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The Role of Posttranslational Modifications in DNA Repair
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The human body is a complex structure of cells, which are exposed to many types of stress. Cells must utilize various mechanisms to
protect their DNA from damage caused by metabolic and external sources to maintain genomic integrity and homeostasis and to
prevent the development of cancer. DNA damage inevitably occurs regardless of physiological or abnormal conditions. In response
to DNA damage, signaling pathways are activated to repair the damaged DNA or to induce cell apoptosis. During the process,
posttranslational modifications (PTMs) can be used to modulate enzymatic activities and regulate protein stability, protein
localization, and protein-protein interactions. Thus, PTMs in DNA repair should be studied. In this review, we will focus on the
current understanding of the phosphorylation, poly(ADP-ribosyl)ation, ubiquitination, SUMOylation, acetylation, and
methylation of six typical PTMs and summarize PTMs of the key proteins in DNA repair, providing important insight into the
role of PTMs in the maintenance of genome stability and contributing to reveal new and selective therapeutic approaches to
target cancers.

1. Introduction

Base and nucleotide damage can be induced by changes in
the external environment and by the products of cellular
metabolism, such as reactive oxygen species. Single- or
double-strand DNA breaks can be directly caused by ionizing
radiation (IR) [1] or genotoxic agents [2]. To avoid or cope
with the propagation of damaged DNA during cell division,
eukaryotic cells utilize a complex and versatile network of
mechanisms known as DDR [3]. When DNA damage is lim-
ited, the DDRmechanism detects the damage signal and acti-
vates the related signaling pathways involved in the
relaxation of the chromatin structure. This action enables
repair factors to examine and repair the damaged DNA sites.
Furthermore, cell cycle arrest is promoted to enable DNA
repair to occur. When the double-strand breaks (DSBs) can-
not be repaired, the DDR will activate apoptosis-related sig-
naling pathways, and the cell undergoes cell death [4].
However, if the DSBs are misrepaired, chromosomal translo-
cations will occur and genomic instability will be affected [5].

Correspondingly, DNA-associated activities, such as replica-
tion or transcription, will be affected and result in mutation.

DNA repair is a complex process that requires a series of
damage and repair factors. These factors are sequentially
recruited to the damage sites based on a specific order.
Organisms have acquired many systematic and complex
modes to repair damaged DNA, including direct repair, base
excision repair (BER), nucleotide excision repair (NER),
homologous recombination (HR), nonhomologous end join-
ing (NHEJ), and SOS repair. Direct repair almost always
plays a role in lower organisms [6]. DNA base and nucleotide
damages induced by oxides or alkylates and spontaneous
depurination are repaired by the BER pathway and the
NER pathways [7]. The most serious form of DNA damage
is DSBs, which is considered the most lethal form of DNA
damage, which can be induced by exogenous agents, such
as IR or topoisomerase inhibitor poisons. DSBs are repaired
by HR and NHEJ [8]. These two DSB repair pathways act
on different cell cycle phases: HR primarily acts in the S
and G2 phases, whereas NHEJ primarily acts in the G1 phase
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[9]. SOS repair is a kind of DNA repair that occurs under
extreme conditions and the repair consequence may leave
many errors to maintain genome integrity. SOS repair is also
called error-prone repair, and this type of repair is widely
present in bacteria [10].

PTMs involve a series of transient, reversible covalent
modifications of amino acidic residues, such as serine and
threonine phosphorylation, lysine acetylation and ubiquity-
lation, and lysine and arginine methylation. PTMs have
become increasingly important in DDR because they have
the ability to alter protein activity (without requiring de
novo protein synthesis) by attaching small molecules to sub-
strate protein. PTMs of proteins play a crucial role in the
first phase of DDR by mediating protein-protein interac-
tions and regulating protein trafficking, localization, activity,
and stability [11].

In this review, we discuss the PTMs of key proteins in
base and nucleotide excision repair and double-strand break
repair pathways (NHEJ and HR) by focusing on the best-
known PTMs: phosphorylation, poly(ADP-ribosyl)ation,
ubiquitination, SUMOylation, acetylation, and methylation
(Figure 1).

1.1. Phosphorylation. Phosphorylation is ubiquitous and
widely used posttranslational modification and is mediated
by kinases attaching phosphate groups to the serine, threo-
nine, histidine, or tyrosine residues of a substrate protein.
Phosphorylation may occur at multiple amino acids. In sig-
naling pathways, signal transduction from upstream sensors
to downstream effectors occurs via the phosphorylation of
a series of proteins, e.g., a first kinase phosphorylates and
activates a second kinase, which then phosphorylates and
activates a third kinase and so on. Thus, cellular responses

are based on this series of signals; phosphorylation plays a
major role in the regulation of enzyme activity [12]. Phos-
phorylation is also a reversible process. The dissociation of
a phosphate group from a substrate protein is termed
dephosphorylation. Phosphorylation and dephosphorylation
have been involved in protein interaction [13], cell growth,
differentiation, apoptosis, cell signaling in health condition
and tumorigenesis [14], and so on.

