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Abstract

Modulation of chromatin templates in response to cellular cues, including DNA damage, rely
heavily on the post-translation modification of histones. Numerous types of histone modifications
including phosphorylation, methylation, acetylation and ubiquitylation occur on specific histone
residues in response to DNA damage. These histone marks regulate both the structure and function
of chromatin, allowing for the transition between chromatin states that function in undamaged
condition to those that occur in the presence of DNA damage. Histone modifications play well-
recognized roles in sensing, processing and repairing damaged DNA to ensure the integrity of
genetic information and cellular homeostasis. This review highlights our current understanding of
histone modifications as they relate to DNA damage responses and their involvement in genome
maintenance, including the potential targeting of histone modification regulators in cancer, a
disease that exhibits both epigenetic dysregulation and intrinsic DNA damage.
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Introduction

The 6 x 10° base pairs that make up the diploid human genome must be organized into the
volume of a single nucleus in cells, while also being dynamic enough to provide access to
the genetic information that ensures proper cell function. To achieve this monumental task,
nuclear DNA of eukaryotes is bound, arranged and compacted by a nucleoprotein complex
called chromatin. The basic unit of chromatin is the nucleosome (Kornberg, 1974), which
consists of histone proteins and ~147 bp of DNA (Margueron and Reinberg, 2010). The
nucleosome contains two copies each of four core histones, H2A, H2B, H3 and H4, with the
DNA wrapped nearly two times around the histone octamer. Higher eukaryotes also contain
linker histone H1 proteins, which bind to the entry/exit sites of DNA on the nucleosome to
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regulate higher-order chromatin structure. In addition to nucleosomes, non-histone proteins
also bind to DNA and histone proteins to regulate DNA-templated processes including
transcription, replication and DNA repair. To accommodate these various genome functions,
chromatin exists in different states throughout the genome, in different cells, and across the
cell cycle.

Chromatin states are regulated by several different mechanisms including chromatin
remodeling activities that can reposition nucleosomes by sliding, evicting or depositing these
proteins in the genome. In addition to the 4 core histones and linker H1, additional histone
proteins exist called histone variants. These variants resemble canonical histones but play
distinct, specialized roles in cells (Buschbeck and Hake, 2017). For example, histone H2A
has several histone variants including H2AX, H2AZ and macroH2A. Finally, histones are
highly modified by a host of post-translational modifications (PTMs) including
phosphorylation, acetylation, methylation, ubiquitylation and sumoylation. (Kouzarides,
2007; Campos and Reinberg, 2009; Suganuma and Workman, 2011; Miller and Jackson,
2012). These modifications occur on distinct amino acid residues of histones and are
dynamic, being catalyzed by “writer” enzymes and removed by “eraser” enzymes, which
allows these marks to be reversible (Figure 1).

Histone PTMs can impact chromatin dynamics in several ways. PTMs can influence the
non-covalent interactions between DNA and histones. The basic charge of histones is due to
the high proportion of positively charged lysine and arginine residues that are found in all
histone proteins. Negatively charged DNA interacts electrostatically to regions of the histone
that contain these amino acids. Modifications of either lysines or arginines have the potential
to disrupt DNA/protein and protein/protein interactions by changing the charge of the
modified amino acid (Kouzarides, 2007; Shahbazian and Grunstein, 2007). A prime example
of this concept is illustrated by acetylation of histone H4 on lysine 16, which disrupts H4 tail
and nucleosome interactions to promote chromatin relaxation (Shogren-Knaak et al., 2006).
Histone PTMs can also function as high affinity binding sites for proteins that contain
“reader” domains that recognize specific histone marks (Figure 1) (Arrowsmith et al., 2012;
Musselman et al., 2012). These histone PTM reader domains are found in many chromatin
interacting proteins and exist for many PTMs including phosphorylation, methylation and
acetylation. For example, twin-BRCT domains can bind phosphorylated histones,
chromodomains recognize methylated lysines and bromodomains interact specifically with
acetylated lysine residues (Kouzarides, 2007; Shahbazian and Grunstein, 2007; Ruthenburg
et al., 2007). Collectively, these chromatin mechanisms operate to dynamically regulate
chromatin compaction, DNA accessibility and protein interactions with chromatin to ensure
proper chromatin states and therefore genome access and function.

An important cellular pathway that utilizes chromatin-based mechanisms is DNA damage
signaling and repair. Cells exhibit high levels of DNA damage that are constantly threatening
the integrity of the genome (Jackson and Bartek, 2009; Ciccia and Elledge, 2010). Sources
of DNA damage can originate both endogenously and exogenously. For example, replication
errors, reactive oxygen species damage, transcriptional processes, alterations in normal
protein levels and mis-expression of enzymes that act on DNA, can all induce DNA damage
intrinsically (Tubbs and Nussenzweig, 2017; Xia et al., 2019). Extrinsic factors that damage
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DNA include ultraviolet radiation from sunlight, carcinogens, and many cancer therapies
such as radiation. Regardless of the source, damaged DNA must be detected and signalled to
coordinate repair with the cell cycle and other DNA-templated processes that might be in
conflict with repair, such as transcription and replication. If the DNA lesions are not
repaired, genome instability can occur resulting in mutations that drive cell dysfunction and
human diseases including cancer (Negrini, Gorgoulis, and Halazonetis, 2010).

Eukaryotic cells respond to DNA damage by activating a suite of pathways termed the DNA
damage response (DDR) (Jackson and Bartek, 2009; Ciccia and Elledge, 2010). The DDR is
represented by a large network of cellular pathways that detect lesions within DNA
including single and double-strand breaks, DNA mismatches, damaged or inappropriate
bases. After detection, the DDR signals the presence of the lesion by activating the DDR, for
example through PTMs that activate the requisite cellular response to the lesion leading to
the faithful repair and restoration of the genome at the lesion (Jackson and Bartek, 2009;
Ciccia and Elledge, 2010). The importance of the DDR is highlighted by the fact that
mutations in DDR pathways are commonly found in many different human diseases, such as
cancer, neurodegenerative disorders and immune deficiencies (Jackson and Bartek, 2009;
Negrini, Gorgoulis, and Halazonetis, 2010; Lord and Ashworth, 2012). Eukaryotic cells
contain several different DNA repair pathways that engage and repair a wide variety of DNA
lesions that can occur across the genome. For example, UV-induced DNA lesions or other
bulky lesions are repaired by nucleotide excision repair (NER) (Marteijn et al., 2014), while
DNA mismatch repair (MMR) is used to correct base-base mismatches or insertion/deletion
loops generated during DNA replication (Jiricny, 2006). DNA double-strand breaks (DSB)
represent a particularly dangerous form of DNA damage since this type of lesion affects
both DNA strands. A DSB physically separates the two DNA molecules and exposes free
ends, which can be degraded by nucleases or joined to inappropriate DNA molecules. For
these reasons, DSBs can result in multiple types of mutations including deletions, insertions
and chromosomal translocations if not repaired faithfully. DSBs can also result in large
chromosomal losses and cell death. Due to these potentially catastrophic events, DSBs can
be highly cytotoxic and dangerous to cells as they can induce genome instability. However,
this characteristic of DSBs is unleashed to kill cancer cells through the induction of DSBs by
cancer therapeutic drugs and treatments including topoisomerase and PARP inhibitors, as
well as radiation. DSBs also represent an important DNA lesion that is programmed to occur
in cells to promote genetic diversity (ex. meiotic recombination and class switch
recombination) and extrinsically as a cancer therapy and more recently as a DNA substrate
for genome editing including CRISPR/Cas9. These examples highlight the importance of
DSB signaling and repair, events that are likely to be highly regulated by chromatin and its
modifications given that they occur within the chromatin environment.

