damage-induced G2 checkpoint in vertebrate cells. The EMBO Journal. 2001;20:
6499-6508

Keck JM, et al. Cyclin E overexpression impairs progression through mitosis by
inhibiting APC(Cdh1). The Journal of Cell Biology. 2007;178:371-385

Machida Y], Dutta A. The APC/C inhibitor, Emil, is essential for prevention of
rereplication. Genes & Development. 2007;21;184-194

Bassermann F, et al. The Cdc14B-Cdh1-Plk1 axis controls the G2 DNA-damage-response
checkpoint. Cell. 2008;134:256-267

van Vugt MA, et al. A mitotic phosphorylation feedback network connects Cdk1, Plk1,
53BP1, and Chk2 to inactivate the G(2)/M DNA damage checkpoint. PLoS Biology.
2010;8:1000287

Peschiaroli A, et al. SCFbetaTrCP-mediated degradation of Claspin regulates recovery
from the DNA replication checkpoint response. Molecular Cell. 2006;23:319-329

Mamely I, et al. Polo-like kinase-1 controls proteasome-dependent degradation of
Claspin during checkpoint recovery. Current Biology. 2006;16:1950-1955

Mailand N, Bekker-Jensen S, Bartek ], Lukas J. Destruction of Claspin by SCEbetaTrCP
restrains Chk1 activation and facilitates recovery from genotoxic stress. Molecular Cell.
2006;23:307-318

Qin B, Gao B, Yu ], Yuan ], Lou Z. Ataxia telangiectasia-mutated- and Rad3-related
protein regulates the DNA damage-induced G2/M checkpoint through the Aurora A
cofactor Bora protein. The Journal of Biological Chemistry. 2013;288:16139-16144

Schwab RA, Blackford AN, Niedzwiedz W. ATR activation and replication fork restart
are defective in FANCM-deficient cells. The EMBO Journal. 2010;29:806-818

Lin H, et al. Cdcl4A and Cdcl4B redundantly regulate DNA double-strand break
repair. Molecular and Cellular Biology. 2015;35:3657-3668

Wei Z, et al. Early-onset aging and defective DNA damage response in Cdcl4b-deficient
mice. Molecular and Cellular Biology. 2011;31:1470-1477

97



98 Ubiquitination Governing DNA Repair - Implications in Health and Disease

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Mocciaro A, et al. Vertebrate cells genetically deficient for Cdcl14A or Cdcl4B retain
DNA damage checkpoint proficiency but are impaired in DNA repair. The Journal of
Cell Biology. 2010;189:631-639

Zhou Y, Ching YP, Chun AC, Jin DY. Nuclear localization of the cell cycle regulator
CDH1 and its regulation by phosphorylation. The Journal of Biological Chemistry. 2003;
278:12530-12536

Zhang D, Zaugg K, Mak TW, Elledge SJ. A role for the deubiquitinating enzyme USP28
in control of the DNA-damage response. Cell. 2006;126:529-542

Yamada M, et al. ATR-Chk1-APC/CCdh1-dependent stabilization of Cdc7-ASK (Dbf4)
kinase is required for DNA lesion bypass under replication stress. Genes & Develop-
ment. 2013,27:2459-2472

Kucharski TJ, Minshall PE, Moustafa-Kamal M, Turnell AS, Teodoro JG. Reciprocal
regulation between 53BP1 and the anaphase-promoting complex/cyclosome is required
for genomic stability during mitotic stress. Cell Reports. 2017;18:1982-1995

Gao D, et al. Cdh1 regulates cell cycle through modulating the claspin/Chk1 and the Rb/
E2F1 pathways. Molecular Biology of the Cell. 2009;20:3305-3316

Zhang L. et al. Proteolysis of Rad17 by Cdh1/APC regulates checkpoint termination and
recovery from genotoxic stress. The EMBO Journal. 2010;29:1726-1737

Chini CC, Wood ], Chen J. Chk1 is required to maintain claspin stability. Oncogene.
2006;25:4165-4171

Zhu M, Zhao H, Liao J, Xu X. HERC2/USP20 coordinates CHK1 activation by modulat-
ing CLASPIN stability. Nucleic Acids Research. 2014;42:13074-13081

Yuan J. et al. HERC2-USP20 axis regulates DNA damage checkpoint through Claspin.
Nucleic Acids Research. 2014;42:13110-13121

Shanmugam I, et al. Ubiquitin-specific peptidase 20 regulates Rad17 stability, check-
point kinase 1 phosphorylation and DNA repair by homologous recombination. The
Journal of Biological Chemistry. 2014;289:22739-22748

McGarry E, et al. The deubiquitinase USP9X maintains DNA replication fork stability
and DNA damage checkpoint responses by regulating CLASPIN during S-Phase. Can-
cer Research. 2016;76:2384-2393

Faustrup H, Bekker-Jensen S, Bartek ], Lukas ], Mailand N. USP7 counteracts
SCFbetaTrCP- but not APCCdhl-mediated proteolysis of Claspin. The Journal of Cell
Biology. 2009;184:13-19

Liu W, Li W, Fujita T, Yang Q, Wan Y. Proteolysis of CDH1 enhances susceptibility to
UV radiation-induced apoptosis. Carcinogenesis. 2008;29:263-272

Chang L, Zhang Z, Yang Y, McLaughlin SH, Barford D. Atomic structure of the APC/C
and its mechanism of protein ubiquitination. Nature. 2015;522:450-454



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

Zhang YW, et al. The F box protein Fbx6 regulates Chk1 stability and cellular sensitivity
to replication stress. Molecular Cell. 2009;35:442-453

Leung-Pineda V, Huh ], Piwnica-Worms H. DDBI targets Chkl1 to the Cul4 E3 ligase
complex in normal cycling cells and in cells experiencing replication stress. Cancer
Research. 2009;69:2630-2637

Huh ], Piwnica-Worms H. CRL4(CDT?2) targets CHK1 for PCNA-independent destruc-
tion. Molecular and Cellular Biology. 2013;33:213-226

Zhang P, et al. ATM-mediated stabilization of ZEB1 promotes DNA damage response
and radioresistance through CHK1. Nature Cell Biology. 2014;16:864-875

Alonso-de Vega I, Martin Y, Smits VA. USP7 controls Chk1 protein stability by direct
deubiquitination. Cell Cycle. 2014;13:3921-3926

Guervilly JH, Renaud E, Takata M, Rosselli F. USP1 deubiquitinase maintains phosphor-
ylated CHK1 by limiting its DDB1-dependent degradation. Human Molecular Genetics.
2011;20:2171-2181

Cotto-Rios XM, Jones M]J, Busino L, Pagano M, Huang TT. APC/CCdhl-dependent
proteolysis of USP1 regulates the response to UV-mediated DNA damage. The Journal of
Cell Biology. 2011;194:177-186

Zhi G, et al. Fanconi anemia complementation group FANCD?2 protein serine 331 phos-
phorylation is important for fanconi anemia pathway function and BRCAZ2 interaction.
Cancer Research. 2009;69:8775-8783

Guervilly JH, Mace-Aime G, Rosselli F. Loss of CHK1 function impedes DNA damage-
induced FANCD2 monoubiquitination but normalizes the abnormal G2 arrest in
Fanconi anemia. Human Molecular Genetics. 2008;17:679-689

Wang X, et al. Chkl-mediated phosphorylation of FANCE is required for the Fanconi
anemia/BRCA pathway. Molecular and Cellular Biology. 2007;27:3098-3108

Kim JM, et al. Inactivation of murine Usp1 results in genomic instability and a Fanconi
anemia phenotype. Developmental Cell. 2009;16:314-320

Cohn MA, et al. A UAFIl-containing multisubunit protein complex regulates the
Fanconi anemia pathway. Molecular Cell. 2007;28:786-797

Huang TT, et al. Regulation of monoubiquitinated PCNA by DUB autocleavage. Nature
Cell Biology. 2006;8:339-347

Nijman SM, et al. The deubiquitinating enzyme USP1 regulates the Fanconi anemia
pathway. Molecular Cell. 2005;17:331-339

Macurek L, et al. Polo-like kinase-1 is activated by aurora A to promote checkpoint
recovery. Nature. 2008;455:119-123

Kee Y, Kim JM, D'Andrea AD. Regulated degradation of FANCM in the Fanconi anemia
pathway during mitosis. Genes & Development. 2009;23:555-560

99



100 Ubiquitination Governing DNA Repair - Implications in Health and Disease

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Watanabe N, et al. Cyclin-dependent kinase (CDK) phosphorylation destabilizes
somatic Weel via multiple pathways. Proceedings of the National Academy of Sciences
of the United States of America. 2005;102:11663-11668

Watanabe N, et al. M-phase kinases induce phospho-dependent ubiquitination of
somatic Weel by SCFbeta-TrCP. Proceedings of the National Academy of Sciences of
the United States of America. 2004;101:4419-4424

Lafranchi L, et al. APC/C(Cdhl) controls CtIP stability during the cell cycle and in
response to DNA damage. The EMBO Journal. 2014;33:2860-2879

Cho H]J, et al. Degradation of human RAP80 is cell cycle regulated by Cdc20 and Cdhl
ubiquitin ligases. Molecular Cancer Research. 2012;10:615-625

Burrows AC, Prokop J, Summers MK. Skpl-Cull-F-box ubiquitin ligase (SCF
(betaTrCP))-mediated destruction of the ubiquitin-specific protease USP37 during G2-
phase promotes mitotic entry. The Journal of Biological Chemistry. 2012,287:39021-39029

Huang X, et al. Deubiquitinase USP37 is activated by CDK2 to antagonize APC(CDH1)
and promote S phase entry. Molecular Cell. 2011;42:511-523

Typas D, et al. The de-ubiquitylating enzymes USP26 and USP37 regulate homologous
recombination by counteracting RAP80. Nucleic Acids Research. 2015;43:6919-6933

Parameswaran B, et al. Damage-induced BRCA1 phosphorylation by Chk2 contributes
to the timing of end resection. Cell Cycle. 2015;14:437-448

Orthwein A, et al. A mechanism for the suppression of homologous recombination in
G1 cells. Nature. 2015;528:422-426

Chu WK, et al. FBH1 influences DNA replication fork stability and homologous recom-
bination through ubiquitylation of RAD51. Nature Communications. 2015;6:5931

Simandlova ], et al. FBH1 helicase disrupts RAD51 filaments in vitro and modulates
homologous recombination in mammalian cells. The Journal of Biological Chemistry.
2013;288:34168-34180

Bacquin A, et al. The helicase FBH1 is tightly regulated by PCNA via CRL4(Cdt2)-
mediated proteolysis in human cells. Nucleic Acids Research. 2013;41:6501-6513

Laulier C, Cheng A, Huang N, Stark JM. Mammalian Fbhl is important to restore
normal mitotic progression following decatenation stress. DNA Repair (Amst). 2010;9:
708-717

Lorenz A, Osman F, Folkyte V, Sofueva S, Whitby MC. Fbh1 limits Rad51-dependent
recombination at blocked replication forks. Molecular and Cellular Biology. 2009;29:
4742-4756

Wang Z, et al. SCF(beta-TRCP) promotes cell growth by targeting PR-Set7/Set8 for
degradation. Nature Communications. 2015;6:10185



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

The Roles of Cullin RING Ligases and the Anaphase Promoting Complex/Cyclosome in the Regulation...
http://dx.doi.org/10.5772/intechopen.70482

Jorgensen S, et al. SET8 is degraded via PCNA-coupled CRL4(CDT2) ubiquitylation in S
phase and after UV irradiation. The Journal of Cell Biology. 2011;192:43-54

Wu S, et al. Dynamic regulation of the PR-Set7 histone methyltransferase is required for
normal cell cycle progression. Genes & Development. 2010;24:2531-2542

Centore RC, et al. CRL4(Cdt2)-mediated destruction of the histone methyltransferase Set8
prevents premature chromatin compaction in S phase. Molecular Cell. 2010;40:22-33

Abbas T, et al. CRL4(Cdt2) regulates cell proliferation and histone gene expression by
targeting PR-Set7/Set8 for degradation. Molecular Cell. 2010;40:9-21

Evans DL, et al. MMSET is dynamically regulated during cell-cycle progression and
promotes normal DNA replication. Cell Cycle. 2016;15:95-105

Saredi G, et al. H4K20me( marks post-replicative chromatin and recruits the TONSL-
MMS22L DNA repair complex. Nature. 2016;534:714-718

Piwko W, et al. The MMS22L-TONSL heterodimer directly promotes RAD51-dependent
recombination upon replication stress. The EMBO Journal. 2016;35:2584-2601

ODonnell L, et al. The MMS22L-TONSL complex mediates recovery from replication
stress and homologous recombination. Molecular Cell. 2010;40:619-631

Duro E, et al. Identification of the MMS22L-TONSL complex that promotes homologous
recombination. Molecular Cell. 2010;40:632-644

Tomimatsu N, et al. Phosphorylation of EXO1 by CDKs 1 and 2 regulates DNA end
resection and repair pathway choice. Nature Communications. 2014;5:3561

Hustedt N, Durocher D. The control of DNA repair by the cell cycle. Nature Cell
Biology. 2016;19:1-9

101






Chapter 6

The Cross Talk among Autophagy, Ubiquitination, and
DNA Repair: An Overview

Francesca Nazio, Emiliano Maiani and
Francesco Cecconi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71404

Abstract

Cellular plasticity is modulated by protein posttranslational modifications, which act
on most intracellular pathways. Ubiquitination is a versatile posttranslational modifi-
cation (PTM) that influences protein fate, controlling their degradation or modulating
their activity and subcellular localization. The ubiquitin proteasome system, UPS, and
the autophagic pathway are the main degradative intracellular machineries, which rely
on ubiquitination for their activation and/or the selective recycling of proteins and organ-
elles. Recent findings indicate that the cross talk between UPS and autophagy plays a
key role in controlling DNA repair pathways. Even being a cytoplasmic process, it is
now clear that autophagy can directly impact on the correct activation of DNA repair.
Of note, defects on autophagy are related to the impairment of homologous recombina-
tion repair and to an increase of the nonhomologous end joining repair activity. These
evidences give new insights into the molecular processes underlying the DNA damage
response and provide further explanation for the tumorigenesis associated with autoph-
agy impairment. Moreover, these findings introduce new examples of synthetic lethality
between autophagy and DNA repair genes and lead to the possible development of tar-
get therapies for tumors with defective autophagy.

Keywords: autophagy, DNA repair, ubiquitination, ubiquitin proteasome system, p62

1. Introduction

In eukaryotic cells, protein homeostasis is essential to maintain cell survival and it occurs
through two major pathways: the ubiquitin-proteasome system (UPS) and autophagy. The
UPS is responsible for degradation of both cytosolic and nuclear short-lived or damaged pro-
teins, and it is involved in the removal of 80-90% of cellular proteins. It regulates several
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processes, including maintenance of cellular quality control, transcription, cell cycle progres-
sion, DNA repair, receptor-mediated endocytosis, cell stress response, and apoptosis [1]. By
contrast, autophagy mediates the degradation of long-lived proteins, entire organelles (e.g.,
mitochondria and peroxisomes), or pathogens and aggregates via the lysosome. On the one
hand, autophagy is related to cell growth, survival, and development; on the other hand, it is
involved in cell death and it has been implicated in human pathologies such as cancer, neuro-
degeneration, myopathies, and heart and liver diseases [2].

The ubiquitin-proteasome system and autophagy were long viewed as independent and par-
allel processes. However, it becomes increasingly clear that the UPS and autophagy crosstalk
to each other [3]. The need for energetic homeostasis and protein balance requires that both
these degradation systems are tightly controlled and coordinated during a cell life. In particu-
lar, the balance of cellular homeostasis needs to be carefully regulated and this is made pos-
sible by protein posttranslational modifications (PTMs) such as phosphorylation, acetylation,
methylation, and ubiquitination [4-6]. PTMs, indeed, due to their reversible or irreversible
nature, provide the necessary flexibility in order to adapt the cells rapidly to different envi-
ronmental stress.

Accumulating evidence indicates that ubiquitination regulates autophagy through at least
two mechanisms [7]. One is controlling the stability of upstream autophagy-related (ATG)
genes. In this context, many E3 ligase and deubiquitinase (DUBS) enzymes have been iden-
tified as crucial for autophagy induction, maturation, or termination [8-14]. The other one
facilitates the recruitment of ubiquitinated substrates to the autophagy machinery [15]. In this
case, ubiquitination plays an essential role in determining the selectivity of autophagy cargos.

There are different interfaces between autophagy and UPS. First, ubiquitin or ubiquitin-like
proteins are common degradative tags; ubiquitin, indeed, is a very small molecule that can
be attached to the substrate by several ways, generating a broad repertoire of signals. These
degradative tags are then recognized by specific adaptor proteins, such as p62/sequestosome 1
(SQSTM1) or neighbor of BRCA1 gene 1 (NBR1), that are molecules capable of directing ubiq-
uitinated target proteins to both systems [15]. They act through specific domains, such as the
ubiquitin-associated domain (UBA) or the ubiquitin-binding domain (UBD), able to specifically
recognize the substrate for mediating its degradation. The other point in common is the partici-
pation of these mechanisms to general cellular programs, such as the ER stress response [16]
or the atrophy program [17]. Moreover, recent studies have revealed that autophagy and UPS
participate together also in DNA damage response (DDR) [18, 19]. DDR is an essential mecha-
nism to maintain genome integrity; similar to protein homeostasis, maintenance of genomic
integrity is essential for an organism’s survival. Although these mechanisms occur in spatially
distinct cellular compartments, evidence has been accumulated about a strict cross talk among
autophagy, ubiquitination, and DNA repair. When a DNA lesion occurs, chromatin undergoes
a relaxed conformation through a series of histone PTMs, recruitment of DDR sensors, and
additional proteins to further regulate DNA replication, cell cycle, repair, and cell survival
versus cell death. In this context, a key role is played by p62 that has been recently found to be
able to shuttle between cytoplasm and nucleus, where it is able to inhibit homologous recombi-
nation (HR) or the recruitment of DNA-binding factors [20-22]. In this chapter, we provide an



The Cross Talk among Autophagy, Ubiquitination, and DNA Repair: An Overview
http://dx.doi.org/10.5772/intechopen.71404

overview of the current knowledge about the coordination among autophagy, ubiquitination,
and DNA repair pathways, and its importance to maintain cell homeostasis and survival.

2. Cross talk between autophagy and UPS

UPS and autophagy are two crucial mechanisms that are involved in cellular catabolism in
normal physiology and development, but also in human pathologies such as cancer, neuro-
degeneration, and aging. By these processes, cells are able to recycle proteins, aggregates, or
entire organelles to obtain energy. Although these pathways differ for specificity, kinetics,
and substrates, it is increasingly clear that they are cooperative and complementary to ensure
cellular homeostasis and survival.

2.1. Autophagy: an overview of its main actors and functions

Autophagy is a catabolic process occurring in all eukaryotic cells to maintain cellular via-
bility and homeostasis in basal conditions, by controlling long-lived proteins and damaged
organelles. However, autophagy can also be stimulated in response to sublethal stresses,
such as nutrient or growth factor deprivation, hypoxia, reactive oxygen species (ROS), or
viral and pathogen invasion to maintain cell survival [23]. During autophagy, cells undergo
rapid changes to adapt their metabolism and protect themselves against potential damages.
Depending on the delivery route of cytoplasmic material to the lysosomal lumen, three dif-
ferent forms of autophagy are known: microautophagy, chaperone-mediated autophagy,
and macroautophagy. In microautophagy, portions of cytosol are instantly engulfed by the
lysosomal membrane. In chaperone-mediated autophagy, proteins characterized by a spe-
cific sequence signal are recognized by lysosomal receptors and then degraded by lysosomal
proteases. During macroautophagy (hereafter, more simply, autophagy), cytoplasmic mate-
rial (e.g., proteins, lipids, and organelles) is sequestered by a cup-shaped membrane (called
isolation membrane or phagophore), which expands while becoming spherical to urn into a
double-membraned vesicle, termed autophagosome; this slides along cytoskeletal structures
and fuses with lysosomes, thus forming a single vesicle called the autophagolysosome, in
which both autophagosome membrane and contents are degraded by lytic enzymes [24].

Taking advantages from yeast genetics, more than 35 ATG genes have been identified and
characterized, with most of them being well-conserved from yeast to mammals [25]. The
autophagy process is divided into mechanistically distinct steps, including induction,
autophagosome formation, and autophagosome-lysosome fusion, followed by the release of
the degradation products back into the cytosol. Different sets of ATG proteins are involved in
these steps and constitute the core autophagic machinery.

Indeed, the core pathway of mammalian autophagy involves at least five molecular com-
plexes including (1) the ULK1 complex, (2) the BECLIN 1/class III PI3K complex, (3) two
transmembrane proteins: ATG9 and VMP1, (4) two ubiquitin-like protein (ATG12 and LC3)
conjugation systems, and (5) proteins that mediate the formation of autophagolysosomes [24].
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The activation of this molecular machinery is extremely complicated and it involves multiple
signaling inputs. According to current knowledge, the most important sensor of cellular stress
is mammalian target of rapamycin complex 1 (mTORC1). This serine-threonine kinase shuts
off autophagy in cells growing in the presence of nutrients and growth factors; in basal condi-
tions, mMTORC1 negatively regulates the ULK1 complex, the early most important structural
complex of the core autophagic machinery.

As a consequence of the autophagy role on cellular homeostasis, increasing evidence reveal
that alteration in autophagy occurs in many human diseases, such as neurodegenera-
tions, myopathies, infectious disease, aging, and cancer, contributing to their pathogenesis.
Autophagy results to be deregulated in many neurodegenerative diseases, causing the accu-
mulation of aggregates of mutated toxic proteins [26]. Autophagy has also been identified as
a crucial process in oncogenesis and cancer progression [27, 28]. Many autophagy-related
proteins are considered tumor suppressor genes and are mutated in cancer (Beclin 1, ATGS5,
Bif-1, ATG4C, and UVRAG), leading to an accumulation of DNA damage and genome insta-
bility [28]. Finally, the activity and recruitment of ATG proteins are important also for antigen
presentation, innate immune signaling, and pathogen degradation.

2.2.UPS

Ubiquitin proteasome system (UPS) is the major pathway responsible for the degradation of
cytosolic short-lived proteins and of proteins residing in the nucleus and the endoplasmic
reticulum (ER) [29]. The tagging molecule is ubiquitin, a small protein of 76 amino acids that
is covalently linked to thousands of different proteins by a bond between the glycine at the
C-terminal end of ubiquitin and the side chains of lysine on proteins. The earmarked proteins
are then degraded by the 265 proteasome, a highly conserved multicatalytic ATP-dependent
protease complex. Conjugation of ubiquitin to a substrate is mediated by the action of three
ubiquitin-activating enzymes called E1, E2, and E3. E1 binds ubiquitin and transfers it to the
active site of E2; finally E3 enzyme transfers the ubiquitin molecule directly to the substrate.
Regarding the selection of the substrates, many strategies could exist; in some cases, the E3
enzyme recognizes and binds a signal in the protein sequence [30].

In the human genome, 2 E1s, 50 E2s, and 600 E3s have been identified [31]. The classification
of ubiquitin ligases is based on their biochemical and structural features. The best known
domain subclasses include HECT (homologous to E6-associated protein carboxy-terminus),
RING-fingers (RING, really interesting new gene), and U-box domains (a modified RING
motif without the full complement of Zn2 + -binding ligands).

Ubiquitination is a reversible, specific, and adaptable PTM, similar to phosphorylation; by
means of seven lysine residues in ubiquitin (at positions 6, 11, 27, 29, 33, 48, and 63) that act as
acceptors of other ubiquitin molecules, this PTM is considered very versatile.

2.3. Connections between autophagy and UPS

The different molecular machinery characterizing UPS and autophagy is just one of the dif-
ferences between these two processes; they are also responsible for the disposal of different
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substrates. The proteasome is responsible for degradation of short-life proteins, while
those with long-life, organelles and aggregates, are autophagic substrates. At variance with
UPS, autophagy is restricted to the cytoplasm; moreover, the two processes differ in the
time window in which they act, since autophagy is considered slower than UPS (Figure 1).
However, several recent lines of evidence have suggested that UPS and autophagy are
functionally connected [32]. Indeed, the need for energetic homeostasis and protein bal-
ance requires that both degradation systems are tightly controlled and coordinated during
a cell life.

The first unifying factor linking UPS and autophagy is ubiquitin. Although autophagy was
considered originally a nonspecific process, it has recently emerged as a selective mech-
anism that specifically removes damaged organelles, such as mitochondria, or defective
proteins. This specificity may be accounted for by special proteins called autophagy recep-
tors and adaptors that are able to recognize and bind the ubiquitinated proteins listed for
degradation by the autophagy machinery. They include p62/SQSTM1, neighbor of BRCA1
gene 1(NBR1), histone deacetylase 6 (HDACS6), the BH3-only family protein BNIP3L/Nix,
the ubiquitin receptor nuclear dot protein 52kd (Ndp52), and optineurin [15]. These recep-
tors recognize ubiquitin chains (including Lys-63-poly Ub and others) through their UBA
domain on one side and directly bind LC3 or other ATGS proteins via their LC3-interacting
region (LIR). This allows the incorporation of autophagy substrates into the autophago-
some. Among them, p62 has been extensively studied. P62 molecules are distributed not
only in the cytosol but also in the nucleus, as well as they localize with autophagosomes
and lysosomes. Besides its role in macroautophagy and selective autophagy (such as
mitophagy) that has been fully investigated, there are several evidence that p62 is the main
actor in mediating the cross talk between autophagy and UPS. First, the proteasome is
inhibited in autophagy-deficient cells due to accumulation of p62; second, pharmacological
inhibition of the proteasome also increases p62 expression [33]; third, p62 silencing attenu-
ates the accumulation of proteasome substrates [34]. One explanation is that accumula-
tion of p62 sequesters ubiquitinated proteins that aggregate and become inaccessible to the
proteasome.

Intriguingly, p62/SQSTML1 is also known as an inhibitor of proteasomal degradation of
LC3 [35]. In linking proteasomal degradation and autophagy, an important role is also
played by HDACS, the enzyme that regulates the acetylation of y-tubulin and facilitates
the transport of polyubiquitinated protein aggregates to the nascent phagophore [36].
HDACS6 has been shown to be involved in both aggresome formation and the fusion of
autophagosomes with lysosomes, thus making it an attractive target to regulate protein
aggregation.

A second important link is that ubiquitination can affect stability and function of ATG pro-
teins and their upstream regulators. Many ubiquitin E3 ligases have been demonstrated to
regulate autophagy: for instance, RNF5, which directly modulates the stability of ATG4B, or
TRAF6, Nedd4 or NEDD4L, which mediate ubiquitination of Beclin 1 and ULKI, respectively
[8]. Intriguingly, a catalytic activity—independent role for ubiquitin ligases such as TRIM13
and c-Cbl in autophagy is emerging by regulating the recruitment of autophagy adaptors like
LC3 and p62 [37].
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Figure 1. Overview of autophagy and the ubiquitin proteasome system (UPS). Autophagy and UPS are the main
intracellular recycling processes. While autophagy degrades long-lived proteins, protein aggregates, and whole
organelles (e.g. mitochondria), UPS is involved in degrading short-lived proteins. Proteins and organelles that need to be
degraded are labeled by ubiquitin. Ubiquitin chains can be recognized by adapters, such as p62, that mediate the binding
of the target with the proteasome (UPS) or with the protein LC3II (autophagy). Autophagy begins with the formation of
the phagophore that embeds the material to be recycled and maturates into the autophagosome. The autolysosome is
then formed through fusion with the lysosome, and hydrolases are responsible for the content degradation.