1.1.1. Phosphorylation in Base and Nucleotide Excision
Repair/Single-Strand Break Repair. Upon DNA base dam-
ages, the necessary repairs for these damages would require
a BER/single-strand break repair (SSBR) system. X-ray
cross-complementing protein 1 (XRCC1), a scaffold protein
of the BER/SSBR system, functions as a component of a com-
plex with DNA ligase IIIa (Lig III), which is involved in the
ligation steps of BER and DNA single-strand repairs [15]. It
also interacts with several other BER/SSBR factors and forms
dense foci in the nucleus after DNA damage [16–18]. The
formation of foci is critical for DNA repair. The phosphory-
lation of XRCC1 in chromatin has been reported to facilitate
the BER incision step by promoting its dissociation from
DNA [19]. The phosphorylation of XRCC1 in chromatin
and the DNA damage-induced recruitment of XRCC1 to
the nuclear matrix are critical for foci formation [20]. Chou
et al. demonstrated that the phosphorylation of XRCC1 by
Ataxia Telangiectasia Mutated-Checkpoint kinase 2 (ATM-
Chk2) promoted BER by recruiting downstream BER pro-
teins to the initial damage/incision step [21]. Moreover,
BER and the stability of XRCC1 can be enhanced by phos-
phorylating serine 518 and threonine 519 and 523 by casein
kinase 2 (CK2) [22]. In addition to XRCC1, several histones
are also phosphorylated in BER, such as the H2AX histone
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Figure 1: Types of PTMs involved in DNA repair. In general, phosphorylation, poly(ADP-ribosyl)ation, ubiquitination, SUMOylation,
acetylation, and methylation are mediated by enzymes by attaching small molecules to substrate protein without new protein synthesis.
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variant at serine 139 (S139) and histone H2A at serine resi-
dues S2 (H2A-S2), S18 (H2A-S18), and S122 (H2A-S122)
upon UV irradiation [23]. However, two histone residues of
H3, serine 10 (S10), and threonine 11 (T11) are phosphory-
lated during NER and dephosphorylated by UV irradiation
[24]. Thus, there is not a fixed pattern for histone phosphor-
ylation in DNA nucleotide excision repair.

1.1.2. Phosphorylation in Double-Strand Break Repair.
Unstable genomes activate DNA repair pathways, which are
indicated by increased phosphorylation of numerous factors,
including H2AX, ATM, ATR (ATM- and RAD3-related),
Chk1, Chk2, DNA-dependent protein kinase, catalytic sub-
unit (DNA-PKcs), and Ku70/Ku80 heterodimers. When a
single-strand or double-strand break occurs in a cell, the
phosphorylation of the carboxyl-terminal serine residues of
thousands of H2AX molecules is observed; this produces
phosphorylated H2AX, or γ-H2AX [25]. Subsequently, the
γ-H2AX molecules form megabase chromatin domains sur-
rounding the sites of DSBs. This enables the use of antibodies
against γ-H2AX to detect the DSBs. Many components of
DDR and repair are recruited directly or indirectly to these
γ-H2AX foci, including BRCA1, Rad50, Rad51, 53BP1, medi-
ator of DNA damage checkpoint protein 1 (MDC1), and Nij-
megen breakage syndrome 1 (NBS1) [26]. ATM/Chk2 and
ATR/Chk1 pathways are principal regulators of cell cycle
arrest and activated DNA-PKcs that form a holoenzyme with
Ku70/Ku80 heterodimers, called DNA-PK, which catalyzes
the joining of nonhomologous ends [27]. LSH is a protein
related to the SNF2 family of chromatin remodeling
ATPases. LSH-deficient cells exhibit reduced viability and
repair DNA double-strand breaks after exposure to IR. This
is because H2AX is less efficiently phosphorylated in LSH-
deficient cells in response to DNA damage [28]. These
reports suggest direct and indirect roles of H2AX and the
phosphorylation of H2AX in DNA damage repair. MDC1, a
key protein in DDR events, contains the fork-head-
associated (FHA) domain at its N-terminus and a tandem
BRCA1 C-terminal domain (BRCT) domain at its C-
terminus. MDC1 is recruited to DNA damage foci by binding
to γ-H2AX via its BRCT domains [29]. Additionally, NBS1, a
component of the Mre11-Rad50-Nbs1 (MRN) complex,
carries a combination of FHA and BRCTs. NBS1 has been
reported to interact with γ-H2AX via its FHA/BRCT domain
[30]. MDC1 is constitutively phosphorylated on conserved
repeat motifs of Ser-Asp-Thr (SDT) by CK2 in response to
DNA damage agents. The phosphorylated forms of these
motifs confer recognition sites and binding sites for the
NBS1 and the MRN complex [31]. Several recent reports
have demonstrated that NBS1 localizes to unpaired DSBs
by interacting with phosphorylated MDC1 [31, 32]. More-
over, Aprataxin, an FHA domain-containing protein, local-
izes to sites of DNA damage by interacting with
phosphorylated MDC1 [33]. Schizosaccharomyces pombe
Ctp1, a DNA end-processing factor, is phosphorylated both
basally and in a DNA damage-dependent manner [34].
Ctp1 is phosphorylated on a domain that resembles the
SDT repeats of MDC1. This phosphorylation is required for
Ctp1 to interact with the FHA domain of NBS1 and result

in the subsequent localization to DSB sites [35]. Thus, the
phosphorylation of MDC1 plays a pivotal role in the recruit-
ment of NBS1 and other DNA repair factors to unpaired
DSBs. Overall, by recognizing phosphorylated H2AX,
MDC1 is recruited to DNA damage sites and is further phos-
phorylated by CDK kinase to recruit other DDR factors to
initiate DNA repair and delay cell cycle progression. In gen-
eral, the role of phosphorylation can be stressed by generat-
ing binding interfaces at sites of DNA damage recognized
by DNA repair factors.