In mammalian cells, DSBs are repaired by two main pathways: homologous recombination
(HR) and non-homologous end-joining (NHEJ) (Huertas, 2010). HR involves the use of a
template, which allows for the accurate repair of a DSB. NHEJ, on the other hand, does not
use a template and involves the ligation of the two free DNA ends to repair the break. While
HR is highly accurate due to the use of a template, NHEJ can result in mutations due to
processing of the breaks prior to ligation. Interestingly, NHEJ is the predominant repair
pathway in mammalian cells and although it is active in other cell cycle phases, NHEJ is the

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2020 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 4

dominant pathway in the G1 phase of the cell cycle due to the lack of a sister chromatid
template (Beucher et al., 2009; Lieber, 2010). Unlike NHEJ, HR is restricted to S and G2
phases of the cell cycle when a template is available for repair. How repair pathway
utilization is regulated in DSB repair is an important question since both HR and NHEJ can
be active at the same time (Chapman, Taylor, and Boulton, 2012). DSB repair does not occur
on naked DNA but rather takes place within chromatinized DNA substrates in cells. For
these reasons, in addition to threatening the integrity of the genome, DSBs may also impact
the epigenome and its function in cells. Thus, a deep mechanistic understanding of these
pathways and how they impact genome and epigenome stability, both in normal cellular
homeostasis and in disease, will require knowledge of how these repair and signaling
pathways operate within chromatin. As is true with transcription for different genes, DSBs
occurring in different genomic locations may require unique processes to signal and repair
breaks. For example, repair in euchromatin versus heterochromatin or ribosomal DNA
versus intron/exon DNA sequences may be unique. Topological states may also regulate
DSB repair signalling and repair, as well as cell-type specific repair given that cells have
unique functions and sets of proteins and RNA. As chromatin is highly dynamic and
involved in cell identity and genome compartmentalizing and function, DSB repair and the
DDR may similarly be regulated by these processes, including through chromatin
mechanisms.

Histone PTMs, in addition to being involved in transcription, are important contributors to
DDR functions, including DSB repair (Miller and Jackson, 2012; Lukas, Lukas, and Bartek,
2011; Gong and Miller, 2013; Jackson and Durocher, 2013; Schwertman, Bekker-Jensen,
and Mailand, 2016; Gong, Chiu, and Miller, 2016). Key histone modifications that have been
reported to participate in DSB repair are indicated in Figure 3. Histone PTMs can be
dynamically regulated by DNA damage. For example, one of the best-characterized histone
PTMs involved in the DDR is the phosphorylation of the histone variant H2AX. Upon DNA
damage, this histone variant is phosphorylated on Ser139 (called yH2AX) (Rogakou et al.,
1998) by the DDR related PIKK kinases (ATM, ATR and DNA-PK). yH2AX is bound by
the BRCT phospho-reader domains of MDC1 to promote DDR signaling and recruitment of
repair proteins (Stucki et al., 2005). 53BP1 represents another example of a histone
modification reader protein that is involved in DSB repair and determine the choice between
NHEJ and HR repair pathways (Panier and Boulton, 2014; Zimmermann and de Lange,
2014). 53BP1 binds to chromatin surrounding a DSB lesion through its bivalent interactions
with two histone PTMs, H4K20me2 and H2AK15ub (Botuyan et al., 2006; Fradet-Turcotte
etal., 2013; Huyen et al., 2004). These examples illustrate well-characterized scenarios
where DNA damage-induced histone PTMs provide binding platforms for DDR factors to
interact with chromatin at DNA lesions to promote the DDR. Histone PTMs can also
modulate chromatin structure to facilitate repair (Polo and Jackson, 2011). While several
chromatin-based DDR pathways involving histone PTMs have been described, a
comprehensive understanding for how DNA damage impacts chromatin in cells and how
chromatin is utilized to repair DSBs across the genome to promote repair and function of the
damaged loci remains incomplete.

The 2018 Albert Laskar Award for outstanding discovery in basic biomedical research were
given to two pioneers in chromatin biology, David Allis and Michael Grunstein (Allis, 2018;
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Williams, 2018). Their fundamental studies on chromatin and its regulation by histone post-
translational modifications regulate gene expression paved the way for analyzing these
pathways in other DNA-templated reactions, including the DDR. It seems timely then to
review here our current understanding of histone PTMs and how they are involved in
promoting the repair of DNA lesions in cells. Here, we focus on DNA double-strand breaks
in mammalian cells, aiming to provide a framework for understanding the types of histone
PTMs and their mechanisms that promote DNA damage signaling and repair of DSBS,
pathways that are vital for maintaining the integrity of the genome. We will also highlight
the importance of these pathways in understanding the interplay between the DDR and
chromatin in human diseases and the potential for epigenetic and DNA damaging drugs to
be used as therapeutic agents (Jackson and Bartek, 2009; Lord and Ashworth, 2012; Gong,
Chiu, and Miller, 2016; Luijsterburg and van Attikum, 2011; Jeggo, Pearl, and Carr, 2016).

Histone modifications and DNA double-strand break repair: 53BP1 and BRCAL1

In DSB repair, the DDR factors 53BP1 and BRCAL antagonize each other to help regulate
the pathway choice between NHEJ and HR respectively (Chapman, Taylor, and Boulton,
2012; Bunting et al., 2010). This is physiologically relevant given that BRCA1-deficient
cells are defective in HR repair and mice lacking BRCA1 are embryonically lethal.
Remarkably, 53BP1 loss rescues this lethality and HR defects, findings that have been
attributed to 53BP1 blocking HR in the absence of BRCAL, including at the level of DNA
end resection (Bunting et al., 2010; Cao et al., 2009). These genetic findings raise the
question regarding the fine-tuned regulation of both NHEJ and HR pathway that coordinate
the repair process to maximize genome maintenance, without interference from two active
pathways that can act on the same DSB substrate (Figure 2). Several studies have established
that histone modifications play essential roles in regulating DSB repair pathway choice
regulation by 53BP1 and BRCA1. For these reasons, we begin with this pathway to provide
a well-established example for how multiple histone modifications function to regulate DSB
repair pathway.