3. Autophagy and DNA repair

Genome integrity is preserved by an evolutionary conserved machinery named DNA dam-
age response (DDR). Upon DNA damage, molecular key players of DNA repair pathways
induce arrest of cell cycle progression and enhance activation of DNA repair pathways [38].
Programmed cell death mechanisms are then activated if the DNA lesions are not repaired
and, so far, defects in DNA repair and death processes are considered the major source of
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genomic instability and malignant transformation [39]. Although autophagy is a cytoplas-
mic process, autophagy-deficient cells display genomic instability and accumulation of DNA
damage [28]. To date, a range of mechanisms have been found to be involved in linking
autophagy and DNA repair, this opening important questions that need to be addressed.

3.1. DNA damage response (DDR): an overview

The DDR is comprehensively a set of intracellular pathways and specialized molecules that
are activated in response to different types of damage to facilitate repair and prevent cell
transformation and death. This process has been widely investigated and well-reviewed else-
where [40-43]. We here provide only a brief overview of its function and components that is
relevant to understand the cross talk between DNA repair pathways and autophagy.

DNA damage can be caused by several exogenous (e.g. ultraviolet light or ionizing radia-
tion) or endogenous agents (e.g. reactive oxygen species (ROS)). The most common types
of lesion can be single-strand breaks (SSBs), double-strand breaks (DSBs), and interstrand
cross-links (ICLs). Sensing DNA damage results in the initiation of some programs, includ-
ing cell cycle arrest, checkpoint activation, and DNA damage repair [38—43]. When a DNA
lesion occurs, histones undergo PTMs, such as phosphorylation and acetylation, that lead to
chromatin relaxation. This provides access to DDR sensors that bind DNA lesions. Initially,
DSBs are bound by the Mrell complex (MRN), including Mrel1/Rad50-Nbsl, that recruits
the ataxia telangiectasia mutated protein kinase ATM [44]. ATM activation is then induced
by a series of PTMs that trigger the recruitment of additional proteins, including checkpoint
kinase 2 (Chk2), involved in cell cycle control, the tumor suppressor protein p53 that controls
cell survival, and HDAC1 and HDAC2 that regulate chromatin remodeling to further orches-
trate and amplify the DSB response. In the case of DSBs, the ATM-DNAPK pathway induces
phosphorylation of the histone variant y-H2AX that flanks DBS sites.

SSBs, instead, favor the activation of ataxia telangiectasia and Rad3-related (ATR) kinase that
is recruited by the replication protein A (RPA) complex [45]. ATR activity is, in turn, amplified
by the recruitment of several factors, leading to the spread of SSB signal.

There are five main DNA repair mechanisms: mismatch repair (MMR), base excision repair
(BER), nucleotide excision repair (NER), nonhomologous end joining (NHE]), and homolo-
gous recombination (HR). MMR, BER, and NER are used for different types of base-associated
lesions that require a single strand incision. NHE] and HR repair mechanisms are involved
in DSB repair [38, 39].

DNA repair is carried out by a large number of enzymes that chemically modify DNA to
repair the damage, including nucleases, helicases, polymerases, topoisomerases, recombi-
nases, ligases, glycosylases, demethylases, kinases, and phosphatases. PTMs of these proteins
by ubiquitin and ubiquitin-like modifiers (UBLs) are essential in regulating the enzymes that
reestablish genome integrity after damage.

Mutations and dysfunctions in genes involved in DNA repair pathways have been impli-
cated in many human diseases, such as neurological and immunological defects, aging, and
cancer [38]. In the nervous system, indeed, neurons exhibit high oxygen consumption by
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mitochondrial respiration, which can result in oxidative stress and subsequent DNA dam-
age; given that neurons display limited capacity of replacement, DNA repair pathways play
an essential role to maintain their homeostasis [39]. Deficiency in multiple DNA repair path-
ways, including NER, BER, and DSB repair, has been linked to premature aging. Finally, the
maintenance of genomic integrity by DNA repair pathways is critical to prevent tumorigen-
esis, as indicated by the cancer predisposition of several DDR syndromes [46].

3.2. Connections between autophagy and DNA repair

The first evidence that linked autophagy to DNA damage came out to understand why
defects in autophagy rendered cells susceptible to metabolic stress promoting tumorigenesis.
In 2007, Mathew and colleagues reported for the first time that autophagy could function to
protect the genome [28]. Knockdown of autophagy genes such as ATG5 and Beclin 1 results in
gene amplification, chromosomal instability, and aneuploidy, facilitating tumor progression.
In detail, in autophagy-deficient cells, they found an increase in the levels of y-H2AX and
other DNA damage responses, suggesting that constitutive and stress-induced autophagy
is important to prevent DNA damage and maintain the integrity of the genome [28, 47-51].

Interestingly, it has been reported that in murine embryonic fibroblasts (MEFs), knockout for
the 200 kDa FAK-family interacting protein (FIP200), there is a significant decrease in DNA
damage repair in response to ionizing radiation as well as to chemotherapeutic agents [52].
FIP200 is a component of the ULK1 complex and is essential for activation of autophagy. In
this study, at variance with its potential tumor suppression function, inactivation of FIP200
and subsequent deficiency in autophagy sensitize cells to apoptosis-inducing agents probably
due to the defective DNA damage repair.

From then onwards, several studies have demonstrated that autophagy participates, directly
or indirectly, in DNA repair pathways. Indeed, it is now accepted that autophagy, in particu-
lar mitophagy —the selective removal of damaged mitochondria, can prevent genomic insta-
bility by removing ROS-producing mitochondria, since ROS are one of the major sources of
DNA damage as they could directly modify the DNA or indirectly generate different lesions,
both affecting cell viability [53]. Moreover, autophagy is also necessary for providing energy
and metabolites required for an efficient DNA repair. In fact, many evidence show that, by
sustaining the energy demand required to support DNA repair processes, autophagy can
help the development of chemoresistance mechanisms in cancer cells, delaying apoptotic cell
death upon DNA damage [54, 55]. Besides that, it is now clear that autophagy can be activated
by DNA damage at multiple levels. The use of the DNA-damaging agents such as camptoth-
ecin, etoposide and temozolomide, p-anilioaniline, and ionizing radiation (IR), in addition to
initiate cell cycle arrest, also initiates autophagy [54, 56, 57].

As described above, ATM is a central regulator of the DDR response. In response to DNA
damage, the transcription factor FOXO3a binds ATM, thus leading to its activation and pro-
moting repair. Both ATM and FOXO3a have been linked to autophagy. ATM induces the
activation of the energy sensor AMP-activated protein kinase (AMPK), leading to autophagy
progression [58, 59]. On the one hand, AMPK interacts with the main negative regulator of
autophagy, the mTORC1 complex via a pathway involving tuberous sclerosis complex 1 and
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2 (TSC1/2); on the other hand, AMPK directly phosphorylates one of the key protein kinases
that initiate autophagy, ULK1 [60, 61]. ATM also mediates the activation of Che-1, a RNA
polymerase II-binding protein that regulates the transcription of two mTOR inhibitors: Redd1
and Deptor [62]. Otherwise, FOXO3a controls the transcription of autophagy-related genes,
such as LC3 and Bnip3 [63-65]. Another DDR protein involved in autophagy is poly[ADP-
ribose] polymerase 1 (PARP1). After a DNA lesion, PARP1 synthesizes poly(ADP-ribose)
chains that recruit the DNA damage repair proteins. Recently, it has been demonstrated that
hyperactivated PARP1 causes a depletion of ATP that leads to AMPK activation and, conse-
quently, to autophagy induction [66].

A crucial regulator of DNA repair pathways is the tumor suppressor protein p53. P53 has a
dual role in autophagy [67, 68]: on one hand, p53 together with other members of its family
(p63 and p73) regulates transcriptionally autophagy-related proteins; on the other hand, p53
acts directly on AMPK signaling.

Moreover, HDAC proteins represent a significant link between autophagy and DNA repair
pathways. HDACs are histone deacetylases that influence DNA damage response through
acetylation of key DNA repair and checkpoint proteins. Robert and colleagues found that
HDAC:s control chromosome stability by coordinating the ATR checkpoint and DSB process-
ing with autophagy [36]. In particular, HDAC inhibition triggers degradation of the recombi-
nation protein SAE1 (in human CtIP) by promoting autophagy that affects the DNA damage
sensitivity of HDAC mutants.

Recent studies have suggested that another family of proteins called sirtuins could play an
important role in autophagy and DNA repair pathways. Sirtuins are protein deacetylases
dependent on NAD+ that are involved in autophagosome formation by deacetylating ATGS5,
ATG7, and ATGS8. In DNA repair pathways, sirtuins regulate transcriptional activity of p53,
thus affecting cell cycle and cell death under DNA damage conditions [69].

Recently, an interesting connection between DNA repair signaling and mitophagy has also
been provided. As mentioned above, damaged mitochondria may produce elevated levels
of ROS, thus inducing DNA damage. In addition, blockage of mitophagy can result in the
accumulation of dysfunctional mitochondria, damaged mtDNA, and an increased rate of
apoptotic cell death. Feng and colleagues found that in ataxia telangiectasia patients, charac-
terized by ATM dysfunctions, the defect in the nuclear DNA damage repair leads to defective
mitophagy [70]. This occurs through the impairment of Sirtuinl activity that, in turn, affects
the expression of the mitochondrial uncoupling protein 2 (UCP2), responsible for the import,
cleavage, and removal of PINK1, a key molecule in mitophagy induction.

Intriguingly, new evidence suggests a direct role for autophagy in the function of “error proof”
HR, NER, or MMR. About the involvement of autophagy in NER regulation, (an adaptable
DNA repair pathway that corrects helix-distorting base lesions induced by environmental
carcinogens), it has been found implicated in downregulating the transcription of XPC and
impairing the recruitment of DDB2 to UV-induced lesion sites through TWIST1-mediated
inhibition of EP300 [71]. MMR defects also impair autophagy induced by chemotherapeutic
drugs [72]. Mispairs induced by nucleoside analogs, such as 6-thioguanine (6-TG) and 5-fluo-
rouracil (5-FU), have been reported to induce autophagy in a p53-, mTOR-dependent manner
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by upregulation of BNIP3. These studies suggest that targeted inhibition of the autophagic
pathway may enhance the cytotoxicity of those anticancer agents that are recognized and
processed by the MMR system.

Of note, the protein UVRAG (UV-irradiation-resistance-associated gene) plays a dual role act-
ing both in autophagosome formation and maturation and chromosomal stability [73], inde-
pendently from autophagy. In autophagy, UVRAG is responsible for the activation of PI(3)
class III (PI(3)KC3) kinase through Beclin 1 interaction. During NHE], UVRAG interacts and
helps the assembly of the upstream protein kinase of the NHE] pathway, DNA-PK. Moreover,
UVRAG is found to be associated with centrosomes by its interaction with CEP63. Affecting
the UVRAG-centrosome interaction destabilizes centrosomes, resulting in extensive aneu-
ploidy. In the same way, Beclin 1 exerts a specific role on the NHE] pathway [74]. Conversely,
the genomic instability characterizing autophagy-defective mice models underlines how
autophagy-deficient cells rely on the error-prone NHE] repair process.

Of note, one of the most important connections between autophagy and DNA repair path-
ways is highlighted by the mediator of autophagy on UPS, the adaptor protein p62. These
very recent and fascinating discoveries will be better explained in the next paragraph.

4. Autophagy, ubiquitination, and DNA repair

As previously described, p62 is an autophagic receptor and substrate that selectively targets
polyubiquitinated proteins for degradation via both proteasome and autophagy. P62 levels are
impaired in many diseases, such as cancer, proteinopathies, neurodegeneration, obesity, and
liver diseases [75, 76]. P62 protein levels are strongly induced by different proteotoxic stresses
such as oxidants, proteasomal inhibitors, or ionophores; many p62 functions are carried out
by its N-terminal PB1 and C-terminal UBA domains that are necessary for protein-protein
interactions and for its polymerization. P62 is commonly found in the cytosol, together with
ubiquitinated proteins or aggregates; however, by now, it is evident that p62 is able to shuttle
between cytoplasm and nucleus by a specific nuclear export signal (NES) and two nuclear
localization signals (NLS) [22]. In the nucleus, p62 is found associated to promyelocytic leuke-
mia bodies (PML) that usually contain proteasomes, chaperones, and ubiquitinated proteins
[77]. Its nucleocytosolic distribution is finely regulated by several mechanisms, including self-
association, phosphorylation, and binding to ubiquitinated proteins. In particular, accumula-
tion of ubiquitinated proteins is able to retain p62, resulting in its accumulation in aggregates
both in the cytosol and in the nucleus. It has been recently found that nuclear p62 is able to
associate with markers of DNA repair, providing the first important link among autophagy,
UPS, and DNA repair [20]. More in detail, Hewitt and colleagues found that after DNA dam-
age (X-ray irradiation), p62 was associated with DNA damage foci (DDF); this association
decreased after autophagy induction and it was impaired in autophagy-deficient cells, thus
suggesting a role for p62 in mediating the effect of autophagy on DNA repair. The molecular
mechanism by which p62 carries out its functions in this context involves the proteasomal
degradation of two essential DNA repair-related proteins: filamin A (FLNA) and the RAD51
recombinase. FLNA is known to mediate the recruitment of RAD51 to DSB and facilitate
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HR. The p62-mediated proteasomal degradation of FLNA results in reducing RAD51 protein
levels and slower DNA repair. Therefore, autophagy is able to control HR by reducing the
levels of its substrate p62. Overall, these findings explain how autophagy impairment leads
to an increase in DNA damage and consequently to genomic instability. This is particularly
relevant during aging, when nuclear levels and co-localization of p62 with DNA damage foci
have been reported to increase and when autophagy is gradually impaired, underlining the
important role of this pathway to age-related diseases.

Novel important mechanistic insights into the connection among autophagy, ubiquitination,
and DNA damage response have been presented in the same year, and also in those cases, a
main role was played by p62. Wang and colleagues identified the E3 ligase RNF168 as a novel
p62-binding protein [21]. RNF168 is an ubiquitin E3 ligase that binds ubiquitinated histones
H1 and H2A, thus propagating the H2A ubiquitination at sites of DNA damage [78]. RNF168
catalyzes Ub-K63 chains on Lys13-15 of H2A and H2AX [79-81]. The RNF168 pathway has
an important function in regulating the DSB repair pathway choice, by promoting the recruit-
ment of the key repair factors for both NHE] and HR at chromatin areas near DSBs. Wang
and colleagues discovered that p62 inhibits RNF168 E3 ligase activity, leading to a decrease in
RNF168-dependent polyubiquitination of histone H2A [21]. It has been reported that the LB
domain of p62 is responsible for the binding and repression of RNF168. After DNA damage,
p62 dissociates from RNF168, presumably because p62 is degraded by autophagy. In autoph-
agy-deficient cells, indeed, p62 accumulates at DNA damage sites and impairs chromatin
ubiquitination. When histone ubiquitination decreases, the recruitment of DNA repair pro-
teins such as BRCA1, RAD51, and RAPS0 to sites of DSBs is compromised and consequently
also the repair of radiation-induced DNA damage.

Besides the direct role of p62 in DNA repair, some key factors of DNA damage response have
also been found to be degraded by autophagy. The heterochromatin component HP1a is nec-
essary to maintain chromatin in a condensed state, and this hides the RAD51 binding site at
DSBs. A recent study showed that, after X-ray irradiation, the E2 ligase RAD6 interacts with
HP1a, leading to its ubiquitination and degradation via autophagy. HP1a autophagy-mediated
degradation makes chromatin more permissive for the catalysis of HR [82]. In addition, these
findings are supported by another work showing that RAD6 is important for Parkin-dependent
mitophagy [83]. Interestingly, checkpoint kinase 1 (Chk1), a regulator of DNA damage repair
by HR, is another target of autophagy. A recent paper shows that loss of autophagy results in
decreased levels of total and phospho-Chk1; the authors propose that decreased levels of Chk1,
in the absence of autophagy, are due to increased proteasomal activity and this, in turn, impairs
both DNA damage repair by HR (but not NHE]) and genomic integrity [84]. Another study
identified Chk1 as a target of chaperone-mediated autophagy (CMA) [85]. Park and colleagues
found that CMA is upregulated by DNA damage after both irradiation and chemotherapy,
thus inducing degradation of p-Chk1 [86]. Interestingly, CMA is able to degrade Chkl only
after its phosphorylation on Ser345; by contrast, Ser317-phosphorylated Chk1 is the preferred
substrate of the proteasome. When CMA is defective, Chkl accumulates in the nucleus and
leads to destabilization of the MRN complex involved in the initial processing of DSBs prior to
DNA repair by HR, thus facilitating genomic instability. A schematic representation of the cross
talk among autophagy, ubiquitination, and DNA repair machinery is reported in Figure 2.
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Figure 2. Model of autophagy in the DNA damage response. Autophagy impairment is directly associated with the
modulation of different DNA repair pathways and with the formation of DNA double strand breaks. Mitophagy defects
lead to the accumulation of malfunctioning mitochondria and to the increase of reactive oxygen species (ROS) that
cause the formation of DNA double strand breaks. Upon DNA damage, different DNA repair pathways are induced,
depending on the type of DNA lesion and on the phase of cell cycle. It has been demonstrated that impairment on
autophagy decreases the functionality of homologous recombination (HR). P62 levels increase upon autophagy
downregulation, thus inducing the proteasome-dependent degradation of CHK1 or Rad51/FLNA proteins. Moreover,
p62 affects HR repair by directly binding and inhibiting the histone ubiquitin ligase RNF168. On the other hand,
autophagy-related proteins, such as Beclin 1 and UVRAG, can shuttle into the nucleus and promote the nonhomologous
end joining pathway of DNA repair.

Recent publications reported that autophagy can also positively regulate NER, acting on the
levels of NER-specific damage recognition proteins such as XPC, UVRAG, and DDB1/2. As
previously mentioned, UVRAG is involved in both autophagy and DNA repair. In this work,
they found that, after irradiation, UVRAG localizes to DNA lesions and associates with DDB1
to promote assembly and activity of the DDB2-DDB1-Cullin4A-Rocl ubiquitin ligase com-
plex, thus leading to XPC recruitment and NER [87]. Moreover, impairment of autophagy
leads to both transcriptional suppression and ubiquitination of XPC, a key process for DNA
damage recognition [71]. Intriguingly, the DDB1-Cul4 ubiquitin complex is also known to be
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directly involved in autophagy [11]. In fact, the pro-autophagy protein AMBRA1 is degraded
by Cullin-4 in a time-dependent manner during autophagy. In nutrient-rich conditions,
Cullin-4 association limits AMBRA1 abundance. ULK1 activation by nutrient deprivation
causes a rapid release of AMBRAL from Cullin-4 and consequent AMBRA1 protein stabiliza-
tion. Several hours later, Cullin-4 reassociates with AMBRAL1 and triggers its degradation,
initiating autophagy termination.

How the mechanism of autophagy termination upon starvation can be applied also to other
types of stress remains unknown. Recent evidence shows that Cullin-1 is responsible for ter-
mination of autophagy after DNA damage [88]. Cullin-1, via binding its receptor FBXL20,
mediates the proteasomal degradation of VPS34, a key component of Beclin 1 complex in
autophagy. Degradation of VPS34 occurs during the mitotic arrest induced by DNA damage
agents by CDK1-mediated phosphorylation and after transcriptional induction of FBXL20
and p53.

5. Conclusion and perspectives

Autophagy is a central player in the regulation of DNA repair pathways and it may have
evolved as a quality control system that responds to many stressful conditions, including
DNA damage.

In recent years, there have been impressive advances in our understanding of the principles
and mechanisms by which autophagy cross talks with the DNA damage machinery and how
integration with PTMs, in particular ubiquitination, allows for optimal context-dependent
DSB repair. Impairments in autophagy have been linked to increased susceptibility of the cells
to genotoxic agents, and this could be important in anticancer therapy. However, it should be
taken into account that this process plays a context-dependent role in cancer development.

Interestingly, defects in DNA damage repair impair autophagy. Contrarily, an impairment of
autophagy causes the production of protein and free radicals increasing mutation rate, which
might promote human diseases such as cancer and neurodegeneration. However, the ques-
tion about the exact role of autophagy in DNA repair pathways and its implication for cancer
therapy is still waiting for a complete answer.
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Abstract

Chromatin remodeling, ubiquitylation, and DNA damage repair may be regarded
as three discrete processes, but in fact, they are three extremely important interlinked
processes that are imperative for the sustenance for life. Discrepancies in one will have
outcomes that will affect the other processes direly. Exogenous and endogenous factors
persistently affect the DNA by inducing damage and modifications. To sustain the integ-
rity of life, these challenges need to be combated efficiently. For the preservation of the
structural and functional components of the genome, nature has allowed them to evolve
numerous pathways that constantly work to repair the induced damage. This sort of
response is termed as DDR (DNA damage response) that include BER and NER (base
excision and nucleotide excision repair, respectively) and non-homologous end joining
and homologous recombination (NHE] & HR). Since the DNA in cells is exceedingly
organized and compressed, hence any process that utilizes DNA as its substrate requires
essential remodeling of the chromatin structure. The chapter emphasizes on the phenom-
enon of chromatin remodeling and ubiquitylation which subsequently affects the integral
process of DNA damage repair.

Keywords: chromatin remodeling, ubiquitylation, DDR, NHE], HR, BER, NER,
exogenous and endogenous factors

1. Introduction

The dynamic structure of chromatin not only aids in wrapping the entire colossal genome into the
boundaries of the nucleus but also plays an imperative role in regulating the accessibility of the
DNA for various processes and mechanisms like recombination, transcription, replication, and
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repair. At the cytological level, the structure of nucleosome may appear inflexible; however, the
repeating subunits of chromatin are highly dynamic and flexible in nature [1].

Chromatin is an intricate macromolecular structure that is basically found in cells, which
consist of DNA, protein, and RNA. The protein component of chromatin is the histones,
which are primarily responsible for the compaction of DNA [2]. The main functions of chro-
matin include packaging of DNA into a compact shape, reinforcement of the DNA molecules
in such a way to allow the process of mitosis and controlling gene expression and DNA
replication. The compaction of chromatin can vary depending on the type of cell and the
phase of cell cycle that the cell is in. Chromatin in the nucleus can exist as euchromatin or
heterochromatin. At the time of interphase cell is not dividing actively, this is euchromatin
which is in less packed and compact form. DNA is usually exposed in euchromatin form and
processes like replication, and transcription can take place readily. However, a small amount
of chromatin exists as heterochromatin. It consists of repeating units known as nucleosomes
which consist of around 150 bp of DNA wrapped around a core of octamer of histones.
Core consists of two of each of the following subunits H2A, H2B, H3, and H4. The DNA is
tightly packed and is not in an unwind state to facilitate the processes like replication, gene
transcription, etc. During staining procedures, heterochromatin stains more darkly than
euchromatin [3].

Histones play an important role in maintaining the dynamicity of the chromatin structure.
Histone exchange is a process that is utilized by the cell to maintain the dynamicity and
subtlety of the chromatin structure. The process involves the removal of entire nucleo-
some or some designated part of it which is trailed by replacement with newly synthesized
histones or different components of it. This crucial mechanism of swapping is commonly
known as histone turnover. Histone turnover has dominant applications in sustaining the
structure composition and functions of different expanses of the genome. For instance,
hyperactive exchange of histones will lead to an eventual increase in the accessibility of
a specific genomic area to the different components of the cell such as the enzyme DNA
polymerase II, thus facilitating and enabling the process of transcription. Nevertheless, if the
components of the nucleosome are replaced with other alternatives which are not compatible
with cellular processes and hinder subsequent exchange, then this will hinder the avail-
ability of DNA for important processes like transcription. A category of histones known as
canonical histones can be potentially replaced by histone variants but alter both the physical
and chemical structure of nucleosome ultimately direly affecting various cellular process
discreetly. Factors that regulate the exchange of histones during transcription include PTMs,
chromatin remodelers, and histone chaperones which work individually or in accordance
with each other [1].

Histones are one of the most copiously ubiquitinated proteins. The ubiquitination of the his-
tones plays a crucial role in many processes undergoing in the nucleus. The processes include
transcription, maintenance, and regulation of the chromatin structure along with DNA repair
[4]. The protein ubiquitin is involved in the process of ubiquitination. Ubiquitin is a regula-
tory protein weighing 8.5 kDa found in many tissues of eukaryotic organism which was dis-
covered back in 1975 [5] by Gideon Goldstein and was further characterized and categorized
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throughout the span of 1970s and 1980s [6]. It is encoded by a total of four genes in the human
genome, namely UBB, UBC, UBA52, and RPS27A [7]. The addition of the regulatory protein
ubiquitin to a substrate protein is known as ubiquitination. The process of ubiquitination is
known to affect proteins in many ways: it usually marks them for destruction or degradation
via the proteasome pathway and it is also known to change the cellular location of the proteins
and sometimes promoting or inhibiting various protein interactions along with playing an
important role in signal transduction and protein trafficking [8-10]. Ubiquitination involves
three main steps: activation, conjugation, and ligation. These three major steps are performed
by ubiquitin-activating enzymes (Els), ubiquitin-conjugating enzymes (E2s), and ubiquitin
ligases (E3s), respectively. The result of this consecutive cascade of reactions is finally the
binding of ubiquitin to lysine on the substrate protein by an isopeptide bond, cysteine resi-
dues through a thioester bond, serine and threonine residues via an ester bond, or the amino
group of the protein’s N-terminus via a peptide bond resulting in one of the fates mentioned
above [11-13].

The process of DNA repair is closely linked to histone ubiquitination, deubiquitination, and
chromatin remodeling [4, 14]. DNA repair is a systematic process by which the cells of body
recognizes and consequently corrects the damage to which DNA molecules are exposed
that subsequently encodes the genome of an organism. In case of the human cells, DNA
damage can be caused by abnormal cell cycle, metabolic activities as well as environmental
factors such as radiations especially the UV radiation. All these can cause as many as 1 mil-
lion lesions and abrasions to the DNA in a single day [15]. These lesions are responsible for
causing basic impairment and damage to the DNA molecule which resultantly removes or
changes the ability of the cells to transcribe a gene that the affected part of the DNA encodes.
Furthermore, other lesions may be able to induce destructive mutations in the genome of a
cell consequently disturbing the overall survival of the progeny cells as it undergoes mitosis.
Resultantly, the repair processes for DNA are continuously active because they retort to the
damages in the DNA structure. When these normal repair processes of the DNA molecules
fail to repair the damage and when programmed cellular death (apoptosis) does not take
place, irreversible DNA occurs which include cross linkages also known as inter-stand cross
links, double and single breaks in the DNA molecule which will eventually lead to the forma-
tion of malignant tumors [16, 17], or other sort of cancers according to the two-hit hypothesis.
Like all other processes, DNA repair is also dependent on factors, including type and age
of cell and extracellular environment of the cell. A cell that has hoarded a great amount of
damaged DNA or a cell that no longer effectively repairs the damaged DNA will face one of
the three possible fates:

1. Anirreversible state of latency, known as senescence.
2. Suicide of the cell, also known as apoptosis.
3. Unchecked cell division leading tumor formation that can eventually lead to cancer.

Repairing of damaged DNA is vital for the maintenance of the integrity of the genome and to
preserve the normal functioning of the genome [18].
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Figure 1. Interplay between chromatin rearrangement and DNA damage response, adapted from [19].

Figure 1 explains the close association between DNA damage response and repair and
remodeling of the chromatin. As the subtleties of the chromatin structure play a part in main-
taining the stability of the genome, intra and internucleosomal interactions along with post
translational modifications of histones, histone variants, and the function of ATP-dependent
chromatin remodelers all collectively play their due share in controlling and maintaining the
structural assembly of the chromatin. Collectively, all these factors safeguard appropriate
and suitable chromatin conformation during different stages of the diverse cell cycle and dur-
ing numerous DNA templated processes. The OPEN state is vulnerable to both external and
internal damage consequently leading to increased DDR. The CLOSED state on the other hand
successfully overpowers the dual genomic invectives and acts as a determent to DDR. The
closed state also hinders various processes such as transcription, recombination repair, etc.
Hence the subtleties of the chromatin arrangement aid not only in repairing DNA lesions and
damages but also in permitting access to cellular machineries to accomplish processes that
depend on DNA, thus ensuring the maintaining of the steadiness of the genome [19].