1.2. Poly(ADP-ribosyl)ation. Poly(ADP-ribosyl)ation is a
phylogenetically ancient, reversible, posttranslational modifi-
cation [36] and ubiquitously occurs in nearly all nucleated
cells of mammals, plants, and lower eukaryotes, but not in
yeast [37]. Cellular poly(ADP-ribose) (PAR) is synthesized
by poly(ADP-ribose) polymerases. One of the most predom-
inant polymerases, poly(ADP-ribose) polymerase-1 (PARP-
1), transfers ADP-ribose from NAD+ onto specific amino
acid residues of itself or substrate proteins to release nicotin-
amide. The known ADP-ribose acceptors in eukaryotic cells
are lysine, arginine, glutamate, aspartate, cysteine, phospho-
serine, and asparagine residues [36]. These positively charged
amino acids interact with the negatively charged phosphate
groups of PAR chains and thereby affect the structure, enzy-
matic activity, and interactions with other acceptor proteins
[38]. Poly(ADP-ribose) and free ADP-ribose are simulta-
neously formed and generated, respectively. While PARP-1
catalyzes the synthesis of poly(ADP-ribose), another major
enzyme PAR-degrading enzyme poly(ADP-ribose) glycohy-
drolase (PARG) hydrolyzes the glycosidic bond between the
ADP-ribose units of poly(ADP-ribose) to produce free
ADP-ribose. This maintains the balance of ADP-ribose in
cells [39]. While poly(ADP-ribose) has been identified, the
biological function of this protein modification is currently
being investigated. Poly(ADP-ribosyl)ation is implicated in
a wide range of processes including DNA damage, DNA
repair, and the maintenance of genomic stability, tran-
scriptional regulation, energy metabolism, mitosis, and cell
death [40].

1.2.1. Poly(ADP-ribosyl)ation in Nucleotide Excision Repair.
PARP-1 is highly efficient in sensing DNA nicks through
its DNA-break-sensing motif, which contains two
CX2CX28,30HX2C zinc fingers [41]. After binding to nicks,
the catalytic activity of this protein is immediately activated
and catalyzes the polymerization of poly(ADP-ribose) chains
and other substrates [42]. The formation of poly(ADP-ribose)
then promotes the dissociation of histones and nucleosomes
from DNA and completely unravels polynucleosomes [43].
Poirier et al. first demonstrated that the poly(ADP-ribosyl)a-
tion of histone H1 causes relaxation of chromatin fiber
[44]. The dissociation of the H1-DNA and H2B-DNA com-
plex is accompanied by the formation of ADP-ribose poly-
mers. Moreover, the incubation of these histones with free
or PARP-1-bound PAR loosens the chromatin structure
and makes it possible for the DNA repair machinery to access
damaged DNA [45]. XRCC1, the scaffold protein of
SSBR/BER, has been reported to interact with poly(ADP-
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ribosyl)ated PARP-1 via its PAR-binding motif within the
internal BRCTI domain [46]. Subsequently, XRCC1 is phos-
phorylated by ATM-Chk2; this allows many downstream
proteins involved in BER to be recruited to the initial damage
sites [21]. The PAR-binding motif in XRCC1 is also found in
the xeroderma pigmentosum complementation group A pro-
tein (XPA) [47], a core protein involved in the initial phase of
NER. XPA has been reported to associate with PARP-1 and
PAR and is recruited to damaged chromatin in response to
UVR-induced DNA damage [48]. DNA binding protein 2
(DDB2), a key lesion recognition protein of the global geno-
mic subpathway of NER (GG-NER), associates with PARP-1
and promotes protein stabilization. Xeroderma pigmento-
sum complementation group C protein (XPC) localizes to
UV-damaged DNA, which is an essential step for down-
stream events in GG-NER [49]. Thus, poly(ADP-ribosyl)a-
tion plays an important role in the initiation of BER/NER
and lays a basis for the recruitment of downstream BER/-
NER-related proteins. This allows cells to utilize these pro-
teins to repair damaged DNA.