53BP1 is a large, 1972 amino acid mediator protein that interacts with DDR proteins and
histone modifications to regulate several cellular pathways including V(D)J and class switch
recombination, as well as DSB repair. 53BP1 acts as a bivalent histone PTM reader, binding
H4K20me2 with its tudor reader domain and damage-induced RNF168-mediated H2AK15-
Ub, with a ubiquitin binding region termed UDR, at DSBs (Botuyan et al., 2006; Doil et al.,
2009; Fradet-Turcotte et al., 2013). In undamaged regions, two methylation binding proteins,
L3MBTL1 and JMJD2A, bind H4K20me2 presumably to inhibit 53BP1 interactions with
chromatin in the absence of DNA damage (Figure 4) (Panier and Boulton, 2014). Another
histone methylation binding protein, MBTD1, which is a subunit of TIP60/NuA4
acetyltransferase complex, also competes with 53BP1 dynamics by competing for
H4K20me2 binding (Jacquet et al., 2016). Upon DNA damage, H4K20me2 becomes
available for binding by 53BP1. H2AK15 becomes ubiquitylated and is also bound by
53BP1. This dual engagement of two histone marks likely increases the specificity and
binding of 53BP1 to chromatin at DNA damage sites. As mentioned previously, 53BP1
antagonizes BRCA1 to promote NHEJ. In the case where HR repair is favored, there are
additional PTM-mediated pathways that similarly antagonize 53BP1 to promote BRCA1
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binding and HR repair. In this pathway, the histone acetyltransferase (HAT) TIP60 acetylates
two different histones at H4K16 and H2AK15, after DNA damage. The acetylation of
H4K16 provides a steric obstruction to 53BP1 for its binding to the adjacent methylation of
H4K20 (Tang et al., 2013). The acetylation of H2A on lysine 15 directly blocks
ubiquitylation by modifying the same residue (Jacquet et al., 2016). There are additional
eraser enzymes that are also involved in this pathway. For example, HDAC1 and HDAC2 are
recruited to DNA damage sites where they deacetylate H4K16 and promote NHEJ (Miller et
al., 2010). Similarly, other enzymes that remove these marks are likely to be able to impact
the pathway choice for DSB repair between NHEJ and HR (Figure 4). Interestingly, a recent
study identified a novel histone interaction domain within BARD1, the heterodimer partner
for BRCA1 E3 ligase complex (Nakamura et al., 2019). Thus, H4K20me2 will itself block
BRCAZ1-BARDL1 interactions with chromatin. This suggests that unmodified H4K20 is
required for BRCA1-BARD1 interactions with chromatin and HR repair. As H4K20 is
unmodified in post-replicative cells, these data provide a compelling mechanism for how HR
mediated by BRCA1 can be advantageously promoted once the sister-chromatid is available
for templated-HR repair. Taken together, these histone PTM-based mechanisms of DSB
repair pathway choice by 53BP1 and BRCAL provide a prime example for the necessity and
complexity of remodeling chromatin from an undamaged to a damaged state. Although there
are numerous other examples, this system highlights many themes that are observed with
other reader, writer and eraser histone PTM pathways involved in the DDR. Next we will
systematically summarize the involvement of histone PTMs, including phosphorylation,
acetylation, methylation, ubiquitylation and sumoylation that have been reported to be
involved in the DDR and in particular DSB repair (Table 1).

PHOSPHORYLATION

Phosphorylation is one of the most abundant PTMs and is reversibly regulated by kinases
that add a phosphate group to mainly Serine, Threonine or Tyrosine amino acids, as well as
phosphatases that remove these marks. Many different reader domains have been shown to
bind to these phosphorylations on histones, including several that are found in DDR factors
including BRCT, BIR and 14-3-3 (Figure 1). Here we report the involvement of histone
phosphorylation in DNA damage signaling and repair.

Histone Variant H2AX

We begin our discussion of histone phosphorylation in the DDR with H2AX, as its
phosphorylation on S139 to form yH2AX was the first phosphorylation to be described on a
histone in response to DSBs. yH2AX is critical for many aspects of the DDR, including the
maintenance of genome integrity. This histone modification marks DSBs and is used as a
biomarker for DNA damage in cancer cells, making yH2AX the most well-studied histone
modification involved in the DDR (Bonner et al., 2008). As mentioned above, H2AX is
phosphorylated on S139 by several DDR kinases including ATM (ataxia telangiectasia
mutated), ATR (ATM- and Rad3-related) and DNA-PK. The importance of H2AX
phosphorylation in DNA repair is validated by the finding that mice deficient for H2AX, as
well cells incapable of S139 phosphorylation, are sensitive to DNA damage and display
genome instability (Bassing et al., 2002; Celeste et al., 2002). yH2AX also promotes sister
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chromatid recombination, with a more error-prone single-strand annealing repair pathway
being engaged more frequently in its absence (Xie et al., 2004). Thus, H2AX
phosphorylation is an important histone mark involved in DNA damage signaling and repair.

YH2AX marks large, sometimes > 1 Mb of chromatin surrounding a DSB (Rogakou et al.,
1998; Rogakou et al., 1999). These large damage-induced yH2AX domains can be observed
as foci in response to DNA damage, including IR and laser-microirradiation (Figure 5).
YH2AX plays an important role in promoting maximal accumulation of several DDR factors
to DSBs including MDC1, 53BP1, BRCAL1 and the MRN complex (Miller and Jackson,
2012; Stucki et al., 2005; Celeste et al., 2003; Fernandez-Capetillo, Celeste, and
Nussenzweig, 2003; Scully and Xie, 2013; Turinetto and Giachino, 2015{Miller, 2012 #43).
MDC1 is a reader of yH2AX, binding selectively to this histone PTM through its twin-
BRCT domains (Stucki et al., 2005). MDC1 also promotes the binding of several DDR
factors to break sites, which demonstrates how yH2AX provides a recognition signal for a
DDR factor that allows for the chromatin binding of this factor to DNA damage sites to
trigger the DDR (Coster and Goldberg, 2010). The yH2AX-MDC1 axis also promotes the
accumulation of E3 ubiquitin ligases to damage sites, including RNF8 and RNF168 (Jackson
and Durocher, 2013; Doil et al., 2009; Scully and Xie, 2013; Huen et al., 2007; Kolas et al.,
2007; Mailand et al., 2007; Stewart et al., 2009). Thus, yH2AX is also important for
regulating ubiquitylation signaling at DSBs (see ubiquitylation section below).