In this chapter, we aim to explain the link between these three extremely important processes
as current research advances have defined central roles of all the three processes, histone
ubiquitination, remodeling of chromatin, and DNA repair.

2. Mechanism of gene activation and regulation

2.1. DNA repair and chromatin remodeling

Chromatin decondensation and reorganization has a crucial role in all cellular processes that
use DNA as template or substrate like DNA repair mechanism, replication, and transcrip-
tion. For example, base excision repair (BER) that requires the removal of altered or damaged
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base relies in chromatin remodeling, similarly for the nucleotide excision repair (NER) that
counteracts with helix distorting lesions caused by UV radiations [20]. NER has two modes
of action which are dependent on the nature of lesion caused, the transcription coupled-NER
(TC-NER) only operates in genes that are transcriptionally active where polymerase-II trig-
gers the DNA damage response while the global genomic NER branch (GG-NER) operates
when lesion is in chromatin environment but both of the pathways fill the gap by same core
machinery [21, 22]. The open and compact structure of chromatin affects the activation and
efficiency of DNA damage response (DDR), as it is difficult for repair proteins to reach a
damaged structure in compact or highly condensed chromatin. In case of a double stranded
break (DSB), chromatin relaxation along with the recruitment of break-sensing proteins at
the damaged site is induced via an ATP-dependent mechanism that works independently of
DDR kinases [23].

The ATP-dependent chromatin remodeling enzymes are a source of chromatin reorganization
and transformations. The Snf2- or SWI/SNF enzymes, that were first discovered as chromatin
remodeling enzymes during the characterization of yeast, consists of a conserved sequence
of seven amino acids which is present in all eukaryotes [24, 25]. Depending on the sequence
homology in the ATPase core, the Snf2 proteins have been assigned 24 subfamilies [26]. These
chromatin remodeling enzymes interact with each other and induce a range of chromatin
transformations such as histone octamer sliding across DNA, change in nucleosomal DNA
conformation, and composition of histone octamer. DNA is tightly bound to histone octamer,
which is disrupted by chromatin remodeling which is disrupted by chromatin remodeling
enzymes during chromatin de-condensation and reorganization [27].

However, DDR kinase-dependent chromatin changes promote the local environment favor-
able for DNA repair mechanism of which the most important is regulation of nuclear orga-
nization. Studies in yeast suggest that there are repair centers for DSB repair; however, the
unrepairable DSBs move towards the nuclear periphery, and these are merged into a single
repair focus [28]. Moreover, increased mobility of chromatin has been observed in yeast nuclei
as a consequence of DSB which increases the DNA repair efficiency, and this movement is
attributed to MeclATR kinase, RAD51recombinase, and resection of DNA end [29, 30].
RADb51-coated DNA is efficient in finding its homologous sequence [31], thereby promoting
the repair machinery to act. Double stranded breaks (DSBs) are either repaired by error-free
homologous recombination (HR) that involves sister chromatids or by error-prone nonho-
mologous end joining (NHE]) that involves the damage recognition by Ku70/80 that bind to
damaged DNA and recruit DNA-PK, a serine/threonine protein kinase that induce confor-
mational changes on damage site after which protein kinase ataxia-telangiectasia, mutated
(ATM), and ATM and Rad3-related protein (ATR) are recruited that interact with XRCC4 and
DNA ligase IV that proceed to DNA relegation as shown in Figure 2 [22, 23, 24, 33].

The damaged region of heterochromatin moves toward the outside boundary as a consequence
of heterochromatin expansion caused by the break and DDR kinases that lead to RAD51
dependent homology search [35]. The exact mechanism is still not known, but DDR kinases
have been observed to modify nucleoporins that in turn breaks the interaction of chromosome
and pores [36]. Another possibility is the phosphorylation of KAP1 that binds heterochroma-
tin protein HP1 and chromatin remodeling factors like INO80 and H2A are recruited which
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Figure 2. DSBs induces histone modification and DDR.

facilitate the mobility and repair machinery [37-39]. Damage recognition is highly dependent
on chromatin conformation changes and signaling cascades based on phosphorylation, ubig-
uitylation, and PARylation, these pathways also facilitate DDR by halting cell cycle.

2.2. Chromatin ubiquitylation

Amongst chromatin ubiquitination, modification of H2A, core histones, H2B, H3, H4, and
linker H1 are modified by ubiquitin. This modification of histone plays its vital role in tran-
scriptional control and DDR [40]. The exact role and mechanism is still to be explored, but H2A
ubiquitination has been proposed in chromatin folding [40, 41]. The ubiquitination of linker H1
occurs through TAFII250 that is a part of transcription factor TFIID [42].

2.3. DNA repair and histone ubiquitylation

Most common histone modification is histone ubiquitination that has been observed to
play a vital role in DDR. Impairment of DNA repair has been identified as a major culprit
as defense mechanism is evoked against cells that have cell cycle arrest, apoptosis, and
DNA damage [43]. A DSB evokes the phosphorylation of H2AX at vy position and tracks
the damage by ATM, ATR, and DNA-PK [44]. This phosphorylation facilitates the accu-
mulation of Mdc1/NFBD1, RNF8, RNF168, and response regulators [45]. The K63-linked
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polyubiquitination on histone H2A and H2AX is catalyzed by RNF168 and RNF8 and
acts as an recognition element that in turn recruits RAP80 which consequently recruits
BRCA1 [46-52]. Apart from polyubiquitination, the monoubiquitination of histones H2A,
H2B, and H2AX also occurs at DNA damage site. This monoubiquitination of histones is
catalyzed by RING1B/BMI1 and RNF20/RNF40, moreover, the depletion of RNF20 disrupts
monoubiquitination which ultimately halts the DNA repair machinery in both HR and
NHE] pathways [53].

Histone modification at DNA damage loci is ubiquitination of H2A histone, variant H2AX,
and H1 linker histone [32, 49, 54]. MDC1-dependent recruitment of E3 ligase RNF8 along
with Ubc13 catalyzes K63-linked polyubiquitination of histone H1 at DSBs [55]. This ubiquiti-
nated histone H1 mediates the recruitment of E3 ligase RNF168 and RNF8 which triggers the
catalysis of histones H2A and H2AX at lysine 13-15 [49, 54, 56, 57]. These histones provoke
the effector proteins BRCA1 and 53BP1 to damage site promoting homologous recombination
(HR). BRAC1 through its binding partner within BRCA1-A complex RAP80 tether to his-
tone H2A and is considered essential for HR, whereas 53BP1 is a mediator of NHE] Figure 3
[34, 47, 52, 58].

Ubiquitination is a prominent feature of chromatin signaling in NER, as during GG-NER E3
ligases catalyze the ubiquitination of histone H2A by UV-RING1B complex, which has DDBI,
DDB2, CUL4B, and the E3 ligase RING1B as subunits that operate the early damage recogni-
tion [59]. Ubiquitylation of lysine 119 of histone H2A is catalyzed and it provides an attach-
ment platform for H2A-ubiquitin binding protein ZRF1. CUL4B-RBX1 subunits are removed,
ZFR1 thus mediating UV-DDB CUL4A complex generation at damage site, and then factor
XPC is polyubiquitylated which stabilizes it at the damaged site [59, 60]. This ubiquitylation
of XPC acts as a timing device for damage recognition and verification [61]. Henceforth, the
ubiquitination and deubiquitination of histones mediate the DDR and compaction of chro-
matin [53, 62].
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Figure 3. Chromatin remodeling and DNA repair.
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Abstract

To maintain genome DNA, DNA repair machinery has been developed in cellular life
cycle. Multiple DNA repair pathways such as base excision repair, nucleotide excision
repair, DNA cross link damage repair, DNA single strand break repair and DNA double
strand break repair including nonhomologous end joining and homologous recombina-
tion are regulated by protein signal cascade. Because of limited gene number, protein
posttranslational modification signal has advantage to control cell dynamics during
development and senescence. This chapter focuses on how DNA repair proteins molecu-
lar modification including phosphorylation and ubiquitination contribute to genome
stability pathway during mammalian development and disease.

Keywords: DNA repair, BRCA1, FA pathway, NBS1, mammalian development,
inherited disease

1. Introduction

Genome DNA is damaged by several environmental factors such as ionizing radiation
(IR), ultraviolet (UV), environmental mutagen and metabolic products including reaction
oxygen species (ROS). It is well known that IR induces base damage, DNA cross link and
DNA strand breaks defined as, single strand breaks (SSB) and double strand breaks (DSB)
[1] For instance, 1Gy gamma-ray irradiation induces 1000 SSBs and 40 DSBs per cells [2]
Although base damage causes genome DNA mutation leading to cancer, DSB is a cata-
strophic damage that leads to severe chromosome breakage and cell death. To prevent this,
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in mammalian cells, there are two major DSB repair pathway: nonhomologous end joining
(NHE]) repair [3] and homologous recombination (HR) repair [4] (Figure 1). NHE] repair
joint DNA damage ends directly and act as dominant repair pathway through cell cycle. HR
repair is a precise pathway to repair completely with sister chromatid during S-G2 phase.

lonizing radiation

DNA double strand breaks j,

<O

Homologous recombination repair Mon-homologus end joining repair

(P)
28

Resecton .vlr &)

Sister chromatid

Figure 1. Schematic model of HR repair and NHE] repair.
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Both pathways cooperate to maintain genome DNA stability. Defect or depletion of related
proteins of DNA repair result in hypersensitivity to the IR, severe developmental failure
especially central nervous system and predisposition to the cancer. Recently, it is reported
that abnormal expression of DSB repair proteins causes neurodegeneration, and small head
phenotype called microcephaly. Neural stem cells and progenitors actively proliferate and
produce ROS from mitochondria respiration [5, 6], which attack genome DNA. Decreasing
of DNA repair activity is critical for cell survival. Furthermore, atomic bomb survivors
show microcephaly when they are exposed in the womb [7]. DNA damage and centrosome
amplification are critical for mammalian embryonic brain development [8, 9]. To regulate
DNA repair machinery, several protein posttranslational modification systems such as
phosphorylation, ubiquitination, SUMOylation, and NEDDylation are involved [10]. In
this chapter, to identify how DNA repair signaling pathways are involved in mammalian
development and disease, ubiquitination system in DNA repair machinery are focused on
and discussed.

1.1. DSB NHE] repair pathway

DNA-PKcs, Ku70, Ku80 are main components of NHE] pathway and recruited to DNA
damaged ends immediately when DSB occurred. Binding of Ku70/Ku80 to the DNA ends
is important for protection from resection and recognition as telomere ends [11, 12]. DNA-
PKcs act as a signal inducer by phosphorylation of several substrates [13]. DNA-PKcs also
phosphorylates itself to activate this pathway. Subsequently, XRCC4 is recruited to damage
sites as scaffold and then related proteins such as XLF, PAXX and Artemis are accumu-
lated [14]. Artemis has endonuclease activity to resect DNA ends to facilitate DNA ligation.
Polynucleotide kinase phosphatase (PNKP) is also recruited to DNA ends to remove 3’-P
groups or add 5'-P residues for ligation [15, 16]. Finally, DNA ligase IV joint DNA ends.
Because of broken ends by physical damage and resection by Artemis, NHE] pathway
sometimes generates DNA mutation and deletion. NHE] pathway is not only important
for DNA repair pathway, but also immune-systems, V(D)] recombination [17, 18]. Human
patients with deficiency of Artemis, XLF, Ligase IV show severe combined immunodefi-
ciency (SCID) and microcephaly phenotype. To investigate the role of DNA repair machin-
ery in central nervous system, brain-specific conditional knockout mice of Ligase IV and
PNKP were generated [19]. These mice show severe DNA damage and apoptosis in the
cerebral cortex during embryonic development. This suggests that NHE] repair machinery
is important for genome maintenance of neural stem cells and progenitors during brain
development.

1.2. DSB HR repair pathway

HR repair is a precise repair pathway that requires sister chromatid as DNA template.
Ataxia telangiectasia mutated (ATM) and MRE11/RAD50/NBS1 (MRN complex) are accu-
mulated to DNA damage sites as DNA damage sensor and ATM phosphorylates ATM itself
(auto-phosphorylation) to activate HR signal [20, 21]. ATM is master regulator of DNA
damage response signaling and has many substrates such as p53, SMC1, NBS1, MDCl,
53BP1 and CHK2. ATM regulates G1/S, S and G2/S cell cycle checkpoint. Ataxia telangi-
ectasia (AT) patients show hypersensitivity to the IR, immunodeficiency, predisposition
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to malignancy and progressive cerebellar neurodegeneration. MRE11 is responsible gene
for AT like disorder (ATLD). ATLD patients show similar phenotype with AT. MRE11 has
nuclease activity to generate 3’ ssDNA tails. Detail of NBS1 discussed below. After ATM
activation, signal mediator such as BRCA1 and 53BP1 are accumulated depending on ubiq-
uitination of histone protein by RNF8. RNF8 and RNF168 are key E3 ubiquitin ligase in
HR pathway [22, 23]. Poly-ubiquitination of histone H1 by RNF8 is important for RNF168
recruitment to the DNA damage sites. Chromatin remodeling associates with DNA damage
response to facilitate DNA repair. Histone protein modification is trigger of this process.
NBS1 and ATM interact with E3 ubiquitin ligase RNF20 which mono-ubiquitinates H2B
after DNA damage [24, 25]. RNF20 dependent H2B mono-ubiquitination is important pro-
cess of DNA repair, because depletion of RNF20 by siRNA reduces accumulation of RAD51
and BRCAI1 to the DNA damage sites. DNA exonucleases CtIP and Exol are recruited to
damage sites to resect DNA ends [26]. Then, Replication protein A (RPA) and RAD52 binds
to single strand DNA ends to protect DNA and replace with RAD51 and BRCA2 to promote
DNA recombination [27, 28]. Simultaneously, cell cycle checkpoint proteins, p53, CHK1
and CHK?2 activate to give repair time. HR factors are not only involved in DNA repair, but
also meiosis.

Both DNA repair pathway are strictly regulated, and several E3 ubiquitination ligases are
involved in these [29]. Defect of DNA repair machinery leads to chromosome aneuploidy and
several diseases such as neurodegeneration, inflammation and cancer [30].

1.3. NHE] and HR proteins and centrosomes

As mentioned earlier, NHE] and HR proteins are important for DNA repair to maintain
genome stability. In fact, defect of NHE] and HR proteins leads to severe inherited disease
such as immunodeficiency, neurodegeneration, developmental defect, predisposition to the
malignancy. Recent reports uncover that NHE] proteins and HR proteins localize centrosomes.
Centrosome is an organelle consists of two centrioles surrounded by pericentriolar material
(PCM) [31, 32]. y-tubulin ring complex (y-TuRC) attaches PCM to form microtubule extension.
Centrosome plays pivotal role for the proper cell division [33]. Mammalian cells usually have
one or two centrosomes depending on cell cycle. Ionizing radiation (IR) or some genotoxic
reagents trigger centrosome amplification, which cause multipolar cell division and chromo-
some aneuploidy [8, 34-37]. Centrosome duplication is basically regulated cell cycle machin-
ery. NHE] factors such as DNA-PKcs localize centrosomes [38]. We found that DNA-Pkcs or
Ku?70 deficient murine embryonic fibroblast (MEF) cells show slight centrosome amplification
compared with complementary cells. Meanwhile, HR factors such as ATM, NBS1, BRCAL,
BRCA?2 and Rad51 localize centrosome and depletion of these factors show significant centro-
some amplification [39]. The role of NBS1 and BRCA1 in centrosome maintenance is discussed
in the following section. ATM phosphorylates centrosome protein CEP63 to regulate spindle
assembly after DNA damage [40]. Inhibition of ATM in RAD51 deficient cells shows centro-
some amplification which means that ATM and RAD5] interaction is important for centro-
some proper duplication [41]. BRCA?2 interacts with NPM to form BRCA2-NPM complex to
maintain centrosome duplication and cell division [42]. CHK1 is one of key regulator for cell
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cycle checkpoint to activate G2/M checkpoint. Depletion of CHK1 expression leads to centro-
some amplification [41, 43]. After DNA damage, ATM- and Rad3-related (ATR) phosphory-
lates CHK1 to move to the centrosome from nucleus. ATR-dependent CHK1 translocation is
important for centrosome duplication after DNA damage [44, 45]. Recent reports unveiled
importance and molecular mechanism of HR factors in centrosome maintenance. However,
function and physical means of NHE] factors in centrosome still remain unclear.

2. Ubiquitination of DNA repair proteins and development

2.1. E3 ubiquitin ligase BRCA1

Breast and ovarian cancer gene, BRCA1 have multiple function in cell metabolism, including
DNA repair, chromatin remodeling, microtubule maintenance and centrosome duplication.
About 10% of women patients with breast cancer have inherited mutations in BRCA1 or BRCA2.
BRCAT1 forms heterodimer with BRCA1l-associated RING domain (BARD1) to act as E3 ubiquitin
ligase, which has several substrates including H2A, H2AX, RNA pol III, THIIE, NPM1, CtIP, ER-a
and claspin [46-51] (Figure 2). Since BRCA1 can mono-ubiquitinates H2A and H2AX in vivo, it is
believed that BRCA1 is required for chromatin remodeling after DNA damage [52, 53].

2.2. BRCA1 and centrosomes

BRCA1-BARD complex mono-ubiquitinates y-tubulin at Lysine 48 and Lysine 344, which is the
main component of centrosome [54-57]. Previously, we reported that Nijmegen breakage syn-
drome (NBS) gene and ATR gene products, NBS1 and ATR are involved in BRCA1 dependent
Y-tubulin mono-ubiquitination to regulate centrosome duplication [58, 59]. Deficient of BRCA1
leads to centrosome amplification. Furthermore, BRCA1 and NBSI1 are required for suppression of
low dose rate IR dependent centrosome amplification [60]. This result suggests that BRCA1 keep
genome integrity through cell cycle. So far, it is not known de-ubiquitinating enzymes (DUBs) of
Y-tubulin. CP110is a centriolar protein that regulates centrosome duplication. The level of CP1101is
regulated by ubiquitination and de-ubiquitination by ubiquitin ligase complex SCF¥<i"F and DUB
USP33, respectively [61]. Destabilized CP110 levels by ubiquitination status lead to centrosome
amplification and genome instability. Thus, balance of ubiquitination status is important. To iden-
tify DUBs of BRCA1-dependent y-tubulin ubiquitination will contribute therapeutic strategies.

2.3. Mouse model of BRCA1

Since BRCAL1 is involved in multiple cellular functions, complete defect of that leads to embry-
onic lethality. To identify the role of BRCA1 in mammalian development, conditional knockout
mice were generated. Deletion of BRCA1 in mammary gland result in a phenotype of human
basal like breast cancer [62, 63]. Central nervous system (CNS) specific BRCA1 knockout using
nestin promoter resulted in microcephaly [64, 65]. Apoptotic cells were increased in brain layer
structure during embryonic stage in BRCA1 brain specific KO mice. As another possibility,
since genetic background such as Plk4 overexpression or genotoxic stress such as IR induce
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Figure 2. BRCA1 and its substrates.

centrosome amplification during CNS development result in microcephaly, centrosome ampli-
fication might be involved in microcephaly formation in BRCA1 deficient mouse brain [8, 66].
This result suggests that BRCA1 is important for genome maintenance in mammalian neural
development.

2.4. Fanconi anemia (FA) pathway

Fanconi anemia (FA) is a hereditary disease clinically characterized as skeletal and visceral
malformations, attrition of bone marrow stem cells [67, 68]. FA is firstly reported by Fanconi
in 1927 and founded to be sensitive to DNA cross link damage by Sasaki et al. [69]. FA pro-
teins pathway is important for inter cross link (ICL) DNA damage repair and HR repair [70,
71]. Currently, at least 21 FA proteins are reported. FANCD?2 is a key player in FA pathway
[72-75]. Mono-ubiquitination of FANCD2 at Lysine 561 by FA core complex is important
event for activation of FA pathway. FA core complex consists by eight FA proteins (FANCA,
B, C,E F, G, L, M) and associated factors (FAAP100, FAAP24, FAAP20, MHF1 and MHEF2).
K561 mutated FANCD?2 proteins cannot form DNA damage foci and localize to chromatin
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suggest that mono-ubiquitination of FANCD?2 is essential event for DNA repair. FANCD2
forms heterodimer with FANCI, which is phosphorylated by ATR-ATRIP complex. Mono-
ubiquitination of FANCD?2 is de-ubiquitinated by USP1 after completion of DNA repair
[76, 77]. Knockout mice of USP1 show FA like phenotype. This suggests that regulation of
mono-ubiquitination level of FANCD?2 is critical for DNA repair pathway [76, 77].

2.5. Mouse model of FA proteins

Knockout mice of FA genes show decreasing of fertility and chromosome breaks [78-80].
Fancg knockout mice show germ cell defects and decreasing of fertility. Fancg—/- cells display
high sensitivity to the IR and DNA crosslink inducer mitomycin C (MMC). Fancd2—/- mice
show more severe phenotype characterized by perinatal lethality microphthalmia and hypo-
gonadism. Fancd2-/- mice are also prone to developing epithelial cancers than Fanca—/-,
Fancc—/- and Fancg-/- mice [78, 79, 81-84].
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Ubiquitination l

Interactmn autophosphorylation

" Hé

Recruit to the DNA damage site

)OOOO()OOOO(

Figure 3. Ubiquitination of NBS1 by Skp2 is important for DNA repair pathway.
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2.6. NBS1

Nijmegen breakage syndrome (NBS) is characterized by immunodeficiency, predisposition to
the malignancy and IR hypersensitivity [85, 86]. Gene product NBS1 is 95 kDa protein and has
several roles to maintain genome stability such as, HR repair, DNA replication initiation, cell
cycle checkpoint, apoptosis, UV damage repair and centrosome duplication [58, 87-95]. NBS1
forms complex with MRE11 and RAD50 as MRN complex and act as DNA damage sensor
and initiator [96]. Complete deletion of NBS1 proteins in mice leads to embryonic lethality.
70 kDa fragment of NBS1 protein expresses in NBS patient cells. NBS1 localizes to the nucleus
and centrosomes. Depletion of NBS1 by siRNA in human osteosarcoma U20S cells and
murine embryonic fibroblast NIH3T3 cells show radio-sensitivity and centrosome amplifica-
tion which suggest that NBS1 is required for DNA repair and centrosome duplication process.
NBS1 is phosphorylated by ATM and ATR to activate G1/S checkpoint and G2/M checkpoint,
respectively. NBS1 acts as DNA damage sensor and is important for ATM recruitment to
the DNA damage sites. Ubiquitination of NBS1 by E3 ubiquitin ligase 3 Skp2 is required
for interaction with ATM and activation [97] (Figure 3). Defect of Skp2 leads to decreasing
of ATM foci formation at the DNA damage sites. Furthermore, NBS1 is involved in transle-
sion DNA synthesis (TLS) [92]. After UV exposure, E3 ubiquitin ligase RAD18 recruited to
the DNA damage sites and mono-ubiquitinates PCNA to initiate TLS. NBS1 controls RAD18
function because depletion of NBS1 results in decreasing of foci formation of pol eta and
mono-ubiquitination of PCNA.

3. Concluding remarks

Genome DNA is attacked by several factors not only environmental stress but also metabolic
stress to maintain cellular homeostasis. DNA repair and genome maintenance molecular
mechanisms are strictly regulated by many enzymes. Since Goldstein and Ciechanover first
reported about ubiquitin, the biological significance of this small peptide has been focused
on several fields such as proteasome maintenance, translational signaling and DNA repair
[98-100]. Ubiquitination of DNA repair factors are important for facilitates signaling cascade,
because protein posttranslational modification is useful tool to diverse signaling pathway.
DNA repair proteins defects cause several diseases such as immunodeficiency, neurodegen-
eration, growth defects and cancer progression. Furthermore, ubiquitination of DNA repair
pathway is strong target for cancer therapy [101]. To understand of molecular pathway is
necessary for clinical application.
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Abstract

Multiple myeloma (MM) is a hematological neoplasm characterized by the clonal pro-
liferation of malignant plasma cells in the bone marrow. MM cells are characterized by
genomic abnormalities that arise during the pathogenesis of disease and accumulate
during progression. DNA repair pathways are critical to repair the plethora of DNA
lesions that occur in MM, and deregulation of these pathways is implicated in disease
onset and survival. The ubiquitin proteasome system has emerged as a central player
in the regulation of DNA damage response (DDR). In this chapter, we review defects
within the ubiquitin proteasome system that are associated with abnormal DNA damage
response in MM and discuss current and potential novel ways of targeting these aberra-
tions in the clinic.

Keywords: multiple myeloma, ubiquitin proteasome system, DNA repair, proteasome
inhibitors

1. Introduction

Multiple myeloma (MM) is a malignancy characterized by the abnormal proliferation of
plasma cells in the bone marrow. Plasma cells are terminally differentiated B cells that pro-
vide protective immunity through the production and secretion of antibodies. During their
maturation, plasma cells undergo physiological DNA rearrangements to generate a diverse
range of antibodies. This process involves chromosomal breaks and subsequent DNA repair.
In addition to the intrinsic genomic instability of plasma cells, clonal MM cells are exposed
to enhanced exogenous stresses such as replication and proteotoxic stress. Defective DNA
repair pathways are implicated in the pathogenesis and survival of MM cells. The importance
of post-translational modification with ubiquitin in the regulation of DNA repair pathways is
being increasingly recognized. The ubiquitin proteasome system is an important therapeutic
target in MM. This chapter provides an overview of ubiquitin signaling, describes genomic
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instability in MM cells and defects in ubiquitin-mediated regulation of DNA repair pathways
in MM, and discusses the impact of current and potentially novel therapeutic approaches in
targeting these aberrations.

2. Ubiquitination

Ubiquitin is a highly conserved, 76-amino acid protein that is expressed in the cytoplasm
and nucleus of all cells. Post-translational modification with ubiquitin, a process known as
ubiquitination or ubiquitylation, is involved in the regulation of a wide range of cellular pro-
cesses. Ubiquitin modification is an ATP-dependent process involving the sequential action
of three classes of enzymes. An E1 (ubiquitin activating enzyme) activates ubiquitin through
the formation of a thioester bond and transfers it to an E2 (ubiquitin conjugating enzyme),
and an E3 (ubiquitin ligase) then mediates the transfer of the activated ubiquitin to a lysine
(K) residue on a target protein, thereby forming an isopeptide bond between ubiquitin and
the protein. There is one main E1 enzyme in eukaryotic cells, over 30 E2s and more than 600
E3s [1]. Ubiquitin can be attached to a target protein as a monomer or a polymer, resulting in
different fates (Figure 1), determined largely by the pairing of E2s and E3s [2, 3].