1.2.2. Poly(ADP-ribosyl)ation in Double-Strand Break Repair.
PARP-1 senses double-strand breaks and provides a scaffold
for chromatin remodelers and for binding DSB repair-
associated proteins by synthesizing poly(ADP-ribose) on
itself or other proteins. These proteins contain PAR binding
motifs or modules and can be classified into three categories
according to structural characteristics. The first category is
characterized by a 20-25 amino acid motif with an N-termi-
nal, basic, residue-rich cluster and alternately arranged
hydrophobic amino acids. This motif has been reported in
several proteins, such as p53, histones, XRCC1, and XPA
[46, 47, 50]. The second category is characterized by highly
conserved 130-190 residues (i.e., a “macro domain”) and is
found in the poly(ADP-ribose) polymerases PARP9, PARP-
14 and PARP-15 [51], LRP16 (MDO1), MDO2, and
MacroH2A1.1 [52]. The final category is characterized by a
PBZ domain. The PBZ domain is a putative C2H2 zinc finger
structure separated by a 6–8 amino acid spacer and has [K/R]
xxCx[F/Y] GxxCxbbxxxxHxxx [F/Y] xH sequence. Check-
point proteins fork-head-associated and RING domains
(CHFR) and DDR protein Aprataxin and PNK-like factor
(APLF) have been reported to have PBZ domain [53]. CHFR,
an E3 ubiquitin ligase, is recruited to DSBs by binding to
poly(ADP-ribose) via its PBZ motif. Subsequently, CHFR
ubiquitinates PAR polymerase 1 (PARP-1) and regulates
chromatin-associated PARP-1 in vivo [54]. APLF is
recruited to DNA damage sites by its PBZ motif and
phosphorylated by ATM so as to facilitate DNA double-
strand break repair through NHEJ [55]. Krietsch et al.
demonstrated that RRM1, another motif found in RNA-
binding protein NONO, is responsible for NONO binding
to PAR; NONO localizes to damaged chromatin by binding
to PAR and promotes NHEJ in response to double-strand
breaks [56]. Amplified in liver cancer 1 (ALC1), a member
of the SNF2 ATPase superfamily, is recruited to damaged
chromatin via its C-terminal macro domain. The ATPase
and chromatin remodeling activities are strongly activated
by PARP-1 [57], so the role of ALC1 in controlling the chro-

matin structure in DNA repair is dependent on PARP-1.
BAL1, another macro domain-containing protein, and its
partner E3 ligase are PAR-dependent. Recruitment, local
BBAP-mediated ubiquitylation, and subsequent recruitment
of checkpoint mediators 53BP1 and BRCA1 are induced by
DNA double-strand breaks [58]. These reports suggest that
poly(ADP-ribosyl)ation in DNA double-strand break repair
focuses on recruiting a series of proteins involved in DNA
repair to damaged sites via different PAR binding motifs
and furthermore contributes to the initiation of downstream
events at different levels.

1.3. Ubiquitination. Compared with other PTMs, ubiquitina-
tion is a complicated and reversible covalent modification
sequentially catalyzed by a series of enzymes. Ubiquitin is a
highly conserved protein found in a number of species and
is covalently attached to the lysine residues of target proteins
[59]. Ubiquitination involves three steps. First, ubiquitin is
activated by an activation enzyme (E1) with the required
energy provided by ATP. Second, the activated ubiquitin is
transferred to a ubiquitin-conjugation enzyme (E2). Finally,
ubiquitin is attached via ubiquitin ligase (E3) to the target
protein through an isopeptide bond between the C-terminal
of ubiquitin and the [epsilon]-amino group of the lysine res-
idue in the target protein [60]. Ubiquitin itself contains seven
lysines that can be attached to another ubiquitin to form a
polyubiquitin chain. The most common polyubiquitin chain
is formed by linking Lys48 to another ubiquitin on target
proteins. This chain mediates the recognition and degrada-
tion of proteins by proteasome complexes [61]. Meanwhile,
Lys63-linked polyubiquitination does not undergo protea-
some degradation of target proteins. Instead, Lys63-linked
polyubiquitination has been implicated in regulating DNA
repair, protein kinase activation, and other biological pro-
cesses [60].

1.3.1. Ubiquitination in Nucleotide Excision Repair. DNA
damage excision is carried out by six repair factors, Replica-
tion Protein A (RPA), XPA, XPC, TFIIH, xeroderma pig-
mentosum complementation group G protein (XPG), and
XPF-ERCC1 in mammalian cells [62]. The XPC protein is
involved in recognizing lesions and plays an important role
in initiating global-genome NER [63]. Ultraviolet light-
(UV-) damaged DNA binding protein (UV-DDB), compris-
ing DDB1 and DDB2 subunits, is another complex that
appears to be involved in the recognition of NER [64].
DDB2 has been reported to be involved in the recruitment
of XPC to UV-induced damaged DNA [65]. Moreover, Suga-
sawa et al. demonstrated that upon UV irradiation, XPC was
ubiquitylated by a functional UV-DDB-ubiquitin ligase com-
plex [66]. Ubiquitylation XPC increases its affinity for DNA
while ubiquitylation xeroderma pigmentosum complemen-
tation group E protein (XPE) leads to its degradation [62].
A recent report has suggested that XPC could enhance the
E3 activity of the DDB complex and further promote the
recruitment of XPA to damaged sites [67]. The XPA protein
has also been reported to be rate-limiting to NER in response
to UV [68] and plays an important role in a secondary
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recognition step in conjunction with RPA for the verification
of DNA lesions [69].

RNAPII is a huge complex and is involved in masking
DNA lesions to prevent association with NER enzymes
[70]. The rapid ubiquitination of RNAPII has been reported
to be induced by UV irradiation and repaired by NER [71].
Ubiquitinated RNAPII degrades by 26S proteasome and
enables DNA repair [72].