YH2AX and its associated readers are antagonized by several phosphatases that can erase
S139 phosphorylation on H2AX (Chowdhury et al., 2005; Chowdhury et al., 2008; Douglas
et al., 2010; Macurek et al., 2010; Moon et al., 2010; Nakada et al., 2008). As yH2AX is
induced at DSBs, the assembled DDR complexes on chromatin must be dismantled
following repair to ensure checkpoint inactivation and a restoration of the chromatin. The
PP2A phosphatase dephosphorylates yH2AX at damage sites, which is dependent on
H2AX. PP2A deficiency results in defective repair and a sustained increase in yH2AX
levels, suggesting that dephosphorylation is an important step in post-repair processing of
chromatin PTMs associated with break sites, including H2AX. In addition to PP2A, PP4,
PP6 and WIP1 phosphatases also dephosphorylate yH2AX (Douglas et al., 2010; Macurek
et al., 2010; Moon et al., 2010; Nakada et al., 2008). PP4 was shown to be important in DNA
damage checkpoint recovery, pointing to an important role in dephosphorylation of H2AX in
resuming the cell cycle following DNA damage (Nakada et al., 2008). The reason that
several phosphatases act on yH2AX is unclear, although it could be attributed to the
requirement for different phosphatases at unique chromatin environments at DSBs. For
example, PP6 interacts with DNA-PK to dephosphorylate yH2AX. This may suggest that
this phosphatase is important in erasing DNA-PK mediated yH2AX and not other signals
that are independent of DNA-PK. To address this possibility, it would be interesting to
determine the regulation of H2AX phosphatases and map them to individual and unique
break sites across the genome, for example using the AsiSI-break system (Aymard et al.,
2014; Clouaire et al., 2018; lacovoni et al., 2010).

Although yH2AX is studied extensively in DNA damage response pathways including DNA
double-strand break repair, this histone PTM is also involved in several other biological
processes including cell cycle, transcription, stem cells and cancer (Bonner et al., 2008;
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Turinetto and Giachino, 2015). In addition, H2AX contains several other phosphorylation
sites, apart from S139 that are regulated by DNA damage. For example, Y141 is
phosphorylated by the kinase WSTF and is dephosphorylated by EYA1 (Cook et al., 2009;
Xiao et al., 2009). This mechanism has been proposed to act as a repair-apoptosis switch to
determine cell fate decisions in response to DNA damage that is mediated by the binding of
Fe65-JNK1 complex to Y142p (Cook et al., 2009). H2AXT101 phosphorylation has also
been observed to occur in response to DNA damage (Xie et al., 2010). Mutation of this site
rendered reconstituted H2AX cells IR-sensitive suggesting that this residue does play a role
in regulating H2AX-dependent DDR functions. Much less is known about these
phosphorylations, including their potential involvement in H2AX-dependent processes
outside of the DDR. While yH2AX is the most common marker used to identify DNA
damage, there still remains many mysteries for how this histone variant is regulated to
protect the integrity of the genome. It is likely that PTMs in addition to S139
phosphorylation are involved and will require additional studies to decipher their functions.
These studies may utilize both mouse and human knockout cells, which are viable and allow
for powerful complementation experiments to infer functionality. These capabilities are
normally limited when studying histone PTMs due to the infeasibility of making knockout
or sole non-modifiable core histones in mammalian cells (Bassing et al., 2002; Celeste et al.,
2002; Xie et al., 2004; Xie et al., 2010; Chen et al., 2013; Leung, Emery, and Miller, 2018).

Histone H2B

Several DNA-damage associated phosphorylations have been identified on Histone H2B
(Fernandez-Capetillo, Allis, and Nussenzweig, 2004; Lee et al., 2014). In mammalian cells,
H2B is phosphorylated on Serine 14 at DSBs (Fernandez-Capetillo, Allis, and Nussenzweig,
2004). The PIKK kinase inhibitor Wortmannin abolished this mark and H2AX was shown to
regulate the accumulation of this mark into ionizing radiation-induced foci, although it was
not required for its phosphorylation. Little else is known about this DSB-induced histone
phosphorylation on H2B including the putative enzymes or readers that act on this mark.
H2BT129 is phosphorylated by Tell (ATM) and Mecl (ATR) in yeast in response to DNA
damage (Lee et al., 2014). H2BT129p is distributed similarly as yH2AX (H2AS129p in
yeast) around large domains surrounding the break site. The involvement of this mark in
DSB repair has not yet been deciphered but this mark is promoted by yH2AX, suggesting
that these marks may collaborate in the DDR. While yeast H2BT129 is found in a TQ motif,
which is the preferred sequence targeted by Tell and Mec1 kinases, mammalian H2B does
not contain this motif. However, the C-terminus of mammalian H2B contains many
phosphorylatable residues including Ser, Thr and Tyr, although there is no evidence that
these are phosphorylated in response to DNA damage. Whether C-terminal phosphorylation
of H2B occurs and is involved in the DDR in mammalian cells awaits investigation.

Histone H3

Histone H3 phosphorylations on serine 10, threonine 11 and serine 28 occur during mitosis
and are involved in chromatin compaction. Several of these phosphorylations have also been
reported to be involved in DNA damage pathways (Monaco et al., 2005; Ozawa, 2008;
Sharma et al., 2015; Shimada et al., 2008), although these findings have not been observed
in all studies (Tjeertes, Miller, and Jackson, 2009). H3S10p levels decrease upon DNA
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damage induction (Monaco et al., 2005; Ozawa, 2008; Sharma et al., 2015; Tjeertes, Miller,
and Jackson, 2009). Aurora-B kinase mediates the phosphorylation of H3 at S10 and upon
DNA damage, this kinase activity is inhibited by poly(ADP-ribosylation) by PARP1, which
may account for the observed reduction in H3S10p levels (Monaco et al., 2005), perhaps
even in G1 cells where H3S10p levels are reduced specifically following DNA damage
(Sharma et al., 2015). Other active marks on genes, including H3K9, K14 and K56
acetylations, were also observed to be reduced with chromatin condensation observed,
perhaps pointing to a role in transcriptional repression following DNA damage. H3T11 is
phosphorylated by the DDR kinase CHK1 and upon DNA damage, the levels of this histone
mark are reduced (Shimada et al., 2008). The reduction of this mark correlates with
transcriptional repression of genes involved in the cell cycle including cyclin B1 and CDK1.
Concomitant loss of H3K9 acetylation by GCN5 was also observed on these genes although
a mechanistic explanation for these observations was not established. In another study, the
reduction of H3 phosphorylations following DNA damage were proposed to occur through
the indirect loss of mitotic cells that occurs due to checkpoint activation from DNA damage
(Tjeertes, Miller, and Jackson, 2009). Regardless, the enzymes that regulate these marks, as
well as the putative functions for these histone PTMs in the DDR, are currently poorly
understood. It is also well documented that H3S10 phosphorylation can affect modifications
on other histone residues, including H3K9, making it possible that these changes are acting
to regulate proximal modifications to alter chromatin dynamics and reader protein
associations in response to DNA damage (Sawicka and Seiser, 2012). Specific DSB repair
pathways associated with these histone phosphorylations have also not been determined
making it clear that additional studies are needed to clarify the function of H3
phosphorylations in the DDR.