At the simplest level, a single ubiquitin moiety is added to the e-amino of a lysine residue on a
substrate protein, in a process termed mono-ubiquitination. Mono-ubiquitination is typically
involved in protein localization, complex formation, or altering the activity of the modified
protein [4]. A single ubiquitin molecule can be conjugated to multiple lysine residues on a tar-
get protein, termed multi-monoubiquitination, and this modification is important for receptor
endocytosis [5]. Proteins may also be modified by attachment of a chain of ubiquitin mol-
ecules in a process known as polyubiquitination. Ubiquitin contains seven lysine residues, at
positions 6, 11, 27, 29, 33, 48, and 63, and a methionine group at position 1 (M1), that provide
attachment sites for further ubiquitin molecules, thereby allowing the formation of polyu-
biquitin chains [6]. K48-linked polyubiquitination is the most widely studied ubiquitin chain
and labels a protein for degradation through the proteasome. K63-linked polyubiquitination
functions in mediating protein-protein interactions or conformational changes and plays an
established role in regulating the DNA damage response (DDR) [7]. The other lysine linkages
are less abundant and therefore less well characterized; however, most have been implicated
to some extent with proteasome-mediated degradation or DNA repair [8, 9]. M1-linked ubiq-
uitin chains, also referred to as linear ubiquitin chains, play a central role in inflammatory
signaling cascades by regulating the activation of the transcription factor NFKB [10]. Mixed
and branched ubiquitin chains have also been described; however, the function of these has
not been fully delineated.

Like all post-translation modifications, the process of ubiquitination is reversible and ubiqui-
tin removal is mediated by a large and diverse family of proteins known as deubiquitinating
enzymes (DUBs). DUBs function predominantly to generate free ubiquitin from ubiquitin
precursors and to edit or disassemble ubiquitin chains. The balance between ubiquitination
and deubiquitination plays a critical role in regulating protein turnover and function.
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Figure 1. The ubiquitin code. An ubiquitin (Ub) molecule can be attached to a single site (monoubiquitination) or multiple
sites (multi-monoubiquitination) on a substrate protein. In addition, ubiquitin contains seven lysine (K) residues and a
methionine (M) residue that can support the assembly of homogenous or heterogeneous polyubiquitin chains.

2.1. The ubiquitin proteasome system

The ubiquitin proteasome system plays a central role in maintaining cellular protein
homeostasis through the selective degradation of damaged, misfolded, and short-lived
regulatory proteins that control essential cellular processes. The best-studied aspect of
ubiquitination is the formation of a K48-linked polyubiquitin chain, which flags the target
proteins for degradation through the 265 proteasome. The 26S or constitutive proteasome
is a multicatalytic protease composed of two distinct subcomplexes: the 20S core particle
and the 19S regulatory particle. The 19S regulatory particle is attached to one or both ends
of the core particle and functions to recognize K48-linked polyubiquitin-tagged proteins,
cleave and recycle ubiquitin, unfold the target protein, and feed it into the 20S proteolytic
chamber for degradation. The 20S core particle is a barrel-shaped structure made up of
28 subunits arranged into four stacked rings. The two outer rings are composed of seven
different a-subunits (a1-7), which serve as docking domains for the 195 regulatory caps.
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Alpha subunits function as a gate controlling entry of substrates to the central chamber
where proteolysis occurs. The two inner rings are composed of seven different $-subunits
(B1-7), at least three of which contain catalytic sites, which are classified based upon
preference to cleave after a particular amino acid residue. Chymotrypsin-like, trypsin-
like, and caspase-like catalytic activities are associated with the 85, 2, and (1 subunits,
respectively, due to their preference to cleave after hydrophobic, basic or acidic amino acid
residues [11, 12]. An additional proteasome isoform known as the immunoproteasome
also exists and is composed of an alternative set of catalytic beta subunits and regula-
tory cap. Constitutive subunits g5, 32, and 31 are replaced with subunits $5i (LMP7), 32i
(MECL1), and p1i (LMP2), and the 19S regulatory cap is replaced with an 11S regula-
tory structure. These modifications allow the immunoproteasome to generate peptides for
antigen presentation by major histocompatibility complex (MHC) class 1 molecules [13].
Immunoproteasomes are predominantly expressed in lymphoid tissues and hematopoietic
cells, but can be formed in other cell types in response to stimuli such as interferon-y and
tumor necrosis factor-a.

3. Multiple myeloma

Multiple myeloma is a malignancy of plasma cells. It is almost always preceded by an
asymptomatic premalignant stage called monoclonal gammopathy of undetermined signifi-
cance (MGUS). An intermediate asymptomatic stage between MGUS and MM is referred to
as smoldering MM (SMM). MM has historically been defined by four key features: hyper-
calcemia, renal failure, anemia, and the presence of osteolytic bone lesions. These are com-
monly referred to as CRAB features. The International Myeloma Working Group revised
these diagnostic criteria in 2014 to allow the inclusion of specific biomarkers and the addi-
tion of modern imaging tools to define MM bone disease [14]. The revised criteria made it
possible to distinguish patients with SMM with high risk of progression to symptomatic
MM. This facilitates the possibility of therapeutic intervention before end organ damage
occurs and increases the possibility of success. Following diagnosis, patients can be further
stratified into distinct prognostic subgroups using the revised international staging system
(ISS) [15]. This algorithm builds on the original ISS (32 microglobulin and serum albumin
levels) and further includes cytogenetic abnormalities (outlined below) and serum lactate
dehydrogenase.

Substantial progress has been made in the treatment of MM over the past decade. The
approval of new types of biological agents, such as proteasome inhibitors and immunomodu-
latory drugs, has improved treatment options and led to improved overall survival [16]. The
first-in-class proteasome inhibitor, bortezomib, was approved by the FDA for relapsed and
refractory MM in 2003, and bortezomib-based combinations now form the backbone of many
treatment regimens, across all stages of disease [17]. In addition, two second generation pro-
teasome inhibitors, carfilzomib and ixazomib, have recently been approved highlighting the
importance of the UPS as a therapeutic target for MM [18, 19].
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4. Genomic instability in multiple myeloma

Genomic instability is a hallmark of MM and is associated with the evolution and progres-
sion of the disease [20]. Almost all patients display cytogenetic abnormalities including ploidy
changes, deletions, amplifications, and chromosomal translocations. Based on initiating
events, MM can be broadly categorized into hyperdiploid or nonhyperdiploid depending on
the number of chromosomes present [21]. Hyperdiploid tumors, characterized by the presence
of 48-75 chromosomes, make up approximately half of the MM cases and often have multiple
trisomies of odd numbered chromosomes (3, 5, 7, 11, 15, 19, 21). Primary translocations involv-
ing the IGH locus on 14q32 with five recurrent partners are found in the majority (= 70%) of
nonhyperdiploid MM cases and are associated with poorer overall survival. MM cells origi-
nate from postgerminal center B cells, which have undergone physiological DNA rearrange-
ment during their maturation, including immunoglobulin (Ig) variable region rearrangement,
somatic hypermutation, and Ig class switch recombination. Errors in these physiological
processes can result in translocations that juxtapose one of five oncogenes [CCND1 (11q13),
MMSET/FGFR3 (4p16), MAF (16q23), CCND3 (6p21), MAFB (20q11)] under the control of an
immunoglobulin heavy (IGH) locus enhancer [22]. These initiating events are present in the
majority of MGUS patients, and secondary genetic alterations, along with intraclonal hetero-
geneity, occur with increased incidence in disease progression from MGUS to MM [23]. These
secondary events include further translocations, deletions, and chromosome gains, involving
genes such as MYC, KRAS, NRAS, TP53, and NFKB-related genes (NIK, BIRC2/3, TRAE3), all
of which are involved in DNA damage response and repair pathways. There is accumulating
evidence eluding to deregulation of DNA repair pathways in MM as a mediator of the onset
and progression of the disease, as well as survival. Changes in the expression of DNA repair
genes have been suggested to play an important role in the pathogenesis of MM by leading
to genomic instability and accumulation of genetic mutations [24]. In addition, ongoing DNA
damage has been shown to intensify across the disease spectrum from MGUS to MM, thus
providing a mechanism by which chromosomal abnormalities and tumor heterogeneity may
be acquired in malignant plasma cells [25]. Furthermore, a number of studies report that alter-
ations in DNA damage repair pathways are associated with poor prognosis in MM [26, 27].

5. DNA repair pathways

Cells are continuously challenged by DNA damage, induced through endogenous and exog-
enous sources. The ability to repair this damage is essential for the maintenance of genome
integrity. Multiple proteins function together to detect and repair DNA damage, a process
collectively termed the DNA damage response (DDR). There are six major DNA repair path-
ways involved in the DDR in mammalian cells. Base excision repair (BER), nucleotide exci-
sion repair (NER), and mismatch repair (MMR) pathways repair nucleotide lesions on single
strands. The BER pathway repairs small lesions induced by UV radiation, ionizing radia-
tion, oxidative stressors, and alkylating agents [28]. The NER pathway removes bulky lesions
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induced by UV light, environmental mutagens, and some chemotherapeutic agents [29]. The
MMR pathway corrects replication errors such as base mismatches and insertion/deletion
loops that occur during replication [30]. DNA double-strand breaks (DSBs), which are a more
serious form of DNA damage, are generated by exogenous agents such as ionizing radiation
or chemicals or endogenously by reactive oxygen species, replication of single-strand breaks,
replication stress, or class switch recombination. DSBs can be repaired by two main pathways,
homologous recombination (HR) and nonhomologous end joining (NHE]). HR takes place
in late S- and G2-phases of the cell cycle and corrects DSBs in an error-free manner using an
undamaged sister chromatid as a homologous DNA template [31]. NHE]J can take place in
all phases of the cell cycle and repairs DSBs in an error-prone manner by direct ligation of
the two broken ends [32]. Interstrand crosslinks (ICL), which are covalent links between two
opposite strands of DNA, are induced by endogenous metabolites and exogenous chemicals
such as alkylating agents [33]. The Fanconi anemia (FA) pathway detects ICL and repairs ICL
lesions in co-operation with NER and HR pathways [34].

6. Ubiquitin-mediated DDR signaling in MM

All DDR pathways are tightly controlled by reversible post-translational modifications,
including ubiquitination and de-ubiquitination, which act to regulate protein stability, local-
ization, and activity. Deregulation of these DNA repair pathways can lead to genomic insta-
bility and promote tumorigenesis. Aberrant ubiquitin-mediated signaling of DNA damage
repair in MM is summarized below.

6.1. DSB repair

Nonproteolytic ubiquitination of histones at the chromatin surrounding DSBs is a key step
in DDR activation. Two E3 ubiquitin ligases, RING finger 8 (RNF8) and RNF168, are critical
mediators of DSB repair. DSBs trigger activation of the ataxia-telengiectasia mutated (ATM)
kinase, which phosphorylates histone H2AX (referred to as y-H2AX) and mediator of DNA
damage checkpoint protein 1 (MDC1). Phosphorylated MDC1 recruits RNF8, which pro-
motes K63-linked polyubiquitination of H1 linker histones at DSB sites. This in turn recruits
RNF168, leading to mono-ubiquitination of H2A-type histones at K13 and K15. These modi-
fications provide a platform for binding of two essential effectors of the DDR to the DSB site,
p53 binding protein 1 (53BP1), and breast cancer 1 (BRCA1). 53BP1 and BRCA1 have key roles
in DSB repair pathway choice: BRCA1 promotes the HR pathway, whereas 53BP1 facilitates
repair through the NHE] pathway. A number of studies have reported deregulation of DSB
repair in MM. Walters and colleagues demonstrated that H2AX is constitutively phosphory-
lated in MM, leading to constitutive activation of DSB repair pathways [25]. Consistent with
this, elevated activity of both HR and NHE] repair pathways has been observed in MM [35].
Furthermore, upregulation of NHE] pathway-related gene expression is significantly associ-
ated with poor overall survival in MM [36]. This upregulation of DSB repair pathways likely
contributes to the inherent genomic instability of malignant plasma cells with consequences
for disease progression and acquisition of drug resistance.
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Increased NHE], in particular, is associated with frequent chromosome aberrations and
translocations that may contribute to tumor heterogeneity. RNF168 plays a crucial role in the
recruitment of 53BP1 to sites of DNA damage by both recruiting 53BP1 and removing com-
peting proteins from sites of DNA damage. Overexpression of RNF168 in tumor cells has been
found to alter the DSB DNA repair response by shifting the balance from HR to NHE]J [37].
Proteotoxic stress, arising due to aneuploidy, copy-number variations, and transcriptional
alterations, is an emerging hallmark of cancer cells. Previous studies have reported aberrant
ubiquitin-mediated signaling of DNA damage under proteotoxic stress, whereby there is a
depletion of free ubiquitin available for ubiquitin-dependent aspects of the DSB response,
as a consequence of accumulating ubiquitinated substrates. However, a recent study identi-
fied a subset of cancer cell lines overexpressing RNF168 that could preferentially exploit the
residual free ubiquitin to recruit 53BP1 and activate the NHE] pathway [37]. Proteotoxic stress
is particularly prominent in immunoglobulin-producing myeloma cells, and therefore, using
MM cell lines as a model, this altered DSB response was found to be even more pronounced
in MM cells, correlating with higher expression of RNF168. Furthermore, upregulation of
RNF168 was found to influence the response of tumor cells to cancer therapies. RNF168-high
tumors exhibit increased resistance to ionizing radiation under conditions of enhanced pro-
teotoxic stress. However, this phenotype and associated alterations in DSB repair pathways
render cells sensitive to topoisomerase and poly-ADP-ribose-polymerase (PARP) inhibitors.

6.2. The Fanconi anemia pathway

The FA pathway is a DNA damage activated pathway required for the repair of ICLs. ICLs are
covalent bonds between two strands of DNA leading to a block in DNA replication and transla-
tion. Ubiquitination plays a pivotal role in the regulation of ICL repair by the FA pathway. In
response to ICLs, a complex of eight FA proteins (FANCA, FANCB, FANCC, FANCE, FANCEF,
FANCG, FANCL, and FANCM) along with two associated proteins, FANCA-associated poly-
peptide 24 (FAAP24) and FAAP100, forms a multisubunit E3 ligase complex required for the
monoubiquitination of FANCD?2 on K561 and FANCI on K523. Monoubiquitinated FANCD2-
FANCI is recruited to sites of DNA damage, where as a complex, they co-localize with BRCA1
and RAD51 to co-ordinate downstream reactions including nucleolytic incision, translesion
synthesis (TLS), and DSB repair. Nucleolytic incisions unhook the ICL, creating a DSB and
translesion synthesis that allows the bypass of unhooked crosslinked oligonucleotides. The DSB
is then repaired by HR and remaining adducts are excised by the NER repair pathway [38, 39].

The FA pathway plays a key role in the cellular response to alkylating agents. The DNA
alkylating agent, melphalan, is a commonly used chemotherapeutic agent in MM therapy.
The majority of MM patients are initially sensitive to alkylating agents such as melphalan but
inevitably acquire resistance, leading to disease progression. Studies into the mechanisms of
resistance to melphalan in MM identified an increase in expression of genes coding for FA
and HR pathways along with enhanced ICL repair and decreased DNA damage [40, 41] in
melphalan-resistant cells. Further studies revealed a role of the NFKB pathway as a regulator
of the FA pathway in response to melphalan-induced DNA damage [42]. The NFKB path-
way is frequently dysregulated in MM and plays a central role in survival, proliferation, and
resistance of MM cells to anticancer therapies. NFKB subunits RelB/p50 are transcriptional
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activators of the FA pathway through binding to the FANCD2 promoter. Chronic exposure
of MM cells to melphalan resulted in an increased NFKB activity and associated FA path-
way activity in MM cell lines and patient cells. Inhibition of the NFKB pathway, both using
a proteasome inhibitor or a selective NFKB inhibitor, results in decreased expression of FA
pathway genes in melphalan-sensitive and melphalan-resistant cell lines [42].

7. Targeting ubiquitin-mediated DDR signaling in MM

The UPS is recognized as an important therapeutic target in MM. Proteasome inhibitors are a
principal component of current anti-MM therapy, and there is an increasing interest in target-
ing other parts of the UPS. An overview of current and novel UPS drugs that act directly on
DNA repair pathways is given below and in Figure 2.

7.1. Proteasome inhibitors

Proteasome inhibition has emerged as a powerful strategy to treat MM. Since its introduction
into the clinic in 2003, mechanisms underlying the therapeutic effect of the first-in-class pro-
teasome inhibitor, bortezomib, have been widely investigated. One of the first mechanisms of
action attributed to bortezomib was the inhibition of the inflammation-associated transcrip-
tion factor nuclear factor kappa B (NFKB), a key signaling molecule in MM, through stabi-
lization of its inhibitor IKB [43]. Initial studies also suggested that the unique sensitivity of
MM cells to bortezomib was largely related to their high proteasome load, with inhibition of
the proteasome resulting in an increased endoplasmic reticulum (ER) stress and a prolonged
activation of the unfolded protein response (UPR) [44]. In addition, bortezomib was found
to promote apoptosis through upregulation of proapoptotic proteins and induce cell cycle
arrest through stabilization of cyclin-dependent kinase inhibitors [45]. Furthermore, bortezo-
mib was found to exert an effect on the protective bone marrow microenvironment through
inhibition of the angiogenic factor vascular endothelial growth factor (VEGF) and decreased
binding of MM cells to bone marrow stromal cells [46]. Later studies found that proteasome
inhibitors impair the DDR in MM in a number of ways [42, 47-50].

As mentioned previously, proteotoxic stress can impact ubiquitin-mediated DDR pathways
through depletion of available nuclear ubiquitin. Inhibition of proteasome activity exacer-
bates endogenous proteotoxic stress in MM by preventing degradation of polyubiquitinated
proteins, leading to a reduction in the amount of free ubiquitin in the cell [47, 48]. This results
in a loss of ubiquitination at sites of DSBs and consequently impairs DSB repair. Bortezomib
has been shown to alter HR by abrogating K63 polyubiquitination of H1 histones and subse-
quently impairing recruitment of BRCA1 and RAD51 [49]. Proteasome inhibition also leads to
a reduction in FANCD2/FANCI monoubiquitination, thereby blocking a critical step in the FA
pathway [42]. Along with altered ubiquitin signaling, proteasome nuclear activity is impor-
tant for DSB repair. Proteasomes are recruited to sites of DSBs to degrade key regulatory
proteins. Inhibition of proteasome activity blocks degradation of MDC1 at DSB sites, thereby
inhibiting recruitment of BRCA1 in an RNEF8 independent manner. Furthermore, proteasome
inhibition blocks NFKB-mediated activation of the FA pathway [50].
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Figure 2. Targeting ubiquitin-mediated DNA damage repair signaling in MM. (A) Proteasome inhibitors prevent
degradation of polyubiquitinated proteins leading to a depletion of available nuclear ubiquitin. Proteasome inhibition
leads to reduced ubiquitination of H1 histones and YH2AX and reduced degradation of mediator of DNA damage
checkpoint protein 1 (MDC1), resulting in impaired repair of double-strand breaks (DSBs) through homologous
recombination. Proteasome inhibition disrupts repair of interstrand crosslinks (ICLs) by the Fanconi anemia (FA)
pathway through reduced ubiquitination of FANCD2 and FANCI and a block in nuclear factor kappa B (NFKB)-
mediated activation of the FA pathway. (B) In response to DNA damage, p53 is activated to induce cell cycle arrest
to allow DNA repair or to induce apoptosis of a damaged cell. Mouse double minute 2 (MDM2) inhibitors block the
interaction of p53 and its endogenous inhibitor MDM2 to stabilize p53 levels and increase its activity. (C) Ubiquitin-
specific protease 1 (USP1) along with its binding partner USP1-associated factor (UAF1) regulate the FA pathway and
translesion synthesis (TLS) through the de-ubiquitination of FAND2, FANCI, and PCNA. Inhibition of USP1 leads to a
disruption of the FA pathway, TLS, and impaired homologous recombination.
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Bortezomib was initially approved as a single agent; however, its predominant use is in com-
bination therapies with steroids and/or standard chemotherapy drugs. Given its effect on
DSB repair, it is not surprising that bortezomib is reported to sensitize MM cells to DNA
damage inducing chemotherapeutics. In preclinical studies, bortezomib was found to both
sensitize tumor cells to conventional DNA damaging agents, doxorubicin and melphalan,
and to overcome resistance to these therapies [51]. Furthermore, bortezomib demonstrates
clinical efficacy in combination with doxorubicin, melphalan, and cyclophosphamide [52].
Finally, bortezomib has been shown to act in synergy with PARP inhibitors by blocking HR,
resulting in marked cell death [49].

7.2. p53 as a therapeutic target

The tumor suppressor p53 plays an important role in maintaining genomic stability. Under
normal conditions, p53 levels are low due to rapid degradation through the UPS. In response
to DNA damage, p53 is stabilized and acts to halt cell division and allows repair of DNA
lesions prior to DNA synthesis. The E3 ubiquitin ligase mouse double minute 2 (MDM?2)
homolog is the most prominent E3 ligase involved in the negative regulation of p53 [53].
MDM2 can regulate p53 with both mono- and polyubiquitination to regulate both its stability
and cellular location. Monoubiquitination of p53 triggers nuclear export, whereas K48-linked
polyubiquitination targets p53 for proteasomal degradation. Overexpression of MDM2 has
been reported in a number of malignancies, including MM, and can act to suppress p53 levels,
even under stress conditions [54]. Numerous pharmacological approaches have been devel-
oped to disrupt MDM2-p53 binding, thus stabilizing p53 levels and increasing p35 activity.
The nutlins were the first small molecule inhibitors of MDM2 to be developed and have been
demonstrated to stabilize p53 and its substrates, resulting in increased apoptosis and cell
cycle arrest in MM cell lines and primary cells [55]. Similar effects have been reported with a
number of other MDM2 inhibitors. In addition to targeting MDM2 directly, another promis-
ing approach is to inhibit the deubiquitinating enzyme ubiquitin-specific protein 7 (USP?).
USP7 deubiquitinates and stabilizes levels of MDM2. Expression of USP7 is elevated in MM
and small molecule inhibition of this DUB leads to decreased levels of MDM2 and accumula-
tion of p53 [56]. Early phase clinical trials are in preparation for two MDM2 inhibitors in MM
(AMG-232, NCT01723020; DS-3032b, NCT02579824), highlighting the potential of disrupting
the DDR through inhibition of this E3 ligase in MM.

7.3. USP1 as a therapeutic target

USP1isthe most widely characterized DUB known tobeinvolved in the DNA damage response.
USP1, along with its binding partner USP1-associated factor (UAF1), is important for the reg-
ulation of the FA pathway and translesion synthesis (TLS) [57, 58]. Monoubiquitination of
FANCD2-FANCI directs this complex to DNA damage foci to activate the FA repair pathway.
USP1 in conjunction with UAF1 is the DUB responsible for deubiquitinating FANCD2 and
FANCI. USP1-UAF1 is also responsible for the deubiquitination of proliferating cell nuclear
antigen (PCNA), a central regulator of TLS. Elevated expression of USP1 has been reported
in MM and is associated with poor prognosis. A recent study demonstrated that both siRNA
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knockdown and small molecule inhibition of USP1 in MM cells results in increased levels
of ubiquitinated FANCD2, FANCI and PCNA and decreased RAD51 formation, ultimately
leading to inhibition of the FA pathway and HR [59]. Inhibition of USP1 was also found to
trigger synergistic cytotoxicity with a number of MM therapies highlighting its potential as a
therapeutic agent in MM.

8. Concluding remarks

Chromosomal translocations and genetic abnormalities are a hallmark of MM, contributing to
the initiation and progression of the disease. Genomic instability is largely beneficial to MM
cells by providing a growth advantage or contributing to drug resistance; however, an under-
standing of the mechanisms driving this can create therapeutic opportunities to exploit vulner-
abilities within the malignant cells. Alterations in DNA damage repair pathways are implicated
as one mechanism contributing to genomic instability. The UPS plays a central role in the regu-
lation of DNA damage repair through ubiquitination and degradation of key proteins. The UPS
is already recognized as an important therapeutic target in MM, through the clinical success
of proteasome inhibitors. Proteasome inhibitors have recently been demonstrated to impair
HR and FA DNA repair pathways, leading to increased sensitivity of MM cells to a number
of DNA damage-inducing agents. In addition to the proteasome, there is mounting interest in
the therapeutic potential of targeting ubiquitination and deubiquitination enzymes. A number
of these enzymes involved in regulating DDR are also deregulated in MM. Expression of the
E3 ligase RNF168 in MM has implications for treatment response to DNA damage-inducing
agents in MM, whereas the E3 ligase MDM?2 and DUBs USP7 and USP1 are under investiga-
tion as therapeutic targets. As our knowledge of the role of the UPS in regulating DNA damage
repair increases, it is likely that further opportunities for targeted therapies will emerge.
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Abstract

Fanconi anemia (FA) is an inherited disease distinct from the failure of bone marrow,
growth disturbance, predisposition to cancer and concomitant chromosomal abnormali-
ties. FA is associated with genes involved in DNA replication and DNA repair processes.
More than 20 proteins have been identified to be related with FANC pathway opera-
tion. Necessary prerequisite for activation and regulation of FA pathway is the monou-
biquitination of heterodimer FANCD2-FANCI by core proteins of Fanc complex. The
monoubiquitination of FANCD2-FANCI is crucial for nuclear localization of heterodi-
mer, binding to chromatin and regulation of DNA repair procedure. Mutations of genes
of FANC complex proteins associated with deficiency of DNA repair pathways affected
cellular and genome instability. The interaction between proteins and ubiquitination
affected genomic integrity and stability.

Keywords: Fanconi anemia, DNA repair, ubiquitination, FANC proteins, FANCL,
FANCD2

1. Introduction

Fanconi anemia is a rare recessive human genetic disorder first described by pediatrician
Guido Fanconi in 1927. Patients with Fanconi anemia characterized by insufficient bone mar-
row regulation, developmental abnormalities and predisposition of cancer. Abnormal cell
cycle progression, production of inflammatory cytokines and chromosomal instability also
considered to be characteristics of the syndrome. Developmental abnormalities occur in 70%
of patients, 40% develop defects of the skin and rare disorders such as renal deficiencies have
been reported in less than 10% [1, 2].

The development of FA associated with DNA repair processes and regulation of cell cycle
control. Nowadays, more than 20 genes and proteins have already been identified which
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are crucial for FA development (Figure 1). Except these genes, patients with mutations in
RADS51C hitherto display bone marrow failure even if RAD51C seems to have a crucial role in
FA development. In the majority of patients appeared, FA biallelic mutations inherited from
each parent. FANC proteins interact through intracellular signaling pathway during cell cycle
progression and FANC/BRCA complex demonstrate the genome stability [3-5].

Intracellular FA’s evolution pathway involved eight key proteins such as FANCA, FANCB,
FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM forming a complex which monou-
biquitylates the FANCD2/FANCI. The monoubiquitylated ID complex interacts with FAN1
(anemia Fanconi Associated Nuclease 1) appearing endonuclease and exonuclease activ-
ity in vitro. According to several studies, FA intracellular pathway involved FANCDI1 and
BRCAZ2 has been already revealed. These molecules are necessary for homologous recombina-
tion process via interaction with helicase BACH1 [5-7].

The FANC] interacts with BRCA1 and protein complex of FANCP/SLX4. The SLX4 connect-
ing with multiple proteins such as XPF, MUS81, and SLX1 responsible for Holliday intersec-
tions. The ubiquitylation of FANCD2 and FANCI is absent in cells with mutations in crucial
proteins of the FA pathway. FANCL considered to be an essential part of the FA complex

FANC protiim Muolerular Weight (kD Chromosome localsaton Function Maodificarion
FANCA 163 16q243 FANC Core Ubiguitin
SUMD
FANCE % Xp2231 FANC Core
FANCC 33 Gg223 FANC Core
FANCIV [BRCAZ 10 131213 Homologous Recombinalion -
FANCDZ 62 Jpd53 DA damages signalling Utnguitia
Replication forks SUMD
Transcriplon factor
FANCE (1] Gp2L22 FANC Core
FANCE 42 npls FANC Core -
FANCG 23 Bpl3 FANC Core Ubsgitian
FANCH Mo 1392516 DAA damages signalling Ubigaitia
Replicaton forks SUMD
UBL3
FANC)BRIP1 0 TgtqM4 Hebcase -
FANCL 43 IplGl FANC Cove
E3 ubicpaitin ligase
FANCM K0 149213 Anchios the FANC Core to chromatn
ranslocase
FANCN FALB2 B30 1epl2 Honsologous Revombination
FANCOURADSIC 42 Mgk Homologous Recombination -
FANCRYSLY4 200 16p 33 Endonmciease SUMO

Transcripton factor
Fotential E3 SUMD ligae

FANCOQUXFF 1]} 16p13.12 Endonmclease SUMD

FANCR/RADS! n 15151 Homsologous Recombination -

FANCS/BRCAL 7 7q2l31 E3 Ubayaitin kgase SUMD
Homologous recombination

FANCT/UBEIT B 1§32l E2 conjugating Enryme Uluguitia

FANCU/XROC 4, Tgied Homsologous Recombination

Figure 1. The FANC proteins according to chromosome location in the human genome and main cellular function [6].
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and represents an E3 ligase activity, which is required for coupling ubiquitin to lysine 561 of
human FANCD?2 and lysine 523 of FANCI [8, 9].