1.3.2. Ubiquitination in Double-Strand Break Repair.Ubiqui-
tination plays a key role in the assembly and repair of signal-
ing proteins at sites of double-strand DNA breaks. Upon
DNA damage, RNF8, a RING-finger ubiquitin ligase, has
been reported to rapidly recruit to DSBs by recognizing a
cluster of highly conserved T-Q-X-F motifs in MDC1 via
its FHA domain [73]. Subsequently, RNF8 interacts with
HERC2, an E3 ubiquitin ligase with a giant HECT domain.
This interaction increases the probability of forming K63-
linked polyubiquitin chains on histones at sites of DNA dam-
age [74]. RNF8 ubiquitylates the DSB-flanking chromatin
and H2A histones surrounding the DNA lesion and enables
the assembly of 53BP1 and BRCA1 by the DSB-flanking
chromatin [73]. The ubiquitylated histone H2A further facil-
itates the recruitment of RNF168 at sites of damaged DNA.
RNF168, another E3 ligase, cooperates with UBC13 to
amplify the RNF8-dependent histone ubiquitylation by tar-
geting histone H2A and promoting the formation of lysine
63-linked ubiquitin conjugates. These RNF168-dependent
chromatin modifications trigger a second wave of accumula-
tion of 53BP1 and BRCA1 to DNA lesions [75]. However,
another report has suggested that the initial ubiquitination
signal is derived from another FHA-containing E3 ligase
CHFR. This ligase is recruited to DNA damage sites in the
early stage of DNA damage by binding to PAR via its C-
terminal PBZ motif, different from RNF8 [54]. The E3
ligases, RNF8 and CHFR, are recruited to DSBs by different
means, i.e., phosphorylation or poly(ADP-ribosyl)ation.
While these two E3 ligases are known to play important roles
in recruiting DSB regulators to DSBs in the first wave of ubi-
quitination, precise mechanisms have not been reported.
Furthermore, these two E3 ligases trigger the second wave
of ubiquitination, which amplifies the signal to recruit more
DNA repair-related proteins. Smeenk et al. demonstrated
that SMARCA5/SNF2H, the catalytic subunit of ISWI chro-
matin remodeling complexes, is recruited to DSBs with sim-
ilar kinetics as that of GFP-MDC1 but in a different manner.
SMARCA5/SNF2H binds to PARP-1 and regulates ubiquitin
response by promoting the binding of E3 ubiquitin ligase
RNF168. Ubiquitin conjugates the ubiquitin-binding factors
RAD18 and the RAP80-BRCA1 complex throughout DSB-
flanking chromatin [76].

A report demonstrated that RNF8 induces the formation
of Lys48-linked polyubiquitin chains at DSB sites in
response to IR and subsequently ubiquitinates and degrades
KU80 to facilitate NHEJ [77]. This report further suggested
that RNF8 may have two distinct roles at DNA damage sites
when forming different ubiquitin chains. The first role is to
ubiquitinate H2A and to recruit RNF168 to accumulate
other DNA damage repair proteins to DSB sites; this is

achieved by forming a Lys63-linked polyubiquitin chain;
the second role is to ubiquitinate and to remove a number
of proteins from DNA damage sites by forming a Lys48-
linked polyubiquitin chain.

1.4. SUMOylation. SUMOylation is a three-step enzyme
pathway that attaches SUMO to a substrate through an iso-
peptide bond between the C-terminal carboxyl group of
SUMO and the ε-amino group of a lysine residue in the sub-
strate [78]. As with many other ubiquitin and ubiquitin-like
proteins (UBL proteins), all eukaryotic SUMO proteins are
translated as immature precursors that must first be proc-
essed by a protease to generate the mature protein form.
The enzymes of the SUMO pathway, although analogous to
those of the ubiquitin pathway, are specific for SUMO.
SUMOylation begins with a SUMO-activating enzyme (E1),
which activates the SUMO C-terminus in an ATP-
dependent manner. An activated SUMO is transferred to a
SUMO-conjugating enzyme Ubc9 (E2). Under the assistance
of one of several SUMO-protein ligases (E3s), SUMO is then
transferred from Ubc9 to the substrate. Substrate specificity
is ensured by UBC9 and the E3s. Many identified SUMO-
modified proteins contain a Lys acceptor within a ψKX(D/E)
consensus motif, where ψ is a large hydrophobic amino acid
(generally isoleucine, leucine, or valine), K is the modified
lysine residue, X is any residue, and E is glutamic acid [79].
This motif is bound directly by UBC9. E3s likely enhance
specificity by interacting with other features of the substrate
[80]. SUMO conjugation is a reversible modification through
proteases, including UBL-specific proteases and sentrin-
specific proteases (i.e., ULPs and SENPs, respectively) [81].
SUMOylation and one member of the UBLs (ubiquitin-like
proteins) become increasingly important in multiple biolog-
ical processes, such as transcription, replication, and events
following DNA damage [82].