The first H4 phosphorylation site identified to be involved in DSB repair was H4S1 in
budding yeast (Cheung et al., 2005). After DSB-induction, H4S1 is phosphorylated by
casein kinase Il and this mark has been proposed to be involved in NHEJ. Interestingly, this
mark was shown to inhibit the NuA4 complex, which is involved in acetylating histones
(Utley et al., 2005). These data may also help explain the involvement of histone
deacetylation on H4 in NHEJ in human cells (Miller et al., 2010). In support of H4S1
operating in DNA repair in human cells, this mark was found to accumulate at DSBs in
human cells (Clouaire et al., 2018). Recently, H4Y51 was shown to be phosphorylated,
providing only the second example of histone tyrosine phosphorylation, and the first on H4,
that is involved in the DDR. This mark was shown to be catalyzed by the TIE2 receptor and
to be involved in NHEJ (Hossain et al., 2016). Interestingly, the proto-oncogene ABL1 was
shown to be a reader and transducer of this mark, as binding through its SH2 domain was
observed and ABL1 inhibition also reduced NHEJ. Additional studies are required to
understand how this pathway mechanistically facilitates NHEJ requires additional studies.
Another H4 phosphorylation site in budding yeast was also recently identified as being
involved in the DDR. HAT80 is phosphorylated by the kinase Cla4 and this mark was
recognized by the histone bivalent histone binding scaffold protein, RTT107 (Millan-
Zambrano et al., 2018). Rtt107, through its binding to H4T80p, promotes checkpoint
recovery after DNA damage by antagonizing the binding of Rad9 to chromatin.
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Interestingly, H4T80p has been identified in mass spectrometry experiments in mammalian
cells, raising the possibility that similar mechanisms may occur in higher eukaryotes.

It is worth noting that Serine ADP-ribosylation on histone has recently been observed and
has been reported to be triggered by DNA damage (Bartlett et al., 2018; Palazzo et al.,
2018). These studies propose that serines are the major amino acid acceptor of PAR
following DNA damage, although Tyrosine was also observed to be ADP-ribosylated.
Linker histone H1.2 is PARylated on Ser188, which is required for H1 removal and ATM
activation following DNA damage (Li et al., 2018). As linker histone H1 compacts
chromatin, this step may allow for the loosening up of chromatin allowing for activation of
the DDR by ATM. Serine residues on core histones, including H3S10, H3S28 and H2BS6,
have also been identified as ADP-ribosylation sites following DNA damage. Lysine and
glutamate also act as ADP-ribosylation acceptor sites and several of these residues within
histones have been shown to be PARylated although their role in the DDR has not yet been
examined (Messner and Hottiger, 2011). Given the ability of PARP to antagonize
phosphorylation by competing for the same amino acid residue, it will be interesting to
investigate this possibility experimentally. In addition, PAR chains could also inhibit
neighboring marks on nearby residues. This has been observed for H3K9 acetylation by
H3S10-ADPr (Bartlett et al., 2018). These studies provide an interesting example for how
histone modifications can be involved in crosstalk with other marks, both on the same or
nearby residue, which makes deciphering the impact of these marks on biological outputs
including DNA repair challenging.

ACETYLATION
HATs and HDACs

Histone acetylation occurs by the addition of an acetyl group (-COCH3) onto the e-amino
group of lysine residues. In addition to acetylation, lysines can also be modified by
methylation, ubiquitylation and sumoylation, which sets up the potential for competition
among different histone marks at specific lysines. The writer enzyme for the acetylation of
histones are histone acetyltransferases (HATS) while these marks are removed by the eraser
enzymes, histone deacetylases (HDACs). HATs and HDACs were first identified for their
roles in gene expression regulation (Brownell et al., 1996; Taunton, Hassig, and Schreiber,
1996). Mammalian cells contain at least 17 HATs and 18 HDACSs, which fall into distinct
classes (Lee and Workman, 2007). HATs can be generally categorized by their HAT
domains. Using this classification, there are three major HAT groups in mammals, which
include GNAT (GCN5 N-acetyltransferases), MYST (Morf, Ybf2, Sas2, TIP60) and orphan
class. HATSs are often found in complex with diverse multi-protein complexes. For example,
the HATs GCN5 and PCAF can be found in the SAGA complex while TIP60 makes up a
large complex that modifies histone H2A and H4. GCN5 and p300 contain bromodomain
reader domain and the TIP60 complex contains a bromodomain protein (Lee and Workman,
2007). This highlights the importance of reader domains that bind to specific modifications
as part of their regulatory mechanism, including for histone acetylation. These domains play
important roles in regulating the binding, activity and specificity of these enzymes.
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Mammalian HDAC:s fall into 4 classes (Yang and Seto, 2008) including Class | HDACs
(HDAC 1-3, 8), which are expressed in the nucleus and broadly across cell types. Class 111
HDACSs are the NAD-dependent Sirtuins (SIRT1-7) where SIRT1, 6 and 7 are nuclear,
SIRT2 is mainly cytoplasmic and SIRT 3-5 are mitochondrial (Feldman, Dittenhafer-Reed,
and Denu, 2012). Class I and 111 HDACs have been implicated in the DDR and DSB repair
so we will focus on these enzymes here (Table 1). It is important to emphasize that both HAT
and HDAC enzymes also target non-histone substrates, including in the DDR. Given the
focus of this review on histone PTMs and DSB repair in mammalian cells, we will limit our
discussion to these topics but refer readers to other recent papers and reviews for a more
comprehensive overview of protein acetylation, including in the DDR (Choudhary et al.,
2009; Choudhary et al., 2014; Elia et al., 2015). For example, proteomic profiling of
acetylation after ionizing radiation and UV identified over 16,000 unique acetylation sites in
the proteome of the human cancer cell line HeLa. In addition, N-terminal acetylation of
proteins, including histones, also occurs but the role of this modification and its associated
enzymes are unknown (Aksnes, Ree, and Arnesen, 2019). Thus, acetylation is a diverse
modification that not only targets histone proteins but also decorates hundreds if not
thousands of other proteins, playing diverse biological roles in addition to genome integrity
pathways.

Histone acetylation and the DNA damage response

Smerdon and colleagues first made the link between histone acetylation and DNA damage
when they observed that histones were rapidly acetylated after exposure to ultraviolet
radiation (U.V.) in human cells (Ramanathan and Smerdon, 1986). Studies of histone
acetylation following UV damage provided the data for the authors to propose a framework
for chromatin and DNA damage (Smerdon, 1991), later developed into the “access-repair-
restore” model (Green and Almouzni, 2002). This model posits that chromatin alterations
allow access to DNA damage lesions including repair factors and that following repair,
chromatin is reorganized and restored to its original state. This is a very important concept
as it denotes why chromatin states are altered after DNA damage. In the case of acetylation,
acetylated histones may alter chromatin structure to allow access for repair factors to the
lesions. It may also change acetylation state from one DNA-templated process that is
occurring, for example transcription, to another state that is more favorable for repair after
DNA damage occurs. A large body of work after these initial findings has provided more
insights into how these processes take place and the enzymes and histone modifications that
are involved. The “access-repair-restore” model is not only applicable for UV damage and
repair but also takes place for DSB repair. In mammalian cells, the orchestrated efforts of a
host of chromatin modifying enzymes, including HATs and HDACs, as well as chromatin
remodeling complexes, histone variants and histone chaperones collectively function to
make the appropriate changes in chromatin structure and states to allow DSB repair by HR
and NHEJ pathways to take place within the chromatin environment (Soria, Polo, and
Almouzni, 2012).