FANCL has three distinct structural regions such as region DRWD and RING domain. Func-
tionally, DRWD domain coordinates the substrate binding and is essential for the interaction
with E2 protein. The C-terminal region (RING) is required for adequate binding of the FANCL
to UBE2T. The importance of RING domain reflected in the evolutionary conservation of
FANCL homologous proteins. The UBE2T considered as crucial enzyme in ubiquitin E2 ligase
function and is essential for FANCL-mediated ubiquitylation of FANCD?2 in vivo [9-12].

2. Ubiquitylation and deubiquitylation of FANC pathway

Ubiquitylation is an important event for activation of ID complex and ICLs repair. Except
ubiquitylation are also important molecules deubiquitylation. This process is crucial for recy-
cling of the ID molecules while the ubiquitylated and nonubiquitylated forms are necessary
for normal cellular function. USP1 seems to be enzyme involved in deubiquitylating proce-
dure [13, 14].

FANCD?2 and FANCI have been identified as targets of FANCL monoubiquitylation. In vitro
studies of FANCD2 have already increased the understanding of the operation of FANC com-
plex and the regulation of signaling pathway. As already mentioned, FANCD?2 is a 160 kDa
protein which can be monoubiquitinated at lysine 561 (K561) [15, 16].

Recent studies revealed that ubiquitylation of FANCD2/FANCI regulated by the FANCL,
FANCB, FAAP100, and FANCT/UBE2T which participate in reconstitution of E2-E3 ligase
complex. Mutants of proteins involved in FANC complex lead to destabilization and signifi-
cant reduction of ubiquitin action of FANCD2/FANCI [17].

In DTA40, cell line mutations of FANC complex proteins lead to inactivating of FANCC and
USP1 without affecting FANCD2 ubiquitylation. These results suggesting FANC complex
proteins may have a significant role in the DNA damage response and other cellular func-
tions interpedently of FANCD2/FANCI ubiquitylation [13, 14].

Proper monoubiquitination of FANCD2 and FANCI also requires several other proteins such
as PTMs, ATM, ATR, and CHK]1, and other basic proteins of FANC complex important for
optimal monoubiquitylation of FANCD2 and FANCI [15, 16].

It is also crucial that the phase of cell cycle monoubiquitylation of FANCD2/FANCI occurred.
The complex of FANC proteins is considered active only during S phase assessed by the
monoubiquitylation of FANCD2. Additionally, FANCD?2 foci located on chromatids during
G2 and M phases.

FANCD2 and FANCI are known as direct targets of ubiquitin ligase FANC complex
[2]. Proteins of the complex demonstrated ligase E3 ubiquitin action. Additionally,
UBE2T may act as E2 ligase while in vitro experiments UBE2T undergo monoubig-
uitylation in K91 lysine. Ubiquitylation is required for binding of the dimer to the
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chromatin. In order to be effective the process of DNA repair both proteins must
undergo ubiquitination/deubiquitination.

USP1 is crucial for deubiquitination demonstrated complex with UAF1. The USP1-UAF1 clus-
ter locates FANCI into the SIM area and causes deubiquitination of both FANCI and FANCD?2
[18]. The deubiquitination signal allows the precision and track replication [12, 18].

Another important checkpoint of complex FANCD2/FANCI related to structure of chromatin.
In vitro studies revealed that the chromatin structure affects the FANCI dependent FANCD2
ubiquitination. It has been reported that phosphorylation of histone H2AX is necessary to
connect FANCD?2 in chromatin after MMC or UVC damage responses. In cases of monou-
biquitination, deficiencies of FANCD2 may be activated two other protein molecules with
E3 ligase activity such as BRCA1 and RAD18 interacting with FANCD?2 in order to detect
FANCD?2 in proper position [19].

Recent studies have shown that FANCD2 may act independently of the ubiquitination as a
modulator of the NF-kB transcriptional activity. D’Andrea et al. proposed this activity be
amended under stress and expression of the regulated genes such as FANCD?2 activated after
DNA damage responses.

It is widely accepted that the function of proteins of FA pathway involved in DNA repair by
promoting homologous recombination (HR) rather than nonhomologous (NHE]). Molecular
failure during the operation of FANC pathway leads to deficiency of HR processes increasing
the NHE] [19, 20].

Cloning of the FANCD?2 gene increased our understanding of the operation of FANC complex
proteins [20]. The FANCL is a protein consisting of a characteristic region with ubiquitin-
ligase E3 action. Mutations in ubiquitination region of FANCL affected the ligase E3 action on
FANCD?2 without affecting the interaction with other proteins of the complex. Recent studies
have shown that it is necessary to connect the FANCD2/FANCI ubiquitination with FANCT/
UBE2T for reconstitution of the E2-E3 ligase activation [21, 22] (Figure 2). This activation is
unaffected by the FANCL, FANCB, and FAAP100.

Disturbance of any core proteins of FANC complex leads to destabilization and significant
reduction of ubiquitination of FANCD2/FANCI and FANC inactivation [19, 21, 22].

The FANC complex monoubiquitinates protein FANCI at lysine 523 (K523) [10]. The monou-
biquitination of FANCD2 and FANCI also requires the activity of several other proteins. ATM,
ATR, and CHK1 cause phosphorylation of FANCD2 and FANCI and several core proteins of
FANC complex crucial for the monoubiquitination of FANCD2 and FANCI [23].

Additionally, FANCD2/FANCI monoubiquitination is also dependent for the activity of
Rad18. Rad18 and phosphorylated H2AX (Z-H2AX) lead FANCD2 and FANCI in subcellular
regions [23].

Apart from the breakdown processes, the phase of the cell cycle occurred FANCD2/FANCI
monoubiquitination is also important. The FANC complex proteins are active during the S
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Figure 2. The FANC core complex is an E3 ubiquitin ligase targeting FANCD2 and FANCI to coordinate DNA repair. In
response to stalled replication forks by DNA lesions (here a crosslink), the FANC core complex is recruited by FANCM-
FAAP24 and MHF1 and MHEF2 [6].

phase according to FANCD2 monoubiquitination [23, 24], while the presence of FANCD2 foci
in sister chromatids also referred during G2 and M phases [25].

Therefore, when the cell stress processes occur and the cells are in S/G2 phase monoubiquiti-
nated FANCD2 and FANCI identified in DNA repair area. These two monoubiquitinated pro-
teins form a heterodimer complex [13]. The binding of FANCD2 with histone H2B reveals that
ubiquitination is crucial of complex identification to chromatin and DNA repair process [26, 27].

The UBE2T protein is constitutively present in the core of the complex of FANC proteins,
in contrast with the other proteins detected to cytoplasm. Mutations of UBE2T display FA
considered as an important member of FANC complex proteins [28, 29]. Except the UBE2T,
UBE2W appears to have ligase E2 activity regulated monoubiquitination of FANCD2/FANCI
after UV exposure [30-32] (Figure 2).

Additionally, FANCD2/FANCI complex ubiquitination is required for chromatin regulation.
As already mentioned, the effective regulation of these proteins induced after DNA damage
not only undergoes ubiquitination but also regulates deubiquitination effectively [33-35].

FANCD?2 can act independently of ubiquitination as a regulator of NF-kB activity, particularly
through the action of the TNF-a promoter [35, 36]. D’Andrea et al. demonstrated the expres-
sion of the FANCD2 gene may be altered by DNA damage caused by UV exposure via SLX4/
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FANCP ubiquitination of FANCD2. Besides, the FANCD2, FANCI, FANCA, and FANCG are
also ubiquitinated. The FANCA is ubiquitinated and regulates the activity of proteasome [34].

The FANCG is not necessary for ubiquitination of FANCD2 and FANCI but is required for the
interaction with RAP80-BRCA1 complex [35]. It seems that the interaction of FANCG-RAPS80-
BRCAT1 affects the regulation of FANC complex proteins on HR/NHE] procedures [36-38].

Recent studies have shown RAD18 E3 ubiquitin ligase activity, being crucial of monoubiqui-
tylation of PCNA on replication forks [39, 40]. Monoubiquitylation of PCNA in the lysine-164
by the RAD18 and RADS activates the polymerase switching [40]. Apart from its role in the
mechanism of regulation of the polymerase, the RAD18 associated with monoubiquitylation
of molecules of DNA repair procedure such as 53BP1 and also interact with the DNA repair
protein WRNIP1 [41].

RAD18 protein is also important in the process of homologous recombination independent
of ubiquitylation [41]. Also in recent studies, it appears to be decisive in the RAD6 ubiquity-
lation of FANCD2. Experimental data by immunoprecipitation reveal that RAD18-FANCD2
binding takes place both in the presence or in absence of damage DNA. The RAD18 affected
monoubiquitylation of FANCD2 and FANCI after treatment with various factors of DNA
cross without depending on PCNA modification [40, 41]. The limited response of RAD18
leads to hypersensitivity after MMC and cisplatin treatment [40, 41].

The data indicate an essential role of E3 ligase for RAD18 identification FANCD2 and FANCI
into chromatin, while the ubiquitylation process observed in phase S. The RAD18 regulates
monoubiquitylation of FANCD2 and FANCI in FANCL independent manner [42-44].

Other recent reports indicated that RAD18 may coordinate events of homologous recombina-
tion. Huang et al. have shown that the RAD18 bound to DNA damage sites attracting other
proteins in DNA repair process. This function is independent of its role as an E3 ubiquitin
ligase [45].

Huang et al. demonstrated that RAD18 is important for attracting RAD51C. Cells with
RADS51C deficiency revealed increased sensitivity and radial configuration in response to
treatment with ICL [45]. Geng et al. reported that RAD18 participates in FANCD2 deubiqui-
tylation and ubiquitylation of ID complex in ICLs repair process. Although the significance of
ubiquitylation is equally important, deubiquitylation process may affect the normal cell cycle
progression [42-44].

USP1-UAF1 complex causes deubiquitination both FANCI and FANCD2. This procedure is
important for the proper function of DNA repair such as different procedure revealed [33].
Deubiquitination seems to regulate the proper DNA repair and replication procedure.

USP1 is regulated at a transcriptional level during phase S such as the molecule activity must
be increased. USP1 levels during S phase are quite stable. There are unknown regulatory
processes of chromatin related with deubiquitylation of FANCD2 [42-44]. USP1 activity is
greatly enhanced by WD40 and UAF1. USP1 reveals to act as deubiquitylating enzyme for
PCNA [45, 46].
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3. The role of sort proteins in FANC complex operation

Considering both biochemical and functional criteria, FANC proteins are divided into three
main groups [47]. According to immunoprecipitation experiments, major proteins of the first
group constitute the main core of FANC complex [48, 49]. Proteins such as FANCA, B, C, E,
F, G and L together with the FA-associated protein such as FAAP20 and FAAP100 detected
during DNA repair processes on chromatin through FANCM complex. The complex binds
FAAP24 and FANCM interacting histones through MHF1 and MHF2 [50].

Mutations in FAAP20, FAAP24, FAAP100 or MHF1, MHF2 deactivate DNA repair mecha-
nisms through FANC proteins. The core proteins of FANC interact with UBE2T [51].

The UBE2T reveals E2 ubiquitin ligase activity monoubiquitinated FANCD2 and FANCI. The
FANCD2 and FANCI, group II proteins are known targets of the ubiquitin ligase in the core of
FANC complex. Experimental data have shown lack or improper function of FANC complex
affects monoubiquitination of FANCD2 and FANCI [19, 52].

Ubiquitination of FANCD2 and FANCI is necessary for transfer of these proteins into the
chromatin region interacting with proteins involved in homologous recombination process
of DNA. Experimental results in mice revealed USP1 association in PCNA de-ubiquitination.
USP-1 monoubiquitinate FANCD2/FANCI affecting the deterioration of DNA repair proteins
[43, 44].

Proteins of the third group (peptides III) do not cause serious problems in ubiquitination
of FANCD2 and FANCIL In this group, proteins related to the homologous recombination
(HR) such as FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2, FANCO/RAD51C, FANCR/
RAD51, FANCS/BRCA1, FANCU/XRCC2 (Sawyer et al. 2014), and proteins with endonu-
clease action including FANCP/SLX4 (interacts with SLX1) and FANCQ/XPF (interacts with
ERCC1) [53].

The main proteins constituting core complex localized in the cytoplasm during cell cycle
and contribute into nucleus after DNA damage display. Thus, proteins such as FANCA and
FANCG are interacting with FAAP20, FANCB, FANCL, FAAP100, and FANCC. FANCL,
FAAP100, and FANCB represent the catalytic subunit of the FANC complex [53].

Recent studies revealed the role of proteins of FANC complex in DNA damage control.
FANCA, FANCC, and FANCD2 seem to have a crucial role in evolution of mitophagy that
allows the degradation of damaged mitochondria [54, 55].

4. Evolutionary conservation of proteins in the Fanconi anemia
pathway

Among the FA pathway, proteins such as FANCM, SLX4, and BRCA2 are most conserved
in mammalians [56-61]. This evolutionary conservation indicates the importance of these
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proteins in cell cycle progression. Vertebrates, flies, worms, plants revealed recognizable
orthologs of some of the components of the FANCL complex [62-64]. All organisms with
FANCL also have FANCD2 and FANCI orthologs proven to be monoubiquitylated [62-64].
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Abstract

Breast carcinoma remains the commonest carcinoma among women worldwide. Despite
the fact that impressive progression has been achieved so far regarding pathophysiol-
ogy, histopathology and treatment of this cancer, there are still undiscovered fields on
molecular and therapeutic levels. The need of resolving problems such as chemoresis-
tance, recurrence and metastasis has led in revealing key molecules in the development
and progression of malignancies, including breast tumors. In this review, we will briefly
describe the functions of ubiquitin and post-translational modifications (PTMs) focusing
specially in DNA repair and then discuss about the implication of ubiquitin and related
molecules in tumorigenesis and specifically in breast carcinoma. So far there are only
few drugs approved by FDA that target the ubiquitin system. There will be an analysis
regarding the current and potential anti-cancer therapeutic strategies based on targeting
specific ubiquitin-related molecules.

Keywords: ubiquitin, DNA repair, deubiquitinating enzymes, breast carcinoma,
target therapy

1. Introduction

Breast cancer is the most common carcinoma and the second cause of death among women
worldwide. Incidence rates vary greatly worldwide from 19.3/100,000 women in Eastern
Africa to 89.7/100,000 women in Western Europe. Although age-adjusted breast cancer mortal-
ity rates have declined by 36% from 1989 to 2012, the incidence of this carcinoma is increasing
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due to increase life expectancy and adoption of western lifestyle [1]. In US, during 2015 there
were 231,840 new cases of invasive carcinoma, 60,290 new cases of in situ carcinoma and
40,290 deaths due to breast cancer, for women of all age groups [2, 3]. As of March 2017,
there are more than 3.1 million women with a history of breast cancer in the US; this includes
women currently being treated and women who have finished treatment [4].

This increase explains the interest for research in depth for mechanisms of tumor progression
and subsequently for potential therapeutic drugs. During the last years, there has been progress
in understanding the histopathology and molecular biology of breast carcinoma, but still there
are many unanswered questions to be solved. The complexity of interaction between internal
and external factors that lead to the evolution of breast cancer cells is evident via the variety
of the clinical, morphological, histopathological and molecular characteristics of this malig-
nancy. Currently, there are many therapeutic tools that in combination with surgery offer bet-
ter survival rates and quality of life for breast carcinoma patients, including hormonotherapy,
radiotherapy, chemotherapy and targeted monoclonal antibody therapy (Trastuzumab and
Herceptin), depending on the tumor stage and receptors expression in each patient [4]. Despite
improved treatments that have been achieved, many breast tumors are not eradicated effectively
due to their resistance —intrinsic or acquired —or relapse following initial response, resulting in
metastasis at later stages and subsequently to patient death. This outcome suggests that further
understanding of the molecular mechanisms underlying the development of breast cancer is
essential to identify new therapeutic agents and achieve better treatment. In recent years, there
is an increasing interest and investigation regarding potential targets for molecular therapy.
One of the most promising field concerns the different levels of ubiquitin system, however, so
far there are only a handful of drugs targeting this system that have been approved by the FDA.

Mammalian cells maintain their homeostasis regarding cell cycle control through prolifera-
tion and apoptosis signals that lead to specific protein expression. Ubiquitination is one of the
PTMs that are involved in a variety of complex cellular processes such as endocytosis, cell
cycle progression and activating to inactivating substrates. The ubiquitin system regulates the
majority of cellular activities via proteolysis and/or signal transduction —modulating protein-
protein interactions and participates in DNA damage repair. DNA repair not only has a cru-
cial role regarding cell cycle control, proliferation and apoptosis but also in diseases, tumor
progression and even metastasis of malignant neoplasms, including breast carcinoma [5].

2. General features and functions of ubiquitin

The genome of the organisms can be modified by epigenetic alterations, except for the DNA
sequence of genes. Epigenetic modifications include DNA methylation, histone modifications
(methylation, acetylation, phosphorylation, sumoylation and ubiquitination) and non-coding
RNAs that lead to changes in gene expression [6]; in addition, PTMs regulate the cellular
functions of most proteins—the best studied of which include phosphorylation, acetylation
and ubiquitination—with constant interplay among them. All the aforementioned changes
can influence both normal and disease states of an organism and are reversible. There is an
interplay between PTMs on target proteins and the attachment or removal of PTMs can deter-
mine the substrate fate [7].
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Ubiquitin is a 76-amino acid protein that is expressed in eukaryotic cells and is involved in the
cell cycle regulation by proteolysis and/or signal transduction, while the majority of cellular
activities are regulated with the involvement of the ubiquitin system [8].

The ligation of ubiquitin molecules to substrate proteins leads either to their degradation
or can also change the substrate activity, localization and affinity to binding partners or
even lead to other non-proteolytic processes [9]. Three enzymes catalyze the attachment
of ubiquitin to a target protein: E1 activating enzyme, E2 conjugating enzyme and E3
ligase [8-10].

In general, the target protein is subjected to degradation with the involvement of 26S protea-
some, a large multi-enzyme complex [8, 10].

The progress in novel technologies has provided information about the structure and function
of the ubiquitin and thanks to the latest mass spectrometric techniques our understanding of
the complexity and diversity of the polyubiquitin chains has increased; proteins can be modi-
fied at one or more lysine (K) residues with either a single ubiquitin molecule—mono- and
multi-monoubiquitination, respectively—or with ubiquitin polymers—polyubiquitilation.
Ubiquitin moieties can be conjugated through one of their lysine residues (K6, K11, K27, K29,
K33, K48 and K63) or the N-terminal methionine residue (M1). There can be homotypic and
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heterotypic chains, by single or mixed linkage types, respectively, and chains can be branched;
also, ubiquitin molecules can be modified by PTMs (e.g. acetylation and phosphorylation) [9].

The process of ubiquitination is reversible thanks to deubiquitinating enzymes (DUBs) that
count to approximately 100 in the human genome and are classified into at least 6 families
(Ub-specific proteases, Ub carboxy-terminal hydrolases, ovarian tumor proteases, Machado-
Joseph disease protein domain proteases, metalloenzymes and monocyte chemotactic pro-
tein-induced proteases) [11, 12]. The ubiquitin code through all these complex steps are
involved not only in many biological processes such as DNA damage repair, apoptosis, cell
cycle control, differentiation, but also in diseases, including carcinogenesis [12]. A lot have
been achieved so far in our understanding but there are still many to be solved in the analysis
of the numerous different roles of the ubiquitin code (Scheme 1, [13-15]).

3. Ubiquitin and DNA repair

3.1. Ubiquitin and cell cycle control

Ubiquitin is an essential, highly conserved protein expressed in various cells. It can be found
in either free form or covalently attached to a target protein [16-18]. Ub by acting as cellu-
lar signal controls a wide range of biological processes including protein degradation, DNA
repair, endocytosis, autophagy, degradation, immunity and inflammation.

Ub, E1, E2 and E3 enzymes are successively required to target certain substrate for degradation.
Ub is attached to specific substrates in a three-step mechanism, with distinct enzymes catalyz-
ing each step. During first activating step, Ub becomes covalently conjugated to the side chain
of an El-cysteine via its carboxy-terminal (C-terminal) glycine in an ATP-dependent reaction.
Activated Ub is transferred via E2-enzyme (ubiquitin-conjugating enzyme) at C-terminal gly-
cine residue of Ub at an internal cysteine. Finally, Ub bound E2 interacts with an E3 Ub ligase
that catalyzes Ub transfer from E2 to a specific target protein [19, 20].

The specificity of Ub signaling is accomplished due to association of the molecule with differ-
ent substrates (mono- and poly-ubiquitination) [21]. The activity of protein molecules depends
on the interacting region with Ub (UBD - ubiquitin binding domain) affecting intracellular
signaling pathways [22, 23]. Monoubiquitination plays an important role in the recognition of
double-strand breaks (DSBs). K63 linked chains of Ub are involved in the production of signal-
ing processes during DNA repair [24, 25]. The ubiquitin/proteasome system (UPS) is a main
regulator of protein stability and plays an important role in execution of DNA damage response
(DDR). Several studies using proteasome inhibitors validated UPS as a valuable therapeutic tar-
get in cancer [26, 27].

Recognition of DNA damage sites by Ub accumulation can be detected immediately during
DNA damage [28]. Ubiquitination of H2A, H2B and H2AX is crucial in order to promote
destabilization of nucleosomes [29, 30]. Monoubiquitination of H2A from RNF2-BM1 cluster
seems to be essential for transcriptional repression of RNA-Pol II [31]. RNF2-BM1 is also
involved in monoubiquitination of H2AX at K119 and K120 (E2: UbcH5C), which initiates
recruitment of the apical PI3K-related kinase ATM (ataxia telangiectasia mutated) [32, 33].
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DNA repair process induces cell cycle arrest by non-homologous recombination (NHE]) and
phosphorylated p53. The p53 cooperates with the ATM/ATR and induces cell cycle arrest
by activating apoptosis [34]. The ubiquitin selective Cdc48/p97/VCP affects Ddr protein
and participates in ubiquitination and activation of degradation via proteasome [35-37].
Consequently, the interaction of ubiquitination and phosphorylation mechanism modulates
the activity of many proteins such as p53.

Cell cycle procedures and DNA repair mechanisms are crucial for the genetic stability in all
eukaryotic cells [38]. The NHE] process reunites free ends of the DNA with relatively restricted
homology [39]. The NHE] process can be considered as less robust procedure according to
reconnection of non-complementary ends of the chaperone activity such as DNA-PK, which
remove the mismatched nucleotides [40].

The cell cycle control procedure and the reliability of the progress of NHE] depend on the
presence of NHE] DNA repair proteins such as Ku70/80 and ligase XRCC4-1V [41, 42]. Besides
NHE], the process of homologous recombination (HR) is also crucial for the genetic stability
during predominantly S and G2 cell phases demonstrated the recombination of sister chroma-
tids or intact homologous chromosomes [43].

Protein ubiquitination plays an important role during DNA repair process, as several different
molecules of the cell cycle are ubiquitinated such as 53BP1. The 53BP1 protein promotes NHE] and
HR activation and the protein interaction with BRCA1 during HR [44]. The binding of the protein
to the double-strand break (DSB) region is associated with activity of the RNFS8 protein. K63 acts as
E3 ubiquitin ligase and catalyzes the ubiquitination of substrate proteins via RNF8 [45].

During DNA damage, RNF8 binds to the damage site interacting with MDC1 and catalyzes
monoubiquitination of H2A and H2AX through action of K63. The monoubiquitination of his-
tones promotes RNF8-dependent recruitment of a second E3 ligase RNF168 at the DSB [46, 47].
The polyubiquitination of H2AX further promotes the recruitment of RNF168 which amplifies
the RNF8 dependent histone ubiquitination by K63 [47, 48]. The interaction of complex RNEF8/
RNF168/K63 affects the accumulation of DNA repair proteins such as BRCA1 and 53BP1.

53BP1 cannot directly bind to K63 according to absence of any relevant binding site [49]. For
accumulation of 53BP1, p97 activation is necessary in order to remove L3MBTL1 protein to
the DSBs sites. The p97 binds to the ubiquitinated L3MBTL1 in chromatin, affecting the bind-
ing of 53BP1 [35].

According to these, RNF8 ubiquitinates K48-dependent substrates such as JM]D [50], protein
of NHE] KU 80 [28] and polymerase DNA (PCNA), which are crucial for DNA repair proce-
dure [51]. These proteins may be removed from chromatin by the action of the proteasome.

Polyubiquitination of PCNA may change cellular signaling of significant molecules [52]. This
regulator leads to waterfall ubiquitination during the DDR. During this phase, PCNA mono-
or poly-ubiquitinated at K164 residue regulates DNA repair process [53, 54]. BRCA1 plays a
key role through BRCA1—BRCT domain for the cell cycle progression [55]. BRCA1 reveals E3
ubiquitin ligase activity which is vital for genomic integrity [56, 57].

P53 has already been identified as an important molecule for cell cycle progression. The RITA
(enabler of p53 and induction of tumor apoptosis) is a small molecule that blocks p53 action [58].
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However, it appears to be dependent by ubiquitin even if in pro-apoptotic stage has been described
as pb3 independent [59, 60]. Nowadays, small molecules are designed to prevent the interaction
between the p53 and MDM?2, affecting in this way cell cycle control or apoptosis [61].

3.2. The importance of ubiquitin to cellular apoptosis

Besides the activation of DNA repair, the apoptotic response determines cellular integrity
[62]. DNA damage responses depend on operation of p53 as a key factor of cell function.
p53 is an important component of the mitochondrial apoptosis and plays a crucial role in the
coordinated cell death by DNA damage processes.

The expression of pro- and anti-apoptotic proteins such as members of Bcl2 family is decisive
for DDR signaling. The ability of apoptosis of immune cells is crucial for cellular differentia-
tion. Almost 90% of pre B and T cells reveal apoptosis during maturation [63].

In this process, UBE2C regulates the correct alignment of chromosomes during mitosis.
Overexpression of UBE2C has been detected in many cancers including breast, colon, prostate,
ovary, thymus, uterus and lung. Expression varies during the cell cycle and peaks at pro-meta-
phase and is reduced into anaphase [64, 65]. Suppression of expression of UBE2C contributes
in tumor progression and regulates chromosome segregation during mitosis in various malig-
nancies (cancer tissues). Overexpression of UBE2S and HIF1la is detected in various tumors
such as liver, colon cancer, breast cancer and metastatic cholangiocarcinoma [66, 67].

There are approximately 600 E3 ubiquitin ligases encoded by human genome and the mecha-
nism of ubiquitination depends on conserved catalytic domains [68, 69]. E2 and E3 ubiquitin
ligase activity contribute to aberrant oncogenic signaling, metastasis and resistance to chemo-
therapy. STUBI molecule demonstrated E3 ubiquitin ligase activity in cancer cells enhanced
by limited expression of STIP1. The STUB1 operates as a complex with other proteins and
promotes control of different regulatory molecules such as c-myc and SRC-3 through ubiq-
uitination. The restricted expression of STUB1 regulates the signaling of NFkB and the
anti-apoptotic proteins Bcl2 and AKT, enhancing the process of inflammation and cellular
metastasis. STUB1 is E3 ubiquitin ligase which modulates the stability of the p65 subunit of
NFKkB in cell colon cancer lines [70, 71].