1.4.1. SUMOylation in Nucleotide Excision Repair. The pro-
duction of cyclobutane pyrimidine dimers (CPDs) and pyri-
mide pyrimidone photoproducts (6-4PPs) is induced by UV
irradiation [83]. These photoproducts are primarily repaired
by the nucleotide excision repair (NER) pathway [84]. Many
proteins have been reported to be SUMOylated in this pro-
cess. In Saccharomyces cerevisiae, the vast majority of
SUMOylation are catalyzed by two Siz/PIAS SUMO E3
ligases, Siz1 and Siz2. Siz1 and Siz2 mutants are sensitive to
ultraviolet (UV) light and show delayed CPD repair [85].
Mms21 is another SUMO ligase in Saccharomyces cerevisiae;
the abolition of the SUMO E3 activity of Mms21 leads to
DNA damage sensitivity [86]. These reports have suggested
that SUMOylation plays certain roles in the nucleotide exci-
sion repair pathway. Thymidine DNA glycosylase (TDG) is a
BER enzyme that removes thymine or uracil from T-G or U-
G mismatched base pairs. The SUMOylation of TDG dra-
matically reduces its DNA substrate and ATP binding site
affinity. This is associated with significant increases in enzy-
matic turnover in reactions with a G∗U substrate and the loss
of G∗T processing activity [87]. XPC is a key protein in the
recognition step in the NER pathway, and its degradation is
necessary for recruiting downstream XPG and for promoting
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an efficient NER. The SUMOylation of XPC increases its sta-
bility by inhibiting degradation via a ubiquitin-proteasome
system in response to UV irradiation to initiate DNA damage
recognition [88]. A later report by the same group in 2007
suggested that XPC is degraded by the 26S proteasome and
is independent of ubiquitylation upon UV irradiation. More-
over, the UV-induced XPC degradation is controlled by XPC
SUMOylation. This prevents the excessive depletion of XPC
from cells [89]. Overall, the SUMOylation of XPC is indis-
pensable for the proper functioning of the NER pathway.

1.4.2. SUMOylation in Double-Strand Break Repair. Protein
inhibitor of activated STAT protein 4 (PIAS4) and protein
inhibitor of activated STAT protein 1 (PIAS1), E3 ligase
enzymes, are members of the protein inhibitor signal trans-
ducer and activator of transcription (PIAS) family and are
recruited to damage sites via their SAP domains. SUMO E2
(UBC9), after SUMO1 and SUMO2/3 conjugation, reloca-
lizes to sites of DSBs and forms SUMO2/3 and SUMO1
conjugate-coordinates via PIAS1 and PIAS4, respectively,
upon various genomic agents [90]. Depletions of the PIAS
proteins affect the ability of damaged cells to effectively relo-
calize 53BP1 and BRCA1 to sites of DNA breaks [91]; this
significantly impairs histone H2A ubiquitylation and the
accumulation of K63-linked ubiquitin conjugates at sites of
DSBs [91]. These reports have suggested the important roles
of SUMO E3 ligases in DNA repair. In response to genotoxic
stress, RAP80 was recruited to DNA damage sites by binding
specifically to SUMO2/3 via its SIM domain [92]. The
SUMO-associated RAP80 recognizes RNF4-synthesized
hybrid SUMO-ubiquitin chains and promotes BRCA1
recruitment [93]. MDC1 and BRCA1 are also modified by
small ubiquitin-like modifiers (SUMOs) following DNA
damage [94, 95]. RNF4 targets SUMOylated MDC1 and
SUMOylated BRCA1 and degrades MDC1. This removes
MDC1 and 53BP1 from sites of DNA damage and loads
Rad51, an enzyme required for HR repair, to sites of DNA
damage [94, 96]. The recruitment of Rad51 to DNA damage
foci is facilitated by a hypoSUMOylated 70 kDa subunit of
RPA (RPA70) in response to Campothecin (CPT) [97].
HERC2 is a target of the SUMO E3 ligase PIAS4 and con-
tains a novel ZZ zinc finger SUMO-binding domain.
HERC2 is dependent on both SUMOylation and its
SUMO-binding domain to interact with RNF8 and to stabi-
lize the RNF8–UBC13 association [98]. When cooperating
with PIAS1 and PIAS4, HERC2 facilitates an effective ubiq-
uitin adduct formation to recruit more DSB proteins to pro-
mote DSB repair.

1.5. Acetylation. Acetylation is involved in regulating kinases,
transcriptional activity, and protein stability [99]. The N-
terminal acetylation of proteins is one of the most common
protein modifications, occurs in approximately 85% of
eukaryotic proteins, and is catalyzed by NATs that transfer
acetyl groups from acetyl-CoA to the termini of α-amino
groups [100]. A less common but more important form of
protein acetylation occurs on the ε-amino group of lysine
and is catalyzed by histone acetyltransferases (HATs) that
transfer an acetyl group from acetyl-coenzyme A (acetyl-

CoA) to the ε-amino group of certain lysine side chains
within the basic N-terminal tail region of a histone [101].
Acetylation is a highly reversible process; acetylated histone
proteins can be deacetylated by histone deacetylases
(HDACs). HDACs have been classified into four groups
based on their homology to yeast histone deacetylases. The
balance between acetylation and deacetylation is an impor-
tant modulation mechanism for many cellular functions in
diverse proteins [102].

1.5.1. Acetylation in Nucleotide Excision Repair. XPA is a key
protein in nucleotide excision repair and has a high affinity
for damaged DNA. XPA plays a central role in correctly posi-
tioning the repair machinery around the injury site by inter-
acting with many NER factors [103]. Recently, XPA has been
reported to be phosphorylated by checkpoint kinase ATR in
cells in response to UV irradiation [104]. Fan and Luo et al.
showed that XPA could be acetylated at lysines 63 and 67.
The acetylated XPA can be deacetylated by SIRT1 upon UV
irradiation [105]. The acetylation of histone H3 lysine 9
(H3K9) in response to UV irradiation increases accessibility
to the NER machinery [106]. Apurinic/apyrimidinic endo-
nuclease 1 (APE1) is the main basic endonuclease. The acet-
ylation of APE1 contributes to BER by modulating APE1
subnuclear distribution and enzymatic activity in vivo
[107]. A recent report demonstrated that Tip60 acetylate
XPF so as to mediate the XPF-ERCC1 complex assembly
and activation in NER [108].