Histone acetylation and DNA double-strand break repair

Acetylation of histone proteins has been shown to play important roles in DSB repair. The
chromatin proteins that bind these marks, including bromodomain proteins, are also highly
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involved in the DDR in mammalian cells (Gong, Chiu, and Miller, 2016; Chiu, Gong, and
Miller, 2017; Fujisawa and Filippakopoulos, 2017). For example, over one-third of
bromodomain proteins relocalize following DNA damage, including accumulation at DNA
breaks (Gong et al., 2015). The specific histone acetylation sites, as well as the writers,
erasers and readers of these marks (if known) are summarized in Table 1. Here we discuss
these studies in turn, providing the key observations and implications of these histone
acetylations in the repair of DSBs.

Histone H2A and H2AX acetylation

Histone H2B

Histone H2A acetylation on K15 plays important roles in modulating 53BP1 and BRCA1
interaction at breaks sites to promote DSB repair (see Figure 4 and associated text). To date,
this is the sole acetylation site on H2A that has been shown to play a role in DNA repair in
mammalian cells. For the histone variant H2AX, several acetylation sites have been
identified and shown to be involved in the DDR (Table 1). While yH2AX plays well-
established roles in the DDR, the acetylations on H2AX are less well understood (Miller and
Jackson, 2012; Gong and Miller, 2013; Rogakou et al., 1998; Scully and Xie, 2013). The
HAT TIP60, in addition to acetylating H2A on lysine 15, also acetylates lysine 5 on H2AX
upon DNA damage (Ikura et al., 2007). The eraser of this mark has been shown to be SIRT1,
whose depletion results in H2AX K5Ac hyperacetylation and defective DNA damage
signaling in response to DSBs (Yamagata and Kitabayashi, 2009). The dynamics of H2AX
and its ubiquitylation at break sites also relies on this histone mark. H2AX is also acetylated
on lysine 36, which appears to be written by the HATs p300 and CBP as their
overexpression results in hyperacetylation of this site (Xie et al., 2010; Jiang, Xu, and Price,
2010). Functionally, H2AXK36Ac, unlike K5Ac, appears to be involved in IR-resistance as
H2AX™~mouse ES cells reconstituted with non-acetylatable H2AXK36R results in
sensitivity to IR, unlike H2AXKS5R (Xie et al., 2010; Jiang, Xu, and Price, 2010). In the
same study, these mutants were analyzed for roles in H2AX-mediated HR. H2AXK36R was
found to restore HR defects that are observed in H2AX null ES cells while H2AXK5R
stimulated HR. Although the mechanisms whereby these marks are regulated are not fully
identified, these marks do play roles in DSB repair and the DDR. For example, no HDAC or
reader protein has been reported for H2AX K36Ac. It is unclear if this mark regulates
chromatin structure, function or both. Interestingly, H2A also has a lysine at its 36 amino
acid. Whether or not this lysine is also acetylated in H2A or if it is uniquely catalyzed on
H2AX is unknown. This raises an important point about histones and variants as these
proteins contain high homology but do show differences (Buschbeck and Hake, 2017). A
complete picture for how histone modifying machinery discriminates between specific
histones and their related variants, for example H2AX and H2A, is not well understood.
Other acetylation residues on H2A and H2AX have been identified but their putative roles in
the DDR and in DSB repair have not yet been established (Xie et al., 2010; Wyrick and
Parra, 2009).

A recent comprehensive screen of histone PTMs at site-specific DSBs in human cancer cells
identified H2B acetylation at lysine 120 among many other histone modifications, which
changed levels at DNA breaks (Clouaire et al., 2018). Interestingly, H2B is also
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ubiquitylated on this lysine residue, which was shown to decrease at DSBs, suggesting the
presence of a ubiquitin to acetylation switch on H2B following DNA damage. H2B
ubiquitylation is known to block higher-order chromatin structure, which may be altered by
its loss and subsequent acetylation (Fierz et al., 2011). H2BK120Ac may also provide a
binding interface for a reader protein involved in repair. While this study suggested that the
SAGA complex, which contains the HATs PCAF and GCN5, may regulate this mark,
another study suggested that the HAT CBP can also regulate this histone mark during
transcription (Clouaire et al., 2018; Chen et al., 2014). Interestingly, H2B acetylation was
also shown to require the histone variant macroH2A and PARP-1, two factors involved in
DSB repair (Khurana et al., 2014; Ray Chaudhuri and Nussenzweig, 2017). Other
acetylations on H2B have been identified, including K5,12, 15 and 20 {Wyrick, 2009 #212},
although their involvement in the DDR has not been established. Taken together, these
studies have identified regulators of H2B K120 acetylation and that this mark is increased at
DSB sites. Additional studies are required to identify mechanistically how this histone mark
promotes DNA repair and whether or not all these factors participate in this DDR pathway.

Histone H3 contains several acetylation sites that impact DSB repair. In response to DNA
damage, acetylations on H3K9Ac, H3K14Ac and H3K56Ac are regulated (Miller et al.,
2010; Tjeertes, Miller, and Jackson, 2009; Kim et al., 2009; Das et al., 2009; McCord et al.,
2009). H3K14Ac is promoted by the nucleosomal binding protein HMGN1 following
treatment with IR (Kim et al., 2009). HMGNU1 deficiency led to aberrant ATM signaling,
providing a potential link between histone acetylation of H3K14 and DNA damage signaling
by the kinase ATM. Analyzing damaged chromatin by isolating yH2AX identified increased
levels of H3K9, K14, K18 and K23 acetylations (Lee et al., 2010). This appeared to require
YH2AX, as a S139A mutant of yH2AX abolished these DNA damage associated histone
acetylations. The HAT GCN5 catalyzed these H3 acetylations, which were involved in the
recruitment of the SWI/SNF chromatin remodeling complex to damaged chromatin. The
bromodomain-containing protein, BRG1, a component of SWI/SNF complex, reads
H3K14Ac through bromodomain-dependent interactions. In support of the importance of
this interaction in the DDR, mutation of the bromodomain of BRG1 resulted in an inability
to repair DSBs efficiently as well as IR sensitivity (Lee et al., 2010). This study provides an
early example of how acetylated chromatin binds a reader protein to promote the recruitment
of a complex to damaged chromatin to promote repair of DSBs. Other studies have
suggested that p300/CBP-dependent H3K18Ac similarly promotes SWI/SNF chromatin
remodeling activity at DSBs to promote DSB repair by NHEJ. Indeed, the activity of
SWI/SNF is required for the efficient recruitment of the NHEJ factor KU, and inhibition of
this pathway results in defective NHEJ (Ogiwara et al., 2011). The HDAC SIRT7
deacetylates H3K18 at DSBs to promote NHEJ (Vazquez et al., 2016). This function is
believed to facilitate the binding of 53BP1 to damage sites, to channel these breaks into the
NHEJ pathway while blocking HR repair. Thus, whether or not histone marks are written or
erased at damage sites may be regulated by DSB repair pathway choice as well as the
chromatin context in which the damage appears.
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Finally, deacetylation of the histone mark H3K56Ac has been shown to be reduced at DSBs
(Miller et al., 2010; Ogiwara et al., 2011). This observation was determined to require the
Class | HDACs, HDAC1 and HDAC?2. These deacetylases are themselves recruited to DNA
damage sites where they deacetylate H4K16Ac and H3K56Ac to promote NHEJ (Miller et
al., 2010). H4K16Ac and H3K56Ac are also deacetylated by the Sirtuins SIRT1 and SIRT6
respectively at DSBs (McCord et al., 2009; O’Hagan, Mohammad, and Baylin, 2008; Toiber
etal., 2013). SIRT6 promotes the recruitment of the chromatin remodeler SNF2H and
deacetylation of these histone marks may participate in chromatin changes that promote
DSB repair. Indeed, cells lacking SIRT6 display defects in the recruitment of many DDR
factors including BRCA1, 53BP1 and DNA-PK (McCord et al., 2009; Toiber et al., 2013),
suggesting that these chromatin marks and their regulators act early on in the DDR. There is
also evidence that Class | HDACSs and Sirtuins cooperate to regulate histone acetylation and
DSB repair. In neurons, HDAC1 is deacetylated by SIRT1 following DNA damage, which
results in the activation of HDAC1, H4K16 deacetylation and repair of DSBs by NHEJ
(Dobbin et al., 2013). H4K16 is also acetylated at DSBs and promotes HR repair (see
below), highlighting the importance of this histone mark in DSB repair. HDACL1 also
deacetylates linker histone H1 following DNA damage (L. et al., 2018). Lysine 85 of linker
histone H1 is acetylated by PCAF and erased by HDAC1 after DNA damage. Unlike other
histone acetylations, removal of HIK85Ac is thought to decompact chromatin due to a loss
in binding of the heterochromatin proteins HP1. How HP1 is targeted to histone H1
acetylation and which aspect of DSB repair this pathway is involved in has yet to be
elucidated.