Negative regulation of expression of STUB1 affects the activity of the p65 subunit and increases
VEGF, cyclin D1, c-Myc, IL-8 and MMP-2 by the action of NFkV involved in angiogenesis and
cancer metastasis. According to cell lines of pancreatic cancer, STUB1 has tumor suppressor
activity and regulates the stability of EGFR via proteasomal degradation mediated by tyro-
sine kinase receptor (RTK). The STUBI regulates phosphorylation of EGFR at Tyr845 and
Tyr1068 positions, activating signaling pathways of PI3K/AKT and Src/FAK. Downregulation
of STUBI increases oncogene signaling of EGFR and enhances action of RTK inhibitor, erlo-
tinib, leading to apoptosis in vivo. STUB1 modulates proteasomal degradation of NFkB and
the EGFR in several volumes [72-74].

The ultimate central goal of conventional cancer therapy is the effective elimination of tumors
by DNA damage-induced apoptosis (DDIA) since the balance of protein abundance and func-
tionality are decisive for DDR. Deregulation of ubiquitin-signaling pathways is intimately
associated with tumorigenesis and therapy resistance [60].
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Accumulating recent evidence conclusively identified ubiquitin signaling as a valuable target
in DDR and cancer chemoresistance. The majority of these efforts focused on the regulation of
P53 as one of the central determinants of DDR outcomes. Accordingly, an increasing number
of specific regulators of p53 have been identified and evaluated as therapeutic target.

RITA (reactivation of p53 and induction of tumor cell apoptosis) is a small molecule that
blocks p53 [58]. p53 regulates cell cycle control in different tissues including myelomas [60].
MI-63 and MI-219 molecules can block the interaction between p53 and MDM2, demonstrat-
ing that p53 mediates the disruption process of the cell cycle or apoptosis in tumor cells [61].

3.3. The importance of ubiquitination in the evolution of cell proliferation

Ubiquitination is a crucial post-translational modification that regulates cell cycle progres-
sion. Proteins that show E3 ubiquitin ligase activity such as SCFSKP2, SCFFBW7 and APC/C
are responsible for coupling ubiquitin in different specific proteins affecting proteasome and
regulation of degradation.

Many proteins with E3 ligase activity may operate either as oncoproteins or as tumor sup-
pressors. SKP2 is an oncoprotein involved in cell cycle progression through interaction with
cyclins, p27kip1 inhibitors and p21WAF/Cipl complex [75, 76]. The identification of related
E3 ligases and their substrates may be important therapeutic options for cancer treatment.
Molecules such as RNF115 and BRCA2 reveal ubiquitin E3 ligase activity overexpressed in
estrogen receptor (ER)-positive tumors [77].

A recent study showed that BRCA?2 directly interacts with RCL [78]. The BRCA1 and BRCA2
are key molecules for the cell cycle control interacting with a large number of other factors
including Rab7, UBC9 and hHR23a 14-3-3s [79, 80]. Several studies have also shown that
protein p21 show ligase E3 activity interacting with SCFSkp2, CRL4Cdt2 [81], the APC/
CCdc20, MKRN1 and RNF126; BRCA2 promotes proliferation of ER-positive breast cancer
cells through its interaction with p21 [82, 83].

In eukaryotic cells, CDKs activation is controlled by the availability of other cyclins and mol-
ecules, for example, p21, p27 and p57. Deregulation procedures of cyclins or CDKs determine
cell cycle control and proliferation, affecting cancer progression. The process and effect of ubig-
uitin through regulation of proteasomal activity also plays a critical role in cell cycle control [84].

BRCAZ2 has E3 ubiquitin ligase activity inducing ubiquitination of p21 protein. Alterations of
BRCAZ2 activity affect and promote proliferation of breast cancer cells. BRCA2 activity is influ-
enced by estrogen through ER receptor activity in MCF-7 cells [78]. It has also been found that
BRCAZ2 is expressed at high levels in ER-positive breast cancers in MCE-7 and T47D cell lines.

BRCAZ2 reveals 46% homology to SEQ RNF126, affecting the activity of p21 [83]. Both BRCA2
and RNF126 interact with the p21. This complex may promote ubiquitination of the protein
[82, 83]. BRCA2, RNF126 and other E3 ligases coordinately regulate the expression levels
of p21. Except for p21, many other proteins interact with BRCA2 including Rab7, tetherin,
UBCY, hHR23a and 14-3-3 s [82, 83]. However, BRCA2 does not appear to affect proteins
degradation via ubiquitin mediation. BRCA2, by the action of an Ub ligase E3, induces prolif-
eration of breast cancer cells via the ubiquitination of p21 and its degradation via proteasome.
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3.4. Ubiquitin and tumor progression: Metastasis

Overexpression of E2 molecules in tumor metastasis plays an active role in regulating cell
cycle progression and inflammation processes. In cases of defective expression of E3 ubiquitin
ligases, the oncogene signaling, metastasis and resistance in chemotherapy are elevated.

Downregulation of ubiquitin E3 ligase in cancer is associated with STUB1 action. STIP1 is an
escort molecule which regulates the cell cycle control and promotes ubiquitination of regula-
tors of the cell cycle such as c-Myc and SRC-3. Reduced expression and downregulation of
expression of STUB1 and NFkB activates signaling of anti-apoptotic proteins, for example, Bcl-
2- and AKT-promoting inflammation, cell survival, cellular infiltration and metastasis [70, 71].

The reduced expression of STUBI in colon cancer is associated with reduced degradation of
the subunit p65 and increased expression of NFkB and molecules of cyclin D1, c-myc, IL-8
and MMP-2 involved in angiogenesis and procedure of metastasis [85]. In pancreatic cancer,
STUBI1 is a tumor suppressor and regulates the stability of EGFR via proteasomal degrada-
tion. In addition, decreased expression of STUBI increases oncogenic signaling of EGFR in
pancreatic cancer cells by limiting the response of RTK, erlotinib, affecting tumorigenesis [86].

Interaction of UBE2N/UBE2V1 affects metastasis in breast cancer cells. UBE2N shows ubiquitin
ligase activity interacting with the cofactor UBE2V1 and induces ubiquitination in Lys63 residue
activating NFkB during inflammation. UBE2N is overexpressed in many tumors such as breast,
pancreatic, colon, prostate, ovarian and lymphoma. UBE2N is important molecule in the process
of metastasis of breast cancer cells to the lung by activating TGFb mediated by TAK1 and p38 [85].

It has been shown in several studies that UBE2N E2 ubiquitin ligase (UBE2V1) is overexpressed
in breast cancer cells and increases penetration and migration. Breast cancer cells are charac-
terized by increased expression of metalloproteinase-1 (MMP1) via activation of NFkB [87, 88].

UBE2V1 inhibition via shRNAs reduced breast tumor progression and metastasis in vivo.
Molecules with E3 ubiquitin ligase activity have been determined in pluripotent cancer stem
cells. Pluripotent cancer stem cells are characterized by overexpression of the embryonic stem
cell markers SOX2 (SRY-2), Oct4 (Octamer-4) and Nanog. These transcription factors are key
regulators of pluripotency and of the inhibition of cellular differentiation. Specific indicators
in the surface of cancer cells CD133 and CD44 are associated with increased resistance to che-
motherapy. E3 ligases control cell differentiation by regulation of expression of these specific
proteins in different cancer types [89].

4. Ubiquitin-related molecules and breast cancer; target therapy

4.1. p53/MDM2

In about 50% of human malignancies there is mutation of TP53, making this “genome guard-
ian” the most frequently mutated gene in cancer [90, 91]. In addition, for most cancers lacking
mutation, the wild-type p53 is inactivated by interaction with cellular (MDM2/MDM4) or viral
proteins that lead to its degradation. For these reasons, there is a great interest regarding targeting
these molecules for the cancer treatment and during the last years several compounds have
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become available that can restore wild-type properties of p53 for TP53-mutated malignancies or
prevent the binding of MDM2/MDM4 to wild-type p53, thereby blocking its degradation in a
variety of malignancies; the disparity provides distinct therapeutic opportunities for targeting
cancers with p53 wild-type than those with p53 mutant cancers. Several preclinical studies have
demonstrated that reconfiguration of mutant, to its normal, active WT p53 conformation, restores
apoptosis and promotes tumor regression (88). Although the overall frequency of p53 mutation in
breast cancer is approximately 20-30% (70-80% are TP53 wild-type), certain types of it are associ-
ated with higher frequencies, for example, in carriers of germline BRCA1 and BRCA2 mutations,
strikingly, in typical medullary breast carcinomas, p53 mutation occurs in 100% of cases [92, 93].
In addition, TP53 mutation distribution is highly linked to molecular breast tumor subtypes found
in 26% of luminal tumors (17% of luminal A and 41% of luminal B), in 50% of HER2-amplified
tumors, in 69% of molecular apocrine breast carcinomas and in 88% of basal-like carcinomas [93].

In general, patients carrying a TP53 missense mutation, leading to expression of a mutant p53
protein in the germline, have a significantly earlier cancer onset than patients with mutations
in TP53 that result in loss of p53 protein expression. Mutant p53 has been shown to play a role
in many different cellular processes, for example, proliferation, invasion, increased migration,
genomic instability, cell survival, angiogenesis, EMT, stem cell dedifferentiation and drug
resistance. The tumor suppressor role of wild-type p53 is undoubtable, but studies showed
that mutated p53 can result in both loss of wild-type activity and gain of a novel functions,
promoting tumorigenesis and a more aggressive tumor profile [94]. The strategies that are
currently being explored to target mutant p53 include small molecule compounds that spe-
cifically restore wild-type conformation and transcriptional activity of mutant p53, induce
depletion of mutant p53, inhibit the downstream pathways of oncogenic mutant p53 and
induce synthetic lethality to mutant p53 [95, 96]. The fact that most mutant p53s are expressed
at very high levels in cancer cells, leading to their immunohistochemical detection, makes
these proteins very attractive therapeutic targets.

4.1.1. Hsp90 inhibitors: geldanamycin, 17-AAG and ganetespib

Blocking the function of heat shock protein 90 (Hsp90) leads to depletion of several oncogenic
proteins such as ErbB2 and mutant p53, because Hsp90 contributes to the accumulation of
mutant p53 by inactivating p53 ubiquitin ligases, MDM2 and CHIP [95]. Geldanamycin is
one of the most potent and effective hsp90 alpha inhibitor and is used to target breast can-
cer; however, it failed to move into the clinics due to the toxicity associated with its solubil-
ity. Geldanamycin was modified chemically to develop 17-AAG and later 17-DMAG, which
have higher solubility and lesser toxicity [97]. Nonetheless, in order to achieve better efficacy
against breast cancer, a more potent, soluble and least toxic analogues need to be developed
such as an analogue and geldanamycin-based polymeric magnetite nanocomposite; the latter
plays a vital role in efficacious therapy, showing selective cell kill of cancerous breast cells,
while vanquishing normal cells and hepatic toxicity [98]. Another Hsp90 inhibitor, ganes-
tespib, has proved to have little effect on wild-type p53 levels and induces mutant p53 deple-
tion with increased apoptosis in tumors in vivo in both p53%*¥Q Hupki (human p53 knock-in)
and p53772H knock-in mouse models. Ganetespib is under evaluation in clinical trials,
supported by preclinical evidence of its potent anti-tumor activity in different breast cancer
subtypes; a phase Il trial of single agent ganetespib was conducted in patients with unselected
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metastatic breast cancer. The clinical activity was notable in patients with trastuzumab-refrac-
tory HER2+ and triple negative breast cancer. In addition there was evidence of tumor shrink-
age, specifically in patients with lung metastases. In that trial ganetespib was well tolerated,
thus responses in more targeted populations harboring specific HSP90-dependent oncopro-
teins justify its further study [99].

4.1.2. Histone deacetylase inhibitors (vorinostat/SAHA, romidepsin/depsipeptide, belinostat)

Histone deacetylases (HDACs) are a group of enzymes that remove acetyl groups from
histones and regulate expression of tumor suppressor genes such as p53. HDAC inhibitors
(HDAC:) have the potential to disrupt multiple signaling pathways to inhibit tumor growth
and induce apoptosis. HDAC inhibitors are differentiated by their structure and further
characterized into different subgroups [100]. Specifically, suberoylanilide hydroxamic acid
(SAHA, also known as vorinostat), a FDA-approved HDACi that inhibits class I, II and IV
HDAC:sS, induces degradation of mutant p53 by inhibiting HDAC6 activity, an essential posi-
tive regulator of Hsp90 and subsequent disruption of the HDAC6/Hsp90/mutant p53 complex,
leading to mutant p53 ubiquitination by MDM2 and CHIP. SAHA shows higher cytotoxic
effects on cancer cells carrying mutant p53 than those having wild type or null for p53. SAHA
also sensitizes cancer cells to a topoisomerase inhibitor camptothecin in a mutant p53-depen-
dent manner. Currently, all three drugs approved by FDA (vorinostat (SAHA), romidepsin/
depsipeptide (Istodax)) and belinostat (Beleodaq) are being further evaluated for other than
hematological malignancies and for solid tumors, either as a single agent or in combination
with other drugs. Specifically, investigation of romidepsin for the treatment of inflammatory
breast cancer revealed that it potentially induced destruction of IBC tumor emboli and lym-
phatic vascular architecture. Also, a combination of depsipeptide and gemcitabine was tested
in patients with advanced solid tumors including pancreatic, breast, NSCLC and ovarian and
the study identified a dose level of 12 mg/m? romidepsin and 88 mg/m? gemcitabine for phase
IT trial [101]. Clinical trials studying the combination of chemotherapy or hormone therapy
and HDAC inhibitors show promising efficacy. [100].

4.1.3. Beclinl

Autophagy is an important intracellular catabolic mechanism that mediates the degrada-
tion of cytoplasmic proteins and organelles. We report a potent small molecule inhibitor of
autophagy named “spautin-1” for specific and potent autophagy inhibitor-1. Spautin-1 pro-
motes the degradation of Vps34 PI3 kinase complexes by inhibiting two ubiquitin-specific
peptidases, USP10 and USP13 that target the Beclin1 subunit of Vps34 complexes. Beclinl is a
tumor suppressor and frequently monoallelically lost in human cancers. Interestingly, Beclinl
also controls the protein stabilities of USP10 and USP13 by regulating their deubiquitinat-
ing activities. Since USP10 mediates the deubiquitination of p53, regulating deubiquitination
activity of USP10 and USP13 by Beclinl provides a mechanism for Beclin1 to control the levels
of p53 [102]. One study provided a molecular mechanism involving protein deubiquitina-
tion that connects two important tumor suppressors, p53 and Beclinl, and a potent small
molecule inhibitor of autophagy as a possible lead compound for developing anti-cancer
drugs. Actually, since Beclin 1 is expressed in breast cancer cells, it could be a unique effective
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drug target for the prevention and treatment of breast cancer. However, the expression of
Beclin 1 varies according to cancer molecular subtypes, and Beclin 1 is involved in both breast
cancer suppression and tumor progression; therefore, the decision of using a Beclin 1 inducer
or inhibitor should be made based on breast cancer stage and subtype [103].

4.1.4. Nutlin-3a

In 2004, a small molecule antagonist of Mdm?2 was discovered, known as Nutlin-3a or Nutlin.
The discovery of nutlin-3a, the first in a class of small molecule MDM?2 inhibitors that binds to
MDM2, preventing its association with and degradation of p53, has led to an extensive list of
related compounds. Preclinical modeling with nutlin-3a showed improved anti-cancer activ-
ity in combination with cytotoxic- and molecular-targeted therapies, in many tumor types;
the high rate of MDM2 overexpression in ER-positive breast cancer, and the ability of MDM?2
inhibitors to ubiquitinate steroid hormone receptors, has led to the evaluation of this class of
drugs in combination with endocrine therapies [104]. It has also been shown that p53 activa-
tion with nutlin in combination with fulvestrant, a selective ER degrader, leads to a greater
degree of apoptosis in vitro. However, the subsequent toxicity of the combination partner
plays critical role for the success of such an approach clinically.

Also, there has been shown the potential of Nutlin-3 or similar drugs as treatment options to
overcome chemoresistance due to cancer stem cells (CSCs) [105]. In a recent study, patient-
derived xenografts were used, as a clinically relevant model of numb-deficient breast can-
cers; the unlimited self-renewal and high tumorigenic/metastatic potential of cancer stem
cells in numb-deficient carcinomas could be selectively reverted by re-expression of the
tumor suppressor numb, or pharmacological restoration of p53 function with the Nutlin-3.
Targeting the numb/p53 dysfunction selectively interferes with the CSC compartment of
numb-deficient BCs, with only modest effects at the level of the bulk tumor population. The
combined use of Nutlin-3 with standard chemotherapy (paclitaxel), increases the response
to therapy of numb-deficient breast carcinomas and prevents tumor relapse after therapy
discontinuation [106].

4.1.5. RING finger protein 31 inhibitors

The atypical E3 ubiquitin ligase RNF31 (other names HOIP and ZIBRA) is highly expressed
in breast cancer, decreasing p53 stability, whereas depletion of RNF31 in breast cancer
cells causes cell cycle arrest and cisplatin-induced apoptosis in a p53-dependent manner.
Furthermore, RNF31 is associated with the p53/MDM2 complex and facilitates p53 polyu-
biquitination and thus its degradation, suggesting that RNF31 regulates cell death. As p53
wild type tends to appear in ERa-positive breast cancers (Luminal A and B), there is still little
known about RNF31 in HER2 type or triple negative breast cancers. Analysis of publically
available clinical data sets displayed a negative correlation between RNF31 and p53 target
genes, including IGFBP3 and BTGI, consistent with the fact that RNF31 regulates p53 func-
tion in vivo as well, findings suggesting RNF31 as a potential therapeutic target to restore
P53 function in breast cancer [107, 108]. A lot need to be investigated by future studies on the
development of drug targets (RNF31 inhibitors) and their clinical application.
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4.2. CDKs - CDIs

Cell cycle regulation has been identified as an attractive target for targeted drug therapy
of cancer. Several compounds of CDK inhibitors entered preclinical and early clinical trials
including first- and second-generation agents that are more specific to certain CDKs.

4.2.1. Palbociclib and related molecules

The results with broadly acting CDK inhibitors (first-generation inhibitors such as flavopiridol) so
far were largely disappointing. The second-generation compounds have shown more potent activ-
ity against their targets and a more favorable safety profile. Recent preclinical and clinical studies
using a novel (oral) reversible CDK4/6 inhibitor, palbociclib, have shown the role of CDK4/6 as a
potential target in estrogen receptor-positive (ER+) breast carcinoma. Specifically palbociclib (PD-
0332991) has recently received accelerated Food and Drug Administration approval for the treat-
ment of hormone receptor-positive (HR+) metastatic breast cancer in combination with letrozole,
while further data suggest improved outcome when combined with fulvestrant (hormonother-
apy). In addition to palbociclib, two other small molecule CDK4/6 inhibitors are currently in clini-
cal development, ribociclib (LEE011) and abemaciclib (LY2835219); actually the FDA has approved
the CDK 4/6 inhibitor ribociclib (Kisqali) for use in combination with an aromatase inhibitor for the
frontline treatment of postmenopausal women with HR+, HER2-negative advanced breast cancer
[109, 110]. Finally, treatment with the CDK4/6 inhibitor abemaciclib has been approved by FDA in
2017, for HR + and HER2 — advanced or metastatic breast carcinoma [111].

4.3. SCF complex — SKP2/p27
4.3.1. SKP2 inhibitors

It has been proved that Skp2 is frequently overexpressed in a variety of human cancers includ-
ing breast carcinoma; actually both Skp2 mRNA and protein display elevated levels in breast
cancer cell lines and primary breast tumors. Therefore, inhibition of Skp2 may be a novel
strategy for the prevention and/or treatment of this malignancy. Specific drugs that inactivate
Skp2 in breast cancer are unavailable so far, although there is renewed interest in developing
Skp2 inhibitors for breast cancer treatment.

It is noteworthy that several natural compounds have been found to downregulate Skp2
expression in human cancers—including breast cancer—such as curcumin, lycopene and
quercetin. All-trans retinoic acid (ATRA) promoted the ubiquitination of Skp2 in breast can-
cer cell lines, leading to cell cycle arrest. Gallic acid markedly reduces cell growth of human
breast cancer cells and induces cell cycle arrest by inhibiting Skp2, attenuating Skp2—p27 asso-
ciation and reducing p27 ubiquitination. Moreover, Huang et al. (2008) reported that epigallo-
catechin-3-gallate (EGCG), the main constituent of green tea, inhibits human breast cancer cell
growth via downregulation of Skp2 expression and accumulation of p27 among others. Both
tamoxifen and paclitaxel significantly and synergistically enhanced cell growth inhibition by
EGCG mediated through the downregulation of Skp2 expression in breast cancer cells [112].

In addition, siRNA gene silencing—an important gene function analysis method widely
used in molecular studies—could be useful tool in inhibiting Skp2 activity. At the cell level,
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siRNA interference technology is characterized by a shorter action cycle and fewer side
effects, and can silence multiple genes specifically with minimized side effects. In a recent
study, two pairs of SKP2-specific siRNA, siRNA1 and siRNA2, were designed and synthe-
sized and detected the endogenous SKP2 expression inhibitory effect in breast cancer cells
MDA-MB-231. Western blotting showed that SKP2-specific siRNA1 can effectively inhibit
endogenous SKP2 expression in these cells. Moreover, SKP2 silence significantly reduced
breast cancer cell MDA-MB-231 proliferation. This study could be the experimental basis for
further investigation and potential clinical application [113].

4.4. Histone ubiquitination

Monoubiquitination is one of the largest histone PTMs, alongside smaller and better studied
modifications such as methylation, acetylation and phosphorylation. Monoubiquitination
of histone H2B at lysine 120 (H2Bub1) has key roles in transcription, the DNA damage
response and stem cell differentiation. Global levels of monoubiquinated histone H2B
(H2Bub1) are low to absent in advanced cancers including breast, colorectal, lung and para-
thyroid, marking H2Bub1l and the enzymes that regulate it as key molecules in new thera-
peutic strategies for the treatment of cancer. More specifically, H2Bub1 levels were found to
be significantly reduced in malignant and metastatic breast cancer cells, proving its tumor
suppressor role [114].

4.4.1. USP44 inhibitors

USP44 is a subunit of the N-CoR complex and deubiquitinates H2B in vitro and in vivo. ChIP
experiments confirmed that USP44 recruitment reduces H2Bub1 levels at N-CoR target loci;
USP44 high expression correlates with reduced levels of H2Bubl in the breast cancer cell
line MDA-MB-231 and is required for efficient invasiveness of triple negative breast cancer
cells—highly expressed in aggressive breast cancer MDA-MB-231 cells, leading to low global
H2Bubl1 levels and contributing to the invasiveness of these cells. On the contrary, depletion
of USP44 impairs the invasiveness of MDA-MB-231 cells in vitro and causes an increase of
global H2Bub1 levels [115]. In recent years, studies are looking for negative regulators of
DUBs such as USP44 and USP22, to be used as therapeutic agents for malignancies, including
mammary carcinoma, but there are still a lot to be discovered in this field for an anti-cancer
regiment to be suggested [116].

4.5. Estrogen receptor

On a molecular basis, for example, gene expression profile, the breast carcinomas are clas-
sified into five major subtypes: luminal A and B, HER2-enriched, triple negative (basal-like
and non-basal-like). Each of these tumors has different risk factors, response to treatment and
disease progression/preferential metastasis sites. In addition, the etiology, pathogenesis and
prognosis of breast cancer are significantly influenced by intrinsic molecular breast cancer
subtypes across the different ethnicities globally [117].

More than two-thirds of the breast carcinomas (approximately 75%) are of luminal subtype
and initially responsive to anti-estrogens such as tamoxifen. Anti-estrogen resistance is of two
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types, de novo and acquired, and is likely to develop over time. The absence of both ERat and PR
expression represents the prevailing mechanism of de novo resistance. The acquired resistance
is defined by loss of anti-estrogen responsiveness by initially responsive tumors [117]. About
50-60% of ER-positive tumors respond to the first-line endocrine therapy, while about 40% of
ER-positive tumors show resistance; the latter correlated with loss of ER expression, changes
in ERa post-translational modifications, loss of ER-dependent growth, and activation of cross-
talking pathways. About one-third of patients treated with tamoxifen for 5 years will have recur-
rent disease within 15 years [118]. It has been proved that approximately 25% of ER+/PR+, 66%
of ER+/PR- and 55% of ER—/PR+ breast carcinomas do not respond to anti-estrogens. Several
studies suggest that loss of ERat can be due to long-term activation of growth factor signaling
pathways; approximately 30% of the patients show loss of ERat where EGFR/Her-2 activity is
elevated. Accumulating evidence suggests that several mechanisms act at cellular/molecular
levels and are likely to be responsible for the endocrine resistance, comprising a major challenge
today in treating significant percentage of breast cancers by hormone therapy [118].

One contributing factor for the phenomenon of endocrine resistance is the ERa-specific ubiq-
uitin ligases. Re-expression of ERa in ER-negative breast cancer cells can restore sensitivity to
tamoxifen; restoring the ERa expression by inhibiting ERa-specific ubiquitin ligases provides
potential novel strategies for restoring tamoxifen sensitivity and thus potential therapeutic
drugs. Small molecule inhibitors specific to these ubiquitin ligases may overcome tamoxifen
resistance in breast cancers. In particular, whether ER negativity is a cause or a consequence
of the disease progression is a million dollar question in this field, but the current understand-
ing of this phenomenon is still at premature stage [118].

4.5.1. GSK3 inhibitors

Glycogen synthase kinase-3 (GSK-3) protects ERa from proteasomal degradation and plays
a crucial role in ERa protein stabilization and turnover and GSK-3 may be involved in ERa-
mediated transcriptional activation without ERa degradation. Silencing of GSK-3 results in a
reduction of ERa levels in breast cancer cells due to increased proteasomal degradation, so its
inhibitors could consist an emerging therapeutic target in the treatment of human breast cancer
[119]. In a recent study, the pharmacological inhibition of GSK-3 by two novel small molecules,
9-ING-41 and 9-ING-87, reduced the viability of breast cancer cells; in addition, treatment with
9-ING-41 enhanced the anti-tumor effect of irinotecan (CPT-11) against breast cancer cells in vitro.
The same study established two patient-derived xenograft tumor models —from metastatic pleu-
ral effusions obtained from patients with chemo-refractory breast cancer—and demonstrated
that 9-ING-41 also potentiated the effect of the chemotherapeutic drug CPT-11 in vivo, leading to
regression of established tumors in mice. These results make GSK-3 inhibitor 9-ING-41 a promis-
ing candidate targeted agent for metastatic breast cancer therapy [120].

4.5.2. RNF31 inhibitors

The atypical E3 ubiquitin ligase RNF31 has an oncogenic role in breast cancer growth through
facilitating ERa signaling and suppressing P53 signaling, although its ultimate role is not
thoroughly studied yet. Modulation of ERa levels is one feasible approach to inhibit estrogen
signaling and subsequently cellular proliferation and possible therapeutic inhibitors targeting
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RNEF31 could constitute a valuable drug for breast cancers. The development of RNF31 inhibi-
tors is ongoing, for example, targeting its function on RBR domain [108].