1.5.2. Acetylation in Double-Strand Break Repair. MRN is a
proximal DSB sensor that senses DNA double-stand breaks
and transmits damage signals downstream by phosphorylat-
ing proteins involved in cell cycle checkpoints and DNA
repair. Tip60 has been reported to form a complex with
MRN. This interaction is required for its binding to DSBs
[109]. The recruitment of Tip60 to DSBs is dependent on
Fe65 [110]. Given that Tip60 is an acetyltransferase, the
activation of ATM has been reported to be dependent on
acetylation modifications mediated by Tip60 histone acetyl-
transferase (HAT) in response to DSBs (the acetylation site
of ATM is lysine 3016) [111, 112]. The acetylation of H2AX
(K5) has been observed in the very early stages of DDR and
is mediated by Tip60 [113]. Another report indicated that
H2AX is constitutively acetylated on lysine 36 (H2AX
K36Ac) by CBP/p300 acetyltransferases independently of
H2AX phosphorylation [114]. Tip60-dependent H4 acetyla-
tion promotes DNA HR by decreasing 53BP1 DSB chroma-
tin occupancy [115]. CBP/p300-dependent H3 and H4
acetylation facilitates NHEJ and chromatin relaxation by
recruiting Ku70 and Ku80 [116]. BRG1, the catalytic sub-
unit of the SWItch/Sucrose Nonfermentable (SWI/SNF)
chromatin remodeling complex, facilitates DSB repair by
interacting with acetylated H3 through its bromodomain
[117]. Thus, we can conclude that histone acetyltransferase
plays an important role in this process. HAT1 has been
reported to facilitate efficient HR by enriching the binding
of H4K5/K12-acetylated H3.3 (H3.3-H4K5/12ac) to the
DSB sites and the subsequent recruitment of key repair fac-
tor RAD51 [118]. Therefore, acetylation plays a seemingly
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earlier role in the early stages of DNA damage than the for-
mation of γ-H2AX. Moreover, acetylation facilitates the
recruitment of DSB-associated proteins. Additionally, the
acetylation of core histones also mediates proteasomal deg-
radation in DNA repair [99].

1.6. Methylation.Methylation occurs predominantly on argi-
nine, lysine residues, and is catalyzed by S-adenosylmethio-
nine- (AdoMet-) dependent enzymes that donate a methyl
group to the side-chain nitrogen atoms of these residues.
Arginine methylation is a posttranslational modification that
is involved in a variety of cellular functions such as RNA pro-
cessing, signal transduction, transcriptional regulation, and
DNA repair [119]. Protein arginine methylation is a covalent
modification that results in the addition of methyl groups to
the nitrogen atoms of the arginine side chains and is cata-
lyzed by a family of protein arginine methyltransferases
(PRMTs), but only one arginine demethylase has been iden-
tified, namely, the Jumonji domain-containing 6 (JMJD6)
[120]. Studies on lysine methylation have focused on histone
proteins, which are regulated by histone methyltransferase
(HMT) and histone demethylase (HDM) enzymes that add
and remove methyl groups on lysine and arginine residues
within proteins, respectively. Increasing reports suggested
that histone protein methylation plays a major role in DNA
damage repair.

1.6.1. Methylation in Base and Nucleotide Excision Repair.
DNA polymerase β (Pol-β) is a critical player in BER, which
is involved in step (iii) and step (iv) of BER. Recent findings
indicate that the Pol-β lyase domain can associate with
PRMT6 and PRMT1. These two PRMTs play distinct, nonre-
dundant roles in regulating Pol-β function. PRMT6 methyl-
ates Pol-β R83 and R152 and augments its polymerase
activity by enhancing its DNA binding and processivity while
PRMT1 methylates R137, which in turn blocks the Pol-β-
PCNA interaction [121].

Flap endonuclease-1 (PEN1) is a Rad2 nuclease family
member that plays a vital role in DNA replication and repair.
FEN1 methylation promotes the interaction between FEN1
and PCNA [122] so as to favor NER.

1.6.2. Methylation in Double-Strand Break Repair. RUVBL1
is a cofactor of the TIP60 complex. During DSB repair, meth-
ylation of RUVBL1 by PRMT5 is required to activate TIP60α,
promoting histone H4K16 acetylation, which facilitates
53BP1 displacement from DSBs [123]. The mammalian
MRN complex plays a critical role in HR. Follow-up studies
indicated that Mre11 was indeed methylated by PRMT1. In
cells treated with a global methyltransferase inhibitor
followed by the DNA-damaging agent etoposide, few γ-
H2AX foci formed, and Mre11 was not recruited to DSBs
[124]. 53BP1 is a substrate of ATM and functions as a medi-
ator protein when it accumulates at DSB. Similar to MRE11,
treatment with methylase inhibitors interfered with 53BP1
recruitment at DSBs [122]. Many HMTs and HDTs are
recruited to DNA damage sites where they act to modify
chromatin to orchestrate chromatin-based DDR activities.
Lysine demethylase 5B (KDM5B) mediated the H3K4me3
demethylation required for DSB repair factors Ku70 and
BRCA1 accumulation at DSBs. The interaction between
H3K9me3 and Tip60 increases the HAT activity of TIP60,
which acetylates ATM and H4 to support HR repair [9].
Methylation of H3K6 improves the association of early
DNA repair components, including NBS1 and Ku70, with
the induced DSB, and enhanced DSB repair [125]. These
reports imply that methylation regulates DNA damage repair
protein relocalization to DSBs and plays important roles at
multiple nodes in DNA repair.