Taken together, these studies highlight the numerous H3 acetylations that are involved in
altering chromatin structure at DNA damage sites as well as providing recruitment platforms
for DNA repair factors. Several of these studies have identified both local and global
changes for these histone marks, suggesting potential additional roles in transcription or
other processes that do not occur directly at the break site. Collectively, these activities
appear to facilitate DDR activation and DSB repair. These reactions are likely to be
regulated by many factors including cell cycle, genome location, cell-type and growth
conditions. For example, a recent study using a site-specific DSB systems coupled with
ChIP-Seq using histone modification antibodies did not identify changes in H3 acetylation
following DNA damage induction (Clouaire et al., 2018). Although there are many potential
explanations for the differences between these studies, this work highlights the differences
that have been observed when studying histone modifications and DNA damage responses.
It will be important to not only catalog the differences in histone PTMs at break sites across
the genome, but also as vital is understanding the function of the enzymes that regulate these
marks, including the writers, erasers and readers, in the DDR. By identifying the
involvement of these proteins in the DDR, additional mechanistic insights can be obtained
beyond charting changes in histone modifications, whose levels may not easily reveal their
function in DNA damage signaling and repair.

Several acetylation sites on histone H4 are involved in the DDR. Human MOF acetylates
H4K16Ac after IR exposure and also interacts with ATM. MOF deficiency results in
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aberrant ATM activation and DSB repair (Gupta et al., 2005). Employing a site-specific DSB
system using /-Scel (site-specific homing endonuclease), analysis of a single DSB in mouse
ES cells showed that H4 was hyperacetylated at K5, K8, K12, K16 (Murr et al., 2006).
Similar results were also observed using another I-Scel system (Ogiwara et al., 2011). In
one study, the Trrap-TIP60 complex mediated these acetylations on H4 while another study
identified p300 and CBP as the HATSs responsible in mediating acetylation. It is possible that
both HATSs function in a single pathway to promote H4 acetylations. In support of this
notion, p300, CBP and TIP60 were all involved in promoting efficient NHEJ. The Trrap-
TIP60 complex was shown to be required for efficient HR as well. Interestingly, the use of
an HDAC inhibitor was able to restore HR, supporting the importance of H4 acetylation in
HR repair. While these studies provide important insights into the role of histone acetylation
in DSB repair, it is important to consider that these systems rely on persistent single-locus
DSB systems that may exhibit differences in comparison to DSBs formed in other
endogenous locations that have not been engineered to contain a restriction enzyme site and
reporter construct, which may interfere with the steady-state chromatin environment around
this break site. It is likely that generating DSBs through endogenous mechanisms or using
exogenous sources such as IR, may trigger different chromatin-related responses that
warrant additional studies to compare the results obtained from these different experimental
sources of damaging DNA.

Acetylation of H4K16 increases after DNA damage and this site appears to play a critical
role in DSB repair (Miller et al., 2010; Gupta et al., 2005; Li et al., 2010). Using laser-
induced DNA damage, H4K16Ac levels were observed to have a bi-phasic response,
decreasing rapidly after DNA damage induction followed by an acetylation phase resulting
in the accumulation of this mark at DNA lesions (Miller et al., 2010). Interestingly, DSB
repair in human cells displays a similar behaviour as NHEJ rapidly repairs breaks while a
slower phase of repair occurs that is dependent on HR. The deacetylation of H4K16 was
determined to be controlled by the histone deacetlyases, HDAC1 and HDAC2 (Miller et al.,
2010). These enzymes are highly related and depletion of both HDAC1 and HDAC2 were
required to alter histone acetylations regulated by these enzymes, including H4K16Ac
(Miller et al., 2010). Loss of HDAC1 and HDAC?2 rendered cells deficient for NHEJ,
suggesting the importance of this deacetylation step in promoting this DSB repair pathway.
In support of this notion, TIP60 was shown to promote the accumulation of the HR factor
BRCAL1 while inhibiting the NHEJ promoting 53BP1 factors recruitment to DSBs (Tang et
al., 2013). Acetylation of H4K16 was found to be inhibit the binding of 53BP1 to
H4K20me2, which provides a molecular explanation for why deacetylation of H4K16 would
promote NHEJ while acetylation would promote HR (Tang et al., 2013). Although a reader
protein may regulate this DSB repair pathway choice governed by this mark, other
explanations are possible. For example, H4K16Ac regulates higher order chromatin
structure and its presence results in unfolded chromatin (Shogren-Knaak et al., 2006). Thus,
H4K16Ac may function to increase chromatin accessibility to repair factors to promote HR
while its deacetylation may reduce chromatin flexibility and folding. These alterations may
preferentially promote the joining of two adjacent DNA ends in NHEJ. Given that several
HATs and HDACs have been shown to regulate H4Ac, it is also unclear how these activities
are coordinated. It is possible that different enzymes are required at different locations in the
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genome to promote repair. For example, pre-existing histone marks or chromatin structures
may channel specific proteins to act within these states while others may call on different
sets of factors. It is also likely that the chromatin structure and function of the genomic
location before DNA damage also regulates these processes. Additional studies are needed
to test these hypotheses and provide a better understanding of how seemingly similar
pathways that target histone acetylations are uniquely required for DSB repair in mammalian
cells.