4.6. BRCA1

The breast and ovarian cancer susceptibility gene BRCA1 is implicated not only in familial
breast cancers but also in sporadic breast cancers. Approximately 15% of sporadic breast
cancers belong to the basal-like subtype that expresses basal/myoepithelial cell markers,
but do not express estrogen receptor, progesterone receptor or HER2 and is associated
with poor prognosis. Furthermore, the majority of hereditary breast cancers with BRCA1
mutations display a basal-like phenotype, thus implying the importance of BRCA1 not
only in familial breast cancers but also in sporadic cancers. BRCA1 is a protein that coor-
dinates a diverse range of cellular pathways to maintain genomic stability and participates
in multiple cellular supercomplexes, in most of which it exists as a RING heterodimer with
BARDI1 to provide ubiquitin E3 ligase activity that is required for a tumor suppressor func-
tion. Reduced expression of BRCA1, due to mutations or epigenetic inactivation, leads to
increased risk of breast cancer development. Although BRCAL1 is present in all cells, it is
still not clear why mutations in the BRCA1 gene predispose to breast and ovarian, but not
to other types of cancer [121].

4.6.1. PARP inhibitors

Poly-ADP-ribose polymerases (PARP) are enzymes that are involved in DNA damage repair
and their inhibition is a promising strategy for targeting cancers with defective DNA damage
repair, including BRCA1 and BRCA2 mutation-associated breast and ovarian cancers. Several
PARP inhibitors are currently in clinical trials in the adjuvant, neoadjuvant and metastatic
settings for the treatment of BRCA-mutated breast carcinoma (phase 2-3) such as Olaparib
(AZD2281), Veliparib (ABT-888) and Talazoparib (BMN-673), as single agents or in combina-
tion schemes with chemotherapy and the results are very promising. Also, PARP inhibitor
activity could be applied to breast cancers without BRCA1/2 mutations and several preclinical
experiments support this possibility [122]. FDA has approved Lynparza (olaparib) to treat
ovarian cancers in women who carry mutations in BRCA1 or BRCA2, and who have received
chemotherapy treatments, but PARP inhibitors are not currently FDA approved for treating
breast cancer; results from phase 3 using Lynparza has been promising. Nevertheless, more
investigation needs to be done in order to have more data regarding possible long-term side
effects [122, 123].

4.7. ErbB2/HER2/neu

Her-2/neu overexpression (gene amplification) is observed in about 20-30% of breast cancer
patients and is directly linked to deregulated activation of intracellular mitogenic signaling,
and thus leads to aggressive tumor behavior and resistance to cancer chemotherapy. HER-2
gene amplification in breast cancer has been associated with tumor invasiveness, accelerated
angiogenesis, reduced apoptosis, and more progressive regional and distant metastases. So,
carcinomas that present with a higher-than-average/positive HER-2 status will almost cer-
tainly be more aggressive [124].
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The first approved monoclonal antibody treatment (immune targeted therapy) for breast
cancer was trastuzumab (Herceptin), which results in significant improvement in patient
survival when used in combination with chemotherapy in patients with (metastatic) Her-
2/neu-positive carcinoma, both before and after surgery. Specifically trastuzumab blocks
HER?2 receptors from receiving growth signals so it inhibits signaling of MAPK and PI3K
pathways, promotes cell cycle arrest and induces apoptosis. Herceptin can also help fight
breast cancer by alerting the immune system to destroy cancer cells onto which it is attached
and by mediating the internalization and degradation of the Her-2/neu receptor and conse-
quently diminishing its intracellular signaling [125].

Treatments that specifically target HER2 are very effective and the prognosis for HER2-
positive breast cancer is actually quite good. Other treatments that target HER2/neu recep-
tor include Lapatinib (Tykerb), Pertuzumab (Perjeta) and/or Ado-trastuzumab emtansine
(Kadcyla). Nevertheless, the primary or acquired resistance as well as the side effect toxicity
of trastuzumab, for example, cardiac dysfunction have led to the investigation of other mol-
ecules that could downregulate HER2/neu. Several new medications are being developed are
under clinical trials [126].

4.7.1. Quercetin

The natural product quercetin (3,5,7,3',4"-pentahydroxyflavone) is orally bioavailable and is
a flavonoid found in many fruits and vegetables. Previous research has shown that quercetin
has anti-tumor, anti-inflammatory, anti-allergic and anti-viral activities and has been shown
to be protective against breast cancer in animal model. A recent study showed that querce-
tin decreased the level of Her-2/neu protein in time- and dose-dependent manner and also
inhibited the downstream survival PI3K-Akt signaling pathway in Her-2/neu-overexpress-
ing breast cancer SK-Br3 cells. In addition, this product-induced polyubiquitination of Her-2/
neu. The carboxyl terminus of Hsc70-interacting protein (CHIP), a chaperone-dependent E3
ubiquitin ligase, was found to play a crucial role in the quercetin-induced ubiquitination of
Her-2/neu. Inhibition of tyrosine kinase activity of Her-2/neu by quercetin could indicate a
lateration in the Her-2/neu structure which promotes CHIP recruitments and downregula-
tion of Her-2/neu. So this agent could be one more promising drug to treat Her-2/neu-over-
expressing cancers [127].

4.7.2. Afatinib

The novel next-generation tyrosine kinase inhibitors (TKIs), afatinib and neratinib, were
designed to overcome the resistance by targeting multiple HER family members and irrevers-
ibly binding the targets. Despite the encouraging results of the afatinib monotherapies, mul-
ticenter international trials are still ongoing for their evaluation. Neratinib has been shown
to be an effective treatment in the metastatic, neoadjuvant and adjuvant setting, both as a
single agent or in combination with cytotoxic agents [128]. Recently, in July 2017, the US FDA
approved neratinib for the extended adjuvant treatment of early stage HER2- overexpressed/
amplified breast cancer, to follow adjuvant trastuzumab-based therapy [111].
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4.8. TRAIL receptors
4.8.1. rhTRAIL

Drugs based on tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is antici-
pated to be one of the most effective cancer treatments, however, resistance to TRAIL therapy
remains a challenge and TRAIL combinations have been experimented with for over 10 years
to induce synergism or sensitize resistant cancer cells. TRAIL is characterized by its ability to
induce apoptosis in tumor cells but not in normal cells, thus qualifying as a potential drug
specific for different types of cancer, including breast, bladder, lung and liver; the develop-
ment of recombinant human TRAIL (rhTRAIL) as a promising therapy for different types of
human cancer. However, a majority of breast cancer cell lines exhibit resistance to TRAIL
treatment due to upregulation of pro-apoptotic proteins, downregulation of anti-apoptotic
proteins and/or upregulation of death receptors 4 and 5. To overcome TRAIL resistance, a co-
treatment option has been studied using the natural compound Quercetin [129]. One recent
studies findings suggest that the co-treatment of Quercetin and thTRAIL has the potential to
be an anti-breast cancer therapeutic strategy, by enhancing pro-apoptotic and anti-prolifera-
tive effects in hormone dependent and triple negative breast cancer cells [130].

4.9. NEDD4

NEDD4 (neural precursor cell expressed, developmentally downregulated 4) is an E3 ubiquitin
protein ligase that has been found to target numerous substrates for its biological functions and
plays a pivotal role in the development and progression of human cancers; it is observed that
NEDD4 expression was increased in breast cancer [131]. Additionally, it acts as an E3 ligase of
PTEN —a tumor suppressor gene— catalyzing poly-ubiquitination of PTEN protein in cells and
leading to its proteolysis. It has been reported to negatively regulate PTEN protein levels in car-
cinomas of the prostate, lung and bladder, but recent studies showed either no association or a
positive correlation at the protein and transcript levels, regarding NEDD4's effect on PTEN in
the breast cancer; this suggests that NEDD4 is not responsible for the frequent downregulation
of PTEN protein in human breast carcinoma [132]. In general, NEDD4 could be a legitimate
target for designing new drugs against human malignancies, although surprisingly, NEDD4
inhibitors have not been discovered so far. More investigation on this pathway could lead to
the development of this E3 ubiquitin ligase inhibitors such as beta-TRCP that could contribute
to the decrease of abundant NEDD4 oncoprotein levels by its destruction [133].

4.10. DUBs

Ubiquitination is reversible, like most regulatory cellular processes, and the enzymes that
reverse protein ubiquitination are collectively known as deubiquitinases (DUBs). The mam-
malian genome encodes around 100 DUBs that are categorized into five classes, four of which
are thiol proteases including ubiquitin C-terminal hydrolases (UCHs), ubiquitin-specific pro-
teases (USPs), ovarian tumor domain DUBs and machado Joseph domain DUBs. The fifth class
comprises JAB1/MPN metalloenzyme, which functions as a zinc finger metalloprotease [134].
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4.10.1. USP inhibitors

Generally, anumber of regulate processes associated with cell proliferation and apoptosis, and
as such represent candidate targets for cancer therapeutics. The majority of DUBs is cysteine pro-
teases and is likely to be more “druggable” than E3 ligases. Ubiquitin-specific proteases (USPs)
are one class of DUBs implicated in breast cancer by transforming growth factor beta (TGF-
P) signaling; the latter has a well-documented role in mediating epithelial-to-mesenchymal
transition (EMT), tumor progression and metastasis in breast cancer. Specifically, the deubiq-
uitinases USP4, USP9X, USP9Y, USP10, USP11, USP15, USP25 and USP32, but also DUB3 are
upregulated/overexpressed in human breast cancer [134].

Several inhibitors have been developed against USPs such as HBX 41,108, b-AP15 and pimo-
zide. WP1130 is a partially selective DUB inhibitor that induces apoptosis in cells through
rapid accumulation of poly-ubiquitinated proteins that targets USP5, USP9X and USP14,
among others. USP9X inhibition by WP1130 in tumorigenic human breast cancer cell lines
inhibits their growth and USP9X knockdown in all triple negative breast cancer cell lines
caused apoptosis induction, so WP1130 and its derivatives could be a significant therapeu-
tic agents in the treatment of breast cancer [134]. Moreover, the specific inhibitor WP1130
binds to DUB3 and inhibits the DUB3-mediating Snaill stabilization in vitro and in vivo, as
it blocked tumor cell migration, invasion and suppressed CSC-like properties, providing a
proof for therapeutic development of small molecules to inhibit the activity of DUB3 in meta-
static breast cancer. These data strengthen the view that DUB3 is an ideal candidate for the
development of inhibitors for cancer treatment based on its dual role in regulating cell growth
and metastasis [135].

b-AP15, an inhibitor for both UCH37 and USP14, was able to accumulate ubiquitinated sub-
strates and had excellent efficacy in different in vivo solid tumor models, as well as an acute
myeloid leukemia model. On the contrary, a more selective USP14 inhibitor, IU1, had an
opposite effect by enhancing degradation of target proteins, leading to a dose-dependent
reduction in overexpressed proteins including Tau, showing that selective inhibition of differ-
ent proteasomal DUBs may have different outcomes; nevertheless inhibition of proteasomal
DUBs is worthy of investigation as a potential anti-cancer therapy [136].

4.11. Antiestrogens (Tamoxifen, Raloxifene, Fulvestrant, Letrozole)

Antiestrogens are classified as selective estrogen receptor modulators (SERMs), for example,
tamoxifen and raloxifene —that have antagonist activity in breast and partial agonist activity
in uterus and bones—and as pure antiestrogens, for example, fulvestrant; the latter acceler-
ate ERa proteasomal degradation so they represent selective estrogen receptor downregula-
tors (SERDs). Tamoxifen is the first clinically approved antiestrogen and remains the standard
adjuvant treatment for all stages of primary breast carcinoma [137]. It has been shown that
ubiquitin ligase c-Cbl is involved (enhances) in tamoxifen-induced apoptosis of MCF-7 cells
[138]. Nevertheless, significant number of these patients develop resistance to tamoxifen,
which in addition shows negative side effects, such as thromboembolic events and endome-
trial cancer. Raloxifene has 76% of effectiveness of tamoxifen at reducing incidence of invasive
breast cancer with less incidence of endometrial cancer. Fulvestrant acts via different molecular
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mechanism consisting in increased ERa turnover through the ubiquitin —proteasome pathway
in ERat breast cancer cells [137]. Finally, it has been shown that inhibition of ubiquitin conju-
gating enzyme UBE2C reduces proliferation and sensitizes breast cancer cells to letrozole—an
aromatase inhibitor—tamoxifen etc. [139]. All the above-mentioned antiestrogen drugs are
FDA-approved and have been used in HR+ (advanced/metastatic) breast carcinomas, includ-
ing for reducing cancer risk (tamoxifen, raloxifene) [111].

5. Conclusion

Ubiquitination involves the attachment of ubiquitin to numerous target proteins leading to
regulation of their half-life, localization, activity and conformation. Recent years” analysis sug-
gests that ubiquitin plays a very important role in several signaling and cell regulatory events
in malignancies, including breast cancer, which remain the commonest carcinoma and second
cause of death among women worldwide. Targeting molecules of the ubiquitination system
is very promising for the treatment of breast cancer, as well as for other neoplasms. Although
many potential targets that belong to this category are under trials, only few have already
taken FDA approval and are used as therapeutic drugs so far such as ribociclib (Kisqali) and
palbociclib (PD-0332991). Suberoylanilide hydroxamic acid (SAHA) also known as vorinostat,
romidepsin (Istodax) and depsipeptide are HDAC inhibitors that are being used among others
in clinical trials for treating breast malignancies, but also other molecules such as ganetespib and
olaparib; yet, more targets are studied as possible treatment candidates, for example, nutlin-3
and quercetin (Table 1). In spite of the fact that drug targets belonging to the spectrum of ubig-
uitin system are very promising, a lot need to be done by future studies on their development
and clinical application, either as monotherapy or as combination therapy for breast cancer.

Drug-related Current phase
lecul
motecue Molecule Preclinical modeling—  Clinical trials FDA approved
selection/design in vitro/in vivo (cell
production lines, xenografts)
P53/MDM2 Beclin 1 inducer  Nutlin-3 Hsp90 Inhibitors
or inhibitor (Geldanamycin,

17-AAG, Ganetespib)

RING finger Histone Deacetylase
protein 31 Inhibitors (Vorinostat/
inhibitors SAHA, Romidepsin/
(RNF31i) Depsipeptide,
Belinostat)
CDKs-CDIs CDK4/6 inhibitors (Palbociclib,
Ribociclib, Abemaciclib)
SCF complex Curcumin, lycopene,
-SKP2/p27 pentagalloylglucose,

quercetin, ATRA, garlic
acid, EGCG, SKP2 siRNA

Histone H2B USP44 inhibitors USP44 inhibitors
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Drug-related

Current phase

lecul
motecue Molecule Preclinical modeling—  Clinical trials FDA approved
selection/design in vitro/in vivo (cell
production lines, xenografts)
ER RNF31 inhibitors GSK-3 inhibitors (9-ING-
41, 9-ING-87)
BRCAL1 PARP inhibitors
(Olaparib, Veliparib,
Talazoparib)
ErbB2/HER2/neu Quercetin Tyrosine kinase Tyrosine kinase inhibitors
inhibitors (Afatinib) ~ (Lapatinib, Neratinib)
Monoclonal antibodies
(Trastuzumab, Ado-
trastuzumabemtansine,
Pertuzumab)
TRAIL receptors rhTRAIL (co-treatment
of Quercetin)
NEDD4 NEDD4
inhibitors
(beta-TRCP)
DUBs DUB3 inhibitors  USP inhibitors (WP1130,
b-AP15)
Antiestrogens Tamoxifen, Raloxifene,

Fulvestrant, Letrozole

Table 1. Drugs/therapeutic agents for breast cancer related to ubiquitin system.

Abbreviations

CKIs Cdk kinase inhibitors

DNA Deoxyribonucleic acid

DUBs Deubiquitinating enzymes

FDA Food and drug administration

HR Homologous recombination

Hsp90 Heat shock protein 90

MDM2 Murine double minute 2 homolog/oncoprotein

NEDD4 Neuronally expressed developmentally downregulated 4
NHE] Non-homologous recombination
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PCNA Polymerase DNA

PTM Post-translational modifications
RING Really interesting new gene
RNF31 RING finger protein 31

RTK Tyrosine kinase receptor

SCF SKP1-Cullin 1-F-box

SKP1 S-phase kinase-associated protein 1
Ub Ubiquitin

uPP Ubiquitin proteasome pathway
uUPs Ubiquitin/proteasome system

HR+ Hormone receptor-positive
H2Bubl1 Monoubiquinated histone H2B
USP44 Ubiquitin-specific protease 44
TNBC Triple negative breast cancer

CsC Cancer stem cells

ATP Adenosine triphosphate

ER Estrogen receptor

PR Progesterone receptor

HER2 Human epidermal growth factor receptor2
Author details

Despoina Mourtzoukou', loannis Drikos? Nikolaos Goutas?® and
Dimitris Vlachodimitropoulos?

*Address all correspondence to: dvlacho@med.uoa.gr

1 Istomedica, Private Anatomic Pathology Lab, Athens, Greece

2 Thriasio General Hospital of Attica, Greece

3 Medical School, National and Kapodistrian University of Athens, Greece

199



200 Ubiquitination Governing DNA Repair - Implications in Health and Disease

References

(1]

[10]

Breast Cancer: Prevention and Control, Breast Cancer Burden. World Health Organi-
ation (WHO)

AlteriR, Bertaut T, Brinton LA, Fedewa S, Freedman RA, Gansler T, Gaudet MM, Kramer ],
LinCC,McCulloughM, MillerK, NewmanLA, NiemeyerD, Piercy A, Richards C, Suer AG,
Simpson S, Smith R, Wagner D, Xu J. Breast Cancer Facts & Figures 2015-2016 is a pub-
lication of the American Cancer Society, Atlanta, Georgia

U.S. Breast Cancer Statistics, breastcancer.org, March 2017
Pathologyoutlines.com, October 2016

Gallo LH, Ko J, Donoghue DJ. The importance of regulatory ubiquitination in cancer and
metastasis. Cell Cycle. 2017 Apr 3;16(7):634-648. DOI: 10.1080/15384101.2017.1288326.
Epub 2017 Feb 6. PubMed PMID: 28166483; PubMed Central PMCID: PMC5397262

Rasool M, Malik A, Naseer MI, Manan A, Ansari S, Begum I, Qazi MH, Pushparaj P,
Abuzenadah AM, Al-Qahtani MH, Kamal MA, Gan S. The role of epigenetics in personal-
ized medicine: Challenges and opportunities. BMC Medical Genomics. 2015;8(Suppl 1):
55. DOI: 10.1186/1755-8794-8-S1-S5. Epub 2015 Jan 15. Review. PubMed PMID: 25951941;
PubMed Central PMCID: PMC4315318

Herhaus L, Dikic I. Expanding the ubiquitin code through post-translational modifi-
cation. EMBO Reports. 2015 Sep;16(9):1071-1083. DOI: 10.15252/embr.201540891. Epub
2015 Aug 12. Review. PubMed PMID: 26268526; PubMed Central PMCID: PMC4576978

Tu Y, Chen C, Pan ], Xu ], Zhou ZG, Wang CY. The ubiquitin proteasome pathway
(UPP) in the regulation of cell cycle control and DNA damage repair and its implica-
tion in tumorigenesis. International Journal of Clinical and Experimental Pathology.
2012;5(8):726-738. Epub 2012 Oct 1 PubMed PMID: 23071855; PubMed Central PMCID:
PMC3466981Review

Akutsu M, Dikic I, Bremm A. Ubiquitin chain diversity at a glance. Journal of Cell
Science. 2016 Mar 1;129(5):875-880. DOI: 10.1242/jcs.183954. Epub 2016 Feb 15. Review.
PubMed PMID: 26906419

Johnson DE. The ubiquitin-proteasome system: Opportunities for therapeutic interven-
tion in solid tumors. Endocrine-Related Cancer. 2015 Feb;22(1):T1-17. DOI: 10.1530/ERC-
14-0005. Epub 2014 Mar 21. Review. PubMed PMID: 24659480; PubMed Central PMCID:
PMC4170053

Lim KH, Song MH, Baek KH. Decision for cell fate: Deubiquitinating enzymes in cell
cycle checkpoint. Cellular and Molecular Life Sciences. 2016 Apr;73(7):1439-1455. DOLI:
10.1007/s00018-015-2129-2. Epub 2016 Jan 13. Review. PubMed PMID: 26762302

Pinto-Fernandez A, Kessler BM. DUBbing cancer: Deubiquitylating enzymes involved in
epigenetics, DNA damage and the cell cycle as therapeutic targets. Frontiers in Genetics.
2016 Jul 28;7:133. DOI: 10.3389/fgene.2016.00133. eCollection 2016. Review. PubMed
PMID: 27516771; PubMed Central PMCID: PMC4963401



(13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[26]

[27]

(28]

Review of the Ubiquitin Role in DNA Repair and Tumorigenesis, with Emphasis in Breast Cancer...
http://dx.doi.org/10.5772/intechopen.72600

Klein T, Viner RI, Overall CM. Quantitative proteomics and terminomics to elucidate the role
of ubiquitination and proteolysis in adaptive immunity. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences. 2016 Oct 28;374(2079).
Pii:20150372. DOI: 10.1098/rsta.2015.0372

Dantuma NP, Bott LC. The ubiquitin-proteasome system in neurodegenerative diseases:
precipitating factor, yet part of the solution. Frontiers in Molecular Neuroscience. 2014
Jul 31;7:70. DOI: 10.3389/fnmol.2014.00070.eCollection 2014

Suryadinata R, Roesley SN, Yang G, Sarcevi¢ B. Mechanisms of generating polyubiqui-
tin chains of different topology. Cells. 2014 Jul 1;3(3):674-89. DOI: 10.3390/cells3030674.
PubMed PMID: 24987835; PubMed Central PMCID: PMC4197637

Schlesinger DH, Goldstein G, Niall HD. The complete amino acid sequence of ubig-
uitin, an adenylate cyclase stimulating polypeptide probably universal in living cells.
Biochemistry. 1975;14:2214-2218

Hershko A, Ciechanover A. The ubiquitin system. Annual Review of Biochemistry. 1998;
67:425-479

Ciechanover A, Finley D, Varshavsky A. Mammalian cell cycle mutant defective in intra-
cellular protein degradation and ubiquitin-protein conjugation. Progress in Clinical and
Biological Research. 1985;180:17-31

Ciechanover A, Finley D, Varshavsky A. Ubiquitin dependence of selective protein deg-
radation demonstrated in the mammalian cell cycle mutants. Cell. 1984;37:57-66

Scheffner M, Nuber U, Huibregtse JM. Protein ubiquitination involving an E1-E2-E3
enzyme ubiquitin thioester cascade. Nature. 1995;373:81-83

Haglund K, Dikic I. Ubiquitylation and cell signaling. The EMBO Journal. 2005;24:
3353-3359

Peng J, Schwartz D, Elias JE, Thoreen CC, Cheng D, Marsischky G, et al. A proteomics
approach tounder standing protein ubiquitination. Nature Biotechnology. 2003;21:921-926

Komander D, Rape M. The ubiquitin code. Annual Review of Biochemistry. 2012;81:203-229

Chen S, Davies AA, Sagan D, Ulrich HD. The RING fin ger ATPase Rad5 pof Saccharomyces
cerevisiae contributes to DNA double- strand break repair in a ubiquitin-independent
manner. Nucleic Acids Research. 2005;33:5878-5886

Thrower ]S, Hoffman L, Rechsteiner M, Pickart CM. Recognition of the polyubiquitin
proteolytic signal. The EMBO Journal. 2000;19:94-102

Voges D, Zwickl P, Baumeister W. The26Sproteasome: A molecular machine designed
for controlled proteolysis. Annual Review of Biochemistry. 1999;68:1015-1068

Orlowski RZ, Kuhn DJ. Proteasome inhibitors in cancer therapy: Lessons from the first
decade. Clinical Cancer Research. 2008;14:1649-1657

Feng L, Chen J. The E3 ligase RNF8 regulates KU80 removal and NHE] repair. Nature
Structural & Molecular Biology. 2012;19:201-206

201



202

Ubiquitination Governing DNA Repair - Implications in Health and Disease

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[42]

[43]

LiL, Tao Q, Jin H, van Hasselt A, Poon FF, Wang X, et al. The tumor suppressor UCHL1
forms a complex with p53/MDM2/ARF to promote p53 signaling and is frequently
silenced in nasopharyngeal carcinoma. Clinical Cancer Research. 2010;16:2949-2958

Biswas M, Voltz K, Smith JC, Langowski ]J. Role of histone tails instructural stability of
the nucleosome. PLoS Computational Biology. 2011;7:1002279

Zhou W, Zhu P, Wang ], Pascual G, Ohgi KA, Lozach J, et al. Histone H2A monoubiqui-
tination represses transcription by inhibiting RNA polymerase II transcriptional elonga-
tion. Molecular Cell. 2008;29:69-80

Pan MR, Peng G, Hung WC, Lin SY. Monoubiquitination of H2AX protein regulates DNA
damage response signaling. The Journal of Biological Chemistry. 2011;286:28599-28607

Wu H, Leng RP. UBE4B, aubiquitin chain assembly factor is required for MDM2-
mediated p53 polyubiquitination and degradation. Cell Cycle. 2011;10:1912-1915

Kim ST, Lim DS, Canman CE, Kastan MB. Substrate specificities and identification of
putative substrates of ATM kinase family members. The Journal of Biological Chemistry.
1999;274:37538-37543

Acs K, Luijsterburg MS, Ackermann L, Salomons FA, Hoppe T, Dan-tuma NP. The
AAA-ATPase VCP/p97 promotes 53BP1 recruitment by removing L3MBTL1 from DNA
double-strandbreaks. Nature Structural & Molecular Biology. 2011;18:1345-1350

Dantuma NP, Hoppe T. Growing sphere of influence: Cdc48/p97 orchestrates ubiquitin-
dependent extraction from chromatin. Trends in Cell Biology. 2012;22:483-491

Jiang N, Shen Y, Fei X, Sheng K, Sun P, et al. Valos in containing protein regulates the
proteasome — Mediated degradation of DNA-PKcs in glioma cells. Cell Death & Disease.
2013;4:e647

Chapman JR, Taylor MR, Boulton S]. Playing the endgame: DNA double-strand break
repair pathway choice. Molecular Cell. 2012;47:497-510

Lemmens BB, Tijsterman M. DNA double - Strand break repair in Caenorhabditis elegans.
Chromosoma. 2010;120:1-21

Bunting SF, Nussenzweig A. End-joining, translocations and cancer. Nature Reviews.
Cancer. 2013;13:443-454

Dahm-Daphi ], Hubbe P, Horvath F, El-Awady RA, Bouffard KE, Pow-ell SN, et al.
Nonhomologous end-joining of site-specific but not of radiation-induced DNA double-
strand breaks is reduced in the presence of wild-type p53. Oncogene. 2005;24:1663-1672

Moynahan ME, Jasin M. Mitotic homologous recombination maintains genomic stability
and suppresses tumorigenesis. Nature Reviews. Molecular Cell Biology. 2010;11:196-207

Clejan I, Boerckel ], Ahmed S. Developmental modulation of non- homologous end join-
ing in Caenorhabditis Elegans. Genetics. 2006,173:1301-1317



[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Review of the Ubiquitin Role in DNA Repair and Tumorigenesis, with Emphasis in Breast Cancer...
http://dx.doi.org/10.5772/intechopen.72600

Yun MH, Hiom K. Understanding the functions of BRCA1 in the DNA-damage response.
Biochemical Society Transactions. 2009 Jun;37(Pt 3):597-604. DOI: 10.1042/BST0370597.
PubMed PMID: 19442256

Lok GT, Sy SM, Dong SS, Ching YP, Tsao SW, Thomson TM, et al. Differential regulation
of RNF8 mediated Lys48 and Lys63-based poly-ubiquitylation. Nucleic Acids Research.
2012;40:196-205