2. Conclusions and Perspectives

Following the induction of DNA damage, proteins surround-
ing chromatin at break sites undergo different types of PTMs.
The poly(ADP-ribosyl)ation modification of proteins at
damage sites relaxes the chromatin structure and enables
DNA repair machinery to access damaged DNA. Acetylation
likely occurs earlier than other modifications; the activity of
ATM benefits from acetyltransferase Tip60 and Tip60 part-
ner Fe65, activated ATM, and PIKK family other members
lead to the phosphorylation of H2AX. MDC1, a mediator
protein that plays a crucial role in the DDR pathway, is then
immediately recruited to sites of DSBs to directly interact
with γ-H2AX via BRCT domains. Subsequently, histones

DNA damage

Relax the chromatin structure

Acetylation/methylation

Phosphorylation
Render binding sites for

damage proteins

SUMOylation/ubiquitination

Key proteins at damage sites

DNA repair

Poly(ADP-ribosyl)ation

Recruit and turnover of DNA
damage-associated proteins

at damage sites 

Figure 2: The possible ordering of PTMs upon DNA damage. Upon DNA damage, poly(ADP-ribosyl)ation relaxes the chromatin structure
and DNA enables DNA repair machinery to access damaged DNA; acetylation and methylation mediated the recruitment of key proteins and
further render binding sites for damage proteins through phosphorylation; SUMOylation and ubiquitination appear to be a key player in later
stages by renewing damage-related proteins at DNA damage sites.
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H2A and H2AX are ubiquitylated in the chromatin surround-
ing DSBs by the E3 ubiquitin ligases RNF8 and RNF168 in an
MDC1-dependent manner. RNF8 triggers the formation of
two different ubiquitin chains, i.e., a Lys63-linked polyubi-
quitin chain that mediates the recruitment of new damage
factors and a Lys48-linked polyubiquitin chain that mediates
the degradation of associated proteins. RNF168 amplifies sig-
nals from RNF8, triggers the formation of a second wave of
ubiquitin chain formations, and further recruits more pro-
teins involved in DNA damage repair (Figure 2). These early

steps in the DDR pathway are primarily controlled by phos-
phorylation, whereas ubiquitination appears to be a key
player in later stages.

DNA damage repair is a complicated process; different
types of PTMs are required to accomplish each step in an
orderly and coordinatively fashion. For example, in the
recruitment of DNA damage factors to damage sites, phos-
phorylation renders binding sites appropriate for damaging
factors; methylation is also required for the recruitment of
DNA repair proteins. Poly(ADP-ribosyl)ation, ubiquitination,
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and SUMOylation form long, branched chains for damage
factors to bind. SUMOylation and ubiquitination, beyond
the formation of these chains, also play pivotal roles in the
turnover of DNA damage-associated proteins at damage sites
(Figures 3 and 4). In general, the roles of PTMs in DNA dam-
age repair can be categorized into three groups: to recruit
DNA damage repair-related factors to damage sites, to prepare
binding scaffolds and facilitate the formation of damage repair
complexes. and to renew proteins at damage sites to complete
the DNA damage repair.

In the present work, we have addressed the best-known
protein PTMs related to excision and DNA DSB repair
mechanisms. The PTMs of proteins play a critical role in
DNA damage repair; mutations within the genes encoding
effectors of these components lead to genomic instability
and in selected cases human radiosensitivity and cancer sus-
ceptibility syndromes. Targeting enzymes involved in PTMs
in DNA repair like PARPs, which cooperate and complement
molecular defects of the DDR process, induces a specific
lethality in DDR defective cancer cells and represents an anti-
cancer strategy [108]; PARP inhibitors are the first clinically
approved drugs targeting DDR to have entered the clinic. E3
ubiquitin ligases NEDD4-1 likely acts as a novel drug target
or diagnostic marker in the battle against cancer [126].
Recent studies suggest that treatment with small molecule
inhibitors of HDAC activity results in antitumor effects in a
variety of transformed cell lines; several HDAC inhibitors
are in clinical development and show antitumor activity in
cancer patients [127]. PRMT inhibitors and KDM inhibitors
have recently entered or are about to enter the clinic, mainly
for cancer therapy [119, 128], etc. Therefore, inhibition of the
key enzymes of PTMs in DNA repair would make a contribu-
tion to new cancer therapy strategies, and further study is
required to create more inhibitors specific to enzymes in
DNA repair.

In addition to the six types of PTMs mentioned above,
recently unknown PTMs that are involved in DNA damage
repair will be identified in the future. With the development
of life science technology and chemical synthesis as well as
the application of computer image modeling, PTMs will be
better studied, which would contribute to a better under-
standing of the role of PTMs in DNA repair; thus, elucidating
the molecular mechanisms of DNA repair pathways involv-
ing PTM signaling could reveal new and selective therapeutic
approaches to target cancers.
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