Mailand N, Bekker-Jensen S, Faustrup H, Melander F, Bartek ], Lukas C, et al. RNF8
ubiquitylates histones at DNA double-strand breaks and promotes assembly of repair
proteins. Cell. 2007;131:887-900

Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R, et al. RNF168
binds and amplifies ubiquitin conjugates on damaged chromosomes to allow accumula-
tion of repair proteins. Cell. 2009;136:435-446

Ramadan K, Meerang M. Degradation — Linked ubiquitin signal and proteasome are
integral component so fDNA double strand break repair: New perspectives for antican-
cer therapy. FEBS Letters. 2011;585:2868-2875

Al-Hakim A, Escribano-Diaz C, Landry MC, O’Donnell L, Panier S, Szilard RK, et al.
The ubiquitous role of ubiquitin in the DNA damage response. DNA Repair (Amst).
2010;9:1229-1240

Mallette FA, Mattiroli F, Cui G, Young LC, Hendzel MJ, Mer G, et al. RNF8 and RNF168
dependent degradation of KDM4A/JMJD2. A trig gers 53BP1 recruitment to DNA dam-
age sites. The EMBO Journal. 2012;31:1865-1878

Zhang S, Chea ], Meng X, Zhou Y, Lee EY, Lee MY. PCNA is ubiquitinated by RNF8. Cell
Cycle. 2008;7:3399-3404

Hoppe T. Multiubiquitylation by E4 enzymes: ‘one size” doesn’t fit all. Trends in Bioche-
mical Sciences. April 2005;30(4)

Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jentsch S. RAD6 — Dependent
DNA repair is linked to modification of PCNA by ubiquitin and SUMO. Nature. 2002;
419:135-141

Daigaku Y, Davies AA, Ulrich HD. Ubiquitin — Dependent DNA damage by pass is sepa-
rable from genome replication. Nature. 2010;465:951-955

Drikos I, Nounesis G, Vorgias C. Characterization of cancer linked BRCA1-BRCT mis-
sense variants and interaction with phosphoptotein targets. Proteins Journal. (Proteins
Structure-Function and Bioinformatics Journal). 2009;77(2):464-476

Wu-Baer F, Lagrazon K, Yuan W, Baer R. The BRCA1/BARD1 heterodimer assembles
polyubiquitin chains through an unconventional linkage involving lysine residue K6 of
ubiquitin. The Journal of Biological Chemistry. 2003;278:34743-34746

Irminger Finger I, Jefford CE. Is there more to BARD1 than BRCA1? Nature Reviews.
Cancer. 2006;6:382-391

203



204 Ubiquitination Governing DNA Repair - Implications in Health and Disease

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Issaeva N, Bozko P, Enge M, Protopopova M, Verhoef LG, Masucci M, et al. Small mol-
ecule RITA binds to p53, blocks p53 - HDM - 2inter — Action and activates p53 function
in tumors. Nature Medicine. 2004;10:1321-1328

Surget S, Descamps G, Brosseau C, Normant V, Maiga S, Gomez-Bougie P, et al. RITA
(reactivating p53 and inducing tumor apoptosis) is efficient against TP53 abnormal
myeloma cells independently of the p53 pathway. BMC Cancer. 2014;14:437

Krajewski M, Ozdowy P, D’Silva L, Rothweiler U, Holak TA. NMR indicates that the
small molecule RITA does not block p53 - MDM2 binding in vitro. Nature Medicine.
2005;11:1135-1136

Shangary S, Qin D, McEachern D, Liu M, Miller RS, Qiu S, et al. Temporal activation
of p53 by a specific MDM2 inhibitor is selectively toxic to tumors and leads to com-
plete tumor growth inhibition. Proceedings of the National Academy of Sciences of the
United States of America. 2008;105:3933-3938

Levine JS, Koh JS, Triaca V, Lieberthal W. Lysophosphatidic acid: A novel growth and
survival factor for renal proximal tubular cells. The American Journal of Physiology. 1997;
273:F575-F585

Brinkmann K, Kashkar H. Targeting the mitochondrial apoptotic pathway: A preferred
approach in hematology malignancies? Cell Death & Disease. 2014;5:1098

Fujita T, Ikeda H, Kawasaki K, Taira N, Ogasawara Y, Nakagawara A, Doihara H.Clinico-
pathological relevance of UbcH10 in breast cancer. Cancer Science. 2009;100:238-248

van Ree JH, Jeganathan KB, Malureanu L, van Deursen JM. Overexpression of the E2
ubiquitin-conjugating enzyme UbcH10 causes chromosome missegregation and tumor
formation. The Journal of Cell Biology. 2010;188:83-100

Narayan G, Bourdon V, Chaganti S, Arias-Pulido H, Nandula SV, Rao PH, Gissmann L,
Durst M, Schneider A, Pothuri B, et al. Gene dosage alterations revealed by ¢cDNA
microarray analysis in cervical cancer: Identification of candidate amplified and overex-
pressed genes. Genes, Chromosomes & Cancer. 2007;46:373-384

Tzelepi V, Zhang ], JF L, Kleb B, Wu G, Wan X, Hoang A, Efstathiou E, Sircar K, Navone
NM, et al. Modeling a lethal prostate cancer variant with small-cell carcinoma features.
Clinical Cancer Research. 2012;18:666-677

Deshaies R], Joazeiro CA. RING domain E3 ubiquitin ligases. Annual Review of Bioche-
mistry. 2009;78:399-434

Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism. Nature
Structural & Molecular Biology. 2014;21:301-307

Kajiro M, Hirota R, Nakajima Y, Kawanowa K, So-ma K, Ito I, Yamaguchi Y, Ohie SH,
Kobayashi Y, Seino Y, et al. The ubiquitin ligase CHIP acts as an upstream regulator of
oncogenic pathways. Nature Cell Biology. 2009;11:312-319



[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

[83]

Review of the Ubiquitin Role in DNA Repair and Tumorigenesis, with Emphasis in Breast Cancer...
http://dx.doi.org/10.5772/intechopen.72600

Jang KW, Lee KH, Kim SH, Jin T, Choi EY, Jeon HJ, Kim E, Han YS, Chung JH. Ubiquitin
ligase CHIP induces TRAF2 proteasomal degradation and NF-kappaB inactivation to
regulate breast cancer cell invasion. Journal of Cellular Biochemistry. 2011;112:3612-3620;
PMID:21793045

Eirew P, Steif A, Khattra J, Ha G, Yap D, Farahani H, Gelmon K, Chia S, Mar C, Wan A,
et al. Dynamics of genomic clones in breast cancer patient xenografts at single-cell reso-
lution. Nature. 2015;518:422-426

Witkiewicz AK, McMillan EA, Balaji U, Baek G, Lin WC, Mansour J, Mollaee M, Wagner
KU, Koduru P, Yopp A, et al. Whole-exome sequencing of pancreatic cancer defines
genetic diversity and therapeutic targets. Nature Communications. 2015;6:674

Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, Cyrta J, Marotz C, Giannopoulou E,
Chakravarthi BV, Varambally S, et al. Divergent clonal evolution of castration-resistant
neuroendocrine prostate cancer. Nature Medicine. 2016;22:298-305

ZKY, Gervais JL, Zhang H. Human CUL-1 associates with the SKP1/SKP2 complex and
regulates p21CIP1/WAF1 and cyclin D proteins. Proceedings of the National Academy
of Sciences of the United States of America. 1998;95:11324-11329

Carrano AC, Eytan E, Hershko A, Pagano M. SKP2 is required for ubiquitin-mediated
degradation of the CDK inhibitor p27. Nature Cell Biology. 1999;1:193-199

Burger AM, GaoY, Amemiya Y, Kahn HJ, Kitching R, Yang Y, Sun P, Narod SA, Hanna WM,
Seth AK. A novel RING-type ubiquitin ligase breast cancer-associated gene 2 correlates
with outcome in invasive breast cancer. Cancer Research. 2005;65:10401-10412

Kona FR, Stark K, Bisoski L, Buac D, Cui Q, Dou QP. Transcriptional activation of breast
cancer-associated gene 2 by estrogen receptor. Breast Cancer Research and Treatment.
2012;135:495-503

MiyakawaK,RyoA, MurakamiT,OhbakK, Yamaoka$S,FukudaM, Guatelli], YamamotoN.
BCA2/Rabring7 promotes tetherin-dependent HIV-1 restriction. PLoS Pathogens.
2009;5:e1000700

Bacopulos S, Amemiya Y, Yang W, Zubovits ], Burger A, Yaffe M, Seth AK. Effects of
partner proteins on BCA2 RING ligase activity. BMC Cancer. 2012;12:63

Abbas T, Sivaprasad U, Terai K, Amador V, Pagano M, Dutta A. PCNA-dependent regu-
lation of p21 ubiquitylation and degradation via the CRL4Cdt2 ubiquitin ligase com-
plex. Genes & Development. 2008;22:2496-2506

Burger A, Amemiya Y, Kitching R, Seth AK. Novel RING E3 ubiquitin ligases in breast
cancer. Neoplasia. 2006;8:689-695

Zhi X, Zhao D, Wang Z, Zhou Z, Wang C, Chen W, Liu R, Chen C. E3 ubiquitin ligase
RNF126 promotes cancer cell proliferation by targeting the tumor suppressor p21 for
ubiquitin-mediated degradation. Cancer Research. 2013;73:385-394

205



206  Ubiquitination Governing DNA Repair - Implications in Health and Disease

[84]

[85]

(86]

(87]

[88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Nakayama KI, Nakayama K. Ubiquitin ligases: Cell-cycle control and cancer. Nature
Reviews. Cancer. 2006;6:369-381

Wang Y, Ren F, Wang Y, Feng Y, Wang D, Jia B, Qiu Y, Wang S, Yu ], Sung J], et al. CHIP/
Stub1 functions as a tumor suppressor and represses NF-kappaB-mediated signaling in
colorectal cancer. Carcinogenesis. 2014;35:983-991

Wang T, Yang ], Xu], LiJ, Cao Z, ZhouL, You L, Shu H, Lu Z, Li H, et al. CHIP isanovel tumor
suppressor in pancreatic cancer through targeting EGFR. Oncotarget. 2014;5:1969-1986

Deryugina EI, Quigley JP. Matrix metalloproteinases and tumor metastasis. Cancer
Metastasis Reviews. 2006;25:9-34

Wu Z, Shen S, Zhang Z, Zhang W, Xiao W. Ubiquitin-conjugating enzyme complex
UevlA-Ubcl3 promotes breast cancer metastasis through nuclear factor-small ka,
CyrillicB mediated matrix metalloproteinase- 1 gene regulation. Breast Cancer Research.
2014;16:R75

Morrison BJ, Morris JC, Steel JC. Lung cancer-initiating cells: A novel target for cancer
therapy. Targeted Oncology. 2013;8:159-172

Brooks CL, Gu W. p53 ubiquitination: Mdm2 and beyond. Molecular Cell. 2006 Feb
3;21(3):307-315 Review. PubMed PMID: 16455486; PubMed Central PMCID: PMC3737769

Duffy MJ, Synnott NC, McGowan PM, Crown J, O'Connor D, Gallagher WM. p53 as
a target for the treatment of cancer. Cancer Treatment Reviews. 2014 Dec;40(10):1153-
1160. DOI: 10.1016/j.ctrv.2014.10.004 Review. PubMed PMID: 25455730

Gasco M, Shami S, Crook T. The p53 pathway in breast cancer. Breast Cancer Research.
2002;4:70. DOI: 10.1186/bcr426, BioMed Central Ltd 2002

Bertheau P, Lehmann-Che J, Varna M, Dumay A, Poirot B, Porcher R, Turpin E, Plassa LF,
de Roquancourt A, Bourstyn E, de Cremoux P, Janin A, Giacchetti S, Espié M, de Thé H,
et al. Breast. 2013 Aug;22(Suppl 2):527-529. DOI: 10.1016/j.breast.2013.07.005. Review.
PubMed PMID: 24074787

Muller PA, Vousden KH. Mutant p53 in cancer: New functions and therapeutic oppor-
tunities. Cancer Cell, Volucella. 2014 Mar;25(3):304-317

Parrales A, Iwakuma T. Targeting oncogenic mutant p53 for cancer therapy. Frontiers in
Oncology.2015;5:288. Published online 2015 Dec21. doi: 10.3389/fonc.2015.00288 PMCID:
PMC4685147

Wang Z, Sun Y. Targeting p53 for novel anticancer therapy. Translational Oncology.
2010 Feb;3(1):1-12. PubMed PMID: 20165689; PubMed Central PMCID: PM(2822448

Mahanta S, Pilla S, Paul S. Design of novel Geldanamycin analogue hsp90 alpha-inhibi-
tor in silico for breast cancer therapy. Medical Hypotheses. 2013 Sep;81(3):463-469. DOI:
10.1016/j.mehy.2013.06.012. Epub 2013 Jul 13. PubMed PMID: 23860250



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Review of the Ubiquitin Role in DNA Repair and Tumorigenesis, with Emphasis in Breast Cancer...
http://dx.doi.org/10.5772/intechopen.72600

Prabhu S, Ananthanarayanan P, Aziz SK, Rai S, Mutalik S, Sadashiva SR. Enhanced
effect of geldanamycin nanocomposite against breast cancer cells growing in vitro
and as xenograft with vanquished normal cell toxicity. Toxicology and Applied
Pharmacology. 2017 Apr 1;320:60-72. DOI: 10.1016/j.taap.2017.02.012. Epub 2017 Feb
16. PubMed PMID: 28213093

Jhaveri K, Modi S. Ganetespib: Research and clinical development. OncoTargets and
Therapy. 2015 Jul 24;8:1849-1858. DOI: 10.2147/OTT.S565804. eCollection 2015. Review.
PubMed PMID: 26244021; PubMed Central PMCID: PMC4521669

Truong T-G, Munster P. Histone deacetylase inhibitors for the treatment of breast can-
cer: Recent trial data. The Clinical Investigator. 2013;3(6):557-569

Mottamal M, Zheng S, Huang TL, Wang G. Histone deacetylase inhibitors in clinical
studies as templates for new anticancer agents. Molecules. 2015 Mar 2;20(3):3898-3941.
DOI: 10.3390/molecules20033898

LiuJ, XiaH, KimM, Xu L, LiY, Zhang L, Cai Y, Norberg HV, Zhang T, Furuya T, Jin M,
Zhu Z, Wang H, Yu ], Li Y, Hao Y, Choi A, Ke H, Ma D, Yuan J. Beclinl controls the
levels of p53 by regulating the deubiquitination activity of USP10 and USP13. Cell.
2011 Sep 30;147(1):223-234. DOI: 10.1016/j.cell.2011.08.037. PubMed PMID: 21962518;
PubMed Central PMCID: PM(C3441147

Jung YY, Lee YK, Koo JS. The potential of Beclin 1 as a therapeutic target for the treat-
ment of breast cancer. Expert Opinion on Therapeutic Targets. 2016;20(2):167-178. DOL:
10.1517/14728222.2016.1085971. Epub 2015 Sep 11. Review. PubMed PMID: 26357854

Sriraman A, Li Y, Dobbelstein M. Fortifying p53 - beyond Mdm2 inhibitors. Aging
(Albany NY). 2016 Sep 29;8(9):1836-1837. DOI: 10.18632/aging.101073. PubMed PMID:
27688014; PubMed Central PMCID: PMC5076439

Burgess A, Chia KM, Haupt S, Thomas D, Haupt Y, Lim E. Clinical overview of
MDM2/X-targeted therapies. Frontiers in Oncology. 2016 Jan 27;6:7. DOI: 10.3389/
fonc.2016.00007. eCollection 2016. Review. PubMed PMID: 26858935; PubMed Central
PMCID: PM(C4728205

Tosoni D, Pambianco S, Ekalle Soppo B, Zecchini S, Bertalot G, Pruneri G, Viale G, Di Fiore
PP, Pece S. Pre-clinical validation of a selective anti-cancer stem cell therapy for Numb-
deficient human breast cancers. EMBO Molecular Medicine. 2017 Mar 15. pii: €201606940.
DQI: 10.15252/emmm.201606940. [Epub ahead of print] PubMed PMID: 28298340

Zhu], Zhao C, ZhuangT, Jonsson P, Sinha I, Williams C, Strémblad S, Dahlman-Wright K.
RING finger protein 31 promotes p53 degradation in breast cancer cells. Oncogene.
2016 Apr 14;35(15):1955-1964. DOI: 10.1038/0onc.2015.260 Epub 2015 Jul 6. PubMed
PMID: 26148235; PubMed Central PMCID: PM(C4833873

Zhu], Zhuang T, Yang H, Li X, Liu H, Wang H. Atypical ubiquitin ligase RNF31: The nuclear
factor modulator in breast cancer progression. BMC Cancer. 2016 Jul 26,16:538. DOI: 10.1186/
512885-016-2575-8. PubMed PMID: 27460922; PubMed Central PMCID: PMC4962416

207



208 Ubiquitination Governing DNA Repair - Implications in Health and Disease

[109]

[110]

[111]
[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Finn RS, Aleshin A, Slamon DJ. Targeting the cyclin-dependent kinases (CDK) 4/6 in
estrogen receptor-positive breast cancers. Breast Cancer Research. 2016 Feb 9;18(1):17.
DOI: 10.1186/s13058-015-0661-5. Review. PubMed PMID: 26857361, PubMed Central
PMCID: PMC4746893

Vidula N, Rugo HS. Cyclin-dependent kinase 4/6 inhibitors for the treatment of breast
cancer: A review of preclinical and clinical data. Clinical Breast Cancer. 2016 Feb;16(1):8-
17. DOI: 10.1016/j.clbc.2015.07.005. Epub 2015 Jul 26. Review. PubMed PMID: 26303211

FDA Approved drugs in Oncology/Centerwatch

Wang Z, Fukushima H, Inuzuka H, Wan L, Liu P, Gao D, Sarkar FH, Wei W. Skp2 is a
promising therapeutic target in breast cancer. Frontiers in Oncology. 2012 Jan 4;1(57).
pii: 18702. PubMed PMID: 22279619; PubMed Central PMCID: PMC3263529

Sun Y], Wang XK, Li BJ. S-phase kinase-associated protein 2 expression interference
inhibits breast cancer cell proliferation. Genetics and Molecular Research. 2015 Aug
10;14(3):9244-9252. DOI: 10.4238/2015.August.10.4. PubMed PMID: 26345857

Cole AJ, Clifton-Bligh R, Marsh DJ. Histone H2B monoubiquitination: Roles to play in
human malignancy. Endocrine-Related Cancer. 2015 Feb;22(1):T19-T33. DOI: 10.1530/
ERC-14-0185. Epub 2014 Jun 2. Review. PubMed PMID: 24891457

Lan X, Atanassov BS, Li W, Zhang Y, Florens L, Mohan RD, Galardy PJ, Washburn MP,
Workman JL, Dent SY. USP44 is an integral component of N-CoR that contributes to
gene repression by deubiquitinating histone H2B. Cell Reports. 2016 Nov22;17(9):2382-
2393. DOI: 10.1016/j.celrep.2016.10.076. PubMed PMID: 27880911; PubMed Central
PMCID: PMC5131803

Wilson Xu C, Urasaki Y. Modulation of histone H2B monoubiquitination and treatment
of. Cancer. Oct 2013

Gajulapalli VN, Malisetty VL, Chitta SK, Manavathi B. Oestrogen receptor negativity
in breast cancer: a cause or consequence? Bioscience Reports. 2016 Dec 23;36(6):e00432.
DOI: 10.1042/BSR20160228. Print 2016 Dec. Review. PubMed PMID: 27884978; PubMed
Central PMCID: PMC5180249

Zhou Z, Qiao JX, Shetty A, Wu G, Huang Y, Davidson NE, Wan Y. Regulation of estro-
gen receptor signaling in breast carcinogenesis and breast cancer therapy. Cellular and
Molecular Life Sciences. 2014 Apr;71(8):1549. DOI: 10.1007/s00018-013-1376-3. Retr-
action in: Cellular and Molecular Life Sciences. 2014 Apr;71(8):1549. PubMed PMID:
25031550; PubMed Central PMCID: PMC3962223

McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Sokolosky M, Abrams SL,
Montalto G, D'Assoro AB, Libra M, Nicoletti F, Maestro R, Basecke J, Rakus D, Gizak A,
Demidenko ZN, Cocco L, Martelli AM, Cervello M. GSK-3 as potential target for
therapeutic intervention in cancer. Oncotarget. 2014 May 30;5(10):2881-2911 Review.
PubMed PMID: 24931005; PubMed Central PMCID: PMC4102778

Ugolkov et al. GSK3 inhibition overcomes chemoresistance in human breast cancer.
Cancer Letters. 2016 Oct 1;380(2):384-392. DOI: 10.1016/j.canlet.2016.07.006.Epub 2016 Jul 14



[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

Review of the Ubiquitin Role in DNA Repair and Tumorigenesis, with Emphasis in Breast Cancer...
http://dx.doi.org/10.5772/intechopen.72600

Wu W, Koike A, Takeshita T, Ohta T. The ubiquitin E3 ligase activity of BRCA1 and its
biological functions. Cell Division. 2008 Jan 7;3:1. DOI: 10.1186/1747-1028-3-1

Livraghi L, Garber JE. PARP inhibitors in the management of breast cancer: Current
data and future prospects. BMC Medicine. 2015 Aug 13;13:188. DOI: 10.1186/512916-
015-0425-1. Review. PubMed PMID: 26268938; PubMed Central PMCID: PM(C4535298

Chustecka Z. Olaparib Positive Results in BRCA Metastatic Breast Cancer. Medscape;
February 17 2017

Kroese M, Zimmern RL, Pinder SE. HER? status in breast cancer —an example of phar-
macogenetic testing. Journal of the Royal Society of Medicine. 2007;100(7):326-329

Vu T, Claret FX. Trastuzumab: Updated mechanisms of action and resistance in breast
cancer. Frontiers in Oncology. 2012 Jun 18;2:62. DOI: 10.3389/fonc.2012.00062. eCollec-
tion 2012. PubMed PMID: 22720269; PubMed Central PMCID: PMC3376449

Maher M. Current and emerging treatment regimens for HER2-positive breast cancer.
Pharmacy and Therapeutics. 2014;39(3):206-212

Jeong JH, AnJY, Kwon YT, Li LY, Lee Y]J. Quercetin-induced ubiquitination and down-
regulation of her-2/neu. Journal of Cellular Biochemistry. 2008 Oct 1;105(2):585-595. DOLI:
10.1002/jcb.21859. PubMed PMID: 18655187; PubMed Central PMCID: PMC2575035

Zhang X, Munster PN. New protein kinase inhibitors in breast cancer: Afatinib and
neratinib. Expert Opinion on Pharmacotherapy. 2014 Jun;15(9):1277-1288. DOI: 10.1517/
14656566.2014.913570. Epub 2014 Apr 30

Rafaat A, Abd-Rabou A, Reda A. TRAIL combinations: The new 'trail” for cancer ther-
apy (review). Oncology Letters. 2014 May;7(5):1327-1332. Epub 2014 Feb 27

Manouchehri JM, Kalafatis M, Lindner D. Evaluation of the efficacy of TRAIL plus quer-
cetin as a potential breast carcinoma therapeutic. Cancer Research. DOI: 10.1158/1538-
7445.AM2016-1295. Published July 2016

Nourashrafeddin S, Aarabi M, Modarressi MH, Rahmati M, Nouri M. The evaluation
of WBP2NL-related genes expression in breast cancer. Pathology Oncology Research.
2015Apr;21(2):293-300. DOI: 10.1007/s12253-014-9820-8. Epub 2014 Nov 25. PubMed
PMID:25417742

Chen Y, van de Vijver MJ, Hibshoosh H, Parsons R, Saal LH. PTEN and NEDD4 in
human breast carcinoma. Pathology Oncology Research. 2016 Jan;22(1):41-47. DOI:
10.1007/s12253-015-9971-2. Epub 2015 Aug 15. PubMed PMID: 26276352; PubMed
Central PMCID: PMC4681749

Ye X, Wang L, Shang B, Wang Z, Wei W. NEDD4: A promising target for cancer therapy.
Current Cancer Drug Targets. 2014;14(6):549-556 Review. PubMed PMID:25088038;
PubMed Central PMCID: PM(C4302323

Pal A, Donato NJ. Ubiquitin-specific proteases as therapeutic targets for the treat-
ment of breast cancer. Breast Cancer Research. 2014;16(5):461 Review. PubMed PMID:
25606592; PubMed Central PMCID: PMC4384352

209



210 Ubiquitination Governing DNA Repair - Implications in Health and Disease

[135]

[136]

[137]

[138]

[139]

WuY, Wang Y, Lin Y, Liu Y, Wang Y, Jia ], Singh P, Chi YI, Wang C, Dong C, Li W,
Tao M, Napier D, Shi Q, Deng ], Mark Evers B, Zhou BP. Dub3 inhibition suppresses
breast cancer invasion and metastasis by promoting Snaill degradation. Nature
Communications. 2017 Feb 15;8:14228. DOI: 10.1038/ncomms14228. PubMed PMID:
28198361; PubMed Central PMCID: PMC5316870

Huang X, Dixit VM. Drugging the undruggables: Exploring the ubiquitin system for
drug development. Cell Research. 2016 Apr;26(4):484-498. DOI: 10.1038/cr.2016.31.
Epub 2016 Mar 22. Review. PubMed PMID: 27002218; PubMed Central PMCID:
PM(C4822129

Traboulsi T, Ezzy M, Gleason J. Antiestrogens: structure-activity relationships and use
inbreast cancer treatment. Journal of Molecular Endocrinology. 2016 Dec;58(1):R15-R31.
DOI: 10.1530/JME-16-0024. Epub 2016 Dec 3

Yan SC, Liu YP, Zhang LY, Qu JL, Xu L, Liu J, Zhang Y, Hou KZ, Teng YE, Qu X].
Ubiquitin ligase c¢-Cbl is involved in tamoxifen-induced apoptosis of MCEF-7 cells by
downregulating the survival signals. Acta Oncology. 2011 Jun;50(5):693-699. DOI:
10.3109/0284186X.2010.543144. Epub 2010 Dec 22

Rawat A, Gopal G, Selvaluxmy G, Rajkumar T. Inhibition of ubiquitin conjugating
enzyme UBE2C reduces proliferation and sensitizes breast cancer cells to radiation,
doxorubicin, tamoxifen and letrozole. Celluar Oncology. 2013 Dec;36(6):459-467. DOL:
10.1007/s13402-013-0150-8. Epud 2013 Sep 27






Edited by Effrossyni Boutou
and Horst-Werner Stiirzbecher

DNA damage response (DDR) and lesion repair are vital processes ensuring genome
integrity through various pathways depending mainly on the nature of DNA injury and
cell cycle stage. DDR is finely regulated at many levels in co-ordination with other ongoing
processes as is genome replication and cell cycle progression.

Posttranslational modifications (PTMs), affecting both protein-protein and protein-DNA
interactions, play a crucial role in finely tuning all processes involved in the restoration of
genome lesions. Regarding damaged chromatin, PTMs serve in many cases as recruitment
platforms for DNA repair mechanisms by facilitating binding sites or regulating interactions
between involved proteins. Ubiquitination, the addition of ubiquitin moieties on a target
protein, apart from controlling protein availability through degradation, is also involved,
together with partner small ubiquitin-like modifier (SUMO), in controlling many pathways
involved in DDR by modifying the structure-function relationship and thus interacting
with partner molecules. The aim of this book is to cover a broad spectrum of current topics
in ubiquitination and to a lesser extent SUMOylation involvement in regulation of DDR and
repair in health and disease. This book is intended for pre- and postgraduate students and
young scientists in this field. Members of both academic and research institutions, actively
involved in the field, have described their current understanding of major mechanisms
involved, highlighted key events, described ongoing applications in both developmental
diseases and cancer and provided hints for future potential applications.
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