Given that over half of all HATs and HDAC:s are recruited to DNA damage sites and many
acetylation sites are regulated by DNA damage, acetylation signaling plays an important role
in promoting DNA repair and the DDR (Table 1) (Gong and Miller, 2013). It is clear that
HATs and HDACSs function to orchestrate the transition from undamaged to damaged
chromatin that accompanies the presence of DNA damage. The regulation of these activities
during both the initiation of these responses and following repair are still not completely
understood. There are likely to be both local and global acetylation effects associated with
DNA damage. There is also the potential issue of pre-existing chromatin states, which may
influence these responses. As most of these responses have been studied in cancer cells, this
also raises the question of whether or not these responses are universal or are selected for in
cancer, given that these cells exhibit high levels of endogenous DNA damage and often
mutations in both chromatin and DNA repair pathways. The development of genomic
approaches to study these responses, including site-specific DSB systems, ChIP-Seq and
other genome-wide techniques will also likely provide important insights in the future for
how these pathways are regulated to promote repair. Although acetylations following DNA
damage have been identified by antibody and mass spectrometry approaches, additional
acetyl-lysine interactomes are needed to identify the reader proteins associated with these
histone marks. These studies can provide important information for identifying the pathways
and activities that interact with chromatin at break sites to facilitate repair.

METHYLATION

Histone methylation occurs by the addition of a methyl group (-CH3) onto a lysine or
arginine amino acid residue (Murray, 1964; Greer and Shi, 2012). Methylation can be added
as mono- (me), di- (me2) or tri- (me3) on the e-amino group of lysine; while arginines can
be mono-methylated (me) or di-methylated symmetrically (me2s) or asymmetrically (me2a).
Histone methylations are written by histone methyltransferases (HMTs), which donated a
methyl group from S-adenosylmethionine to their target residue (Greer and Shi, 2012).
HMTs are stratified into three distinct families; SET domain, Dot1-like enzyme and
Arginine N-methyltransferase (PRMTSs) enzymes. SET-domain and Dot1-like enzymes
methylate lysines (KMTSs) (Black, Van Rechem, and Whetstine, 2012), while the third
family methylates arginines (Yang and Bedford, 2013; Bedford and Clarke, 2009; Blanc and
Richard, 2017). Histone demethylases (HDMs) erase methyl groups from lysines or
arginines (Dimitrova, Turberfield, and Klose, 2015; Kooistra and Helin, 2012). Lysine
demethylases (KDMs) include amine oxidases and jumonji C (JmjC)-domain containing
iron-dependent dioxygenases (Shi et al., 2004; Tsukada et al., 2006; Whetstine et al., 2006).
Methylations, in particular on lysine residues of histone, play important roles in transcription
as well as in the DDR (Kouzarides, 2007; Musselman et al., 2012; Black, Van Rechem, and
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Whetstine, 2012; Blanc and Richard, 2017; Dimitrova, Turberfield, and Klose, 2015;
Kooistra and Helin, 2012). Dysregulated histone methylation also participates in human
diseases including cancer, where it is found to be altered (Greer and Shi, 2012; Yang and
Bedford, 2013; Chi, Allis, and Wang, 2010; Albert and Helin, 2010). Interestingly,
methylation not only occurs on proteins but also on DNA and RNA (Shelton, Reinsborough,
and Xhemalce, 2016; Bird, 2002; Klose and Bird, 2006; Paik, Paik, and Kim, 2007; Biggar
and Li, 2015). In addition to histone methylation in DSB repair, the modification of both
DNA and RNA are also involved in the DDR (Cuozzo et al., 2007; Xiang et al., 2017).
Although we focus here on histone methylation, lysine methylations on non-histone proteins
also function in various cellular functions, including the DDR (Biggar and Li, 2015;
Hamamoto, Saloura, and Nakamura, 2015). p53 is a critical DDR regulator that controls
checkpoint activation, cell cycle arrest and apoptosis in response to DNA damage (Reinhardt
and Schumacher, 2012; Lakin and Jackson, 1999). p53 methylation is well-studied and
provides a primary example of functional lysine methylation on a non-histone protein that is
involved in the DDR (West and Gozani, 2011). DNA damage-mediated methylation
dynamics have been identified on several lysine residues (Table 1). Here we review how
KMTs and KDMs regulate specific histone methylations to modulate DNA damage
signaling and repair in response to DSB lesions.

Histone arginine methylation

Histone methylations involved in the DDR are mainly found to occur on lysines and these
pathways are better characterized compared to arginine methylation. Nine arginine
methyltransferases have been identified in mammalian cells (Bedford and Clarke, 2009) and
no systematic study of these enzymes in DSB repair has been performed. H2AR3me2 and
H4R3me2 have been identified and linked with the DDR. These methylations appear to be
written by PRMT7 (Karkhanis et al., 2012). Working in conjunction with the SWI/SNF
chromatin remodeling complex, PRMT7 regulates methylation on H2AR3 and H4R3 to
repress the transcription of several DNA repair genes. In the absence of PRMT7, cells
exhibit resistance to DNA damage, suggesting that this pathway may involve resistance
mechanisms in cells treated with DNA damaging agents. The mechanistic details on how
this pathway acts in normal cells to ensure repair and genome instability, and the exact repair
pathways that it regulates, has not been studied. Although arginine methylation on non-
histone proteins has been shown to be involved in cell cycle regulation and the DDR
(Raposo and Piller, 2018), given the potential for arginine methylation to regulate chromatin,
additional studies are warranted to examine the involvement of these pathways in the DDR,
including DSB repair.

H2AXK134 methylation

Histone H2A and H2B have not yet been shown to have lysine methylations involved in the
DDR. The histone H2AX however is dimethylated on lysine134 (H2AXK134me2), which
has been implicated in the DDR (Sone et al., 2014). SUV39H2 (KMT1B) was demonstrated
to be able to di-methylate H2AXK134 both /in vitro and in vivo. SUV39H2 null mouse MEF
cells display reduced yH2AX and 53BP1 foci formation after treatment with the
topoisomerase inhibitor doxorubicin, which can generate DSBs. Consistent with a role in
DSB repair, SUV39H2 deficiency resulted in sensitivity to IR. Mechanistically,
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H2AXK134me2 appears to play a critical role in the formation of yH2AX in response to
DNA damage. This may be at the level of phosphorylation as H2AXK134me2 modified
H2AX resulted in an increased phosphorylation of S139 on H2AX by ATM in in vitro
kinase assays (Sone et al., 2014). Thus, H2AXK134me2 may act in cis to promote yH2AX
signaling by ATM. It is unclear if SUV39H2 is involved directly in DSB repair and whether
or not methylation of H2AX occurs at DNA damage sites. Other regulators, including
erasers and readers, have not been identified for this histone mark. Future studies are needed
to further define the regulation and function of H2AXK134me2 in DSB repair.

H3K4 methylation

Methylation of H3K4me3 is associated with active transcription and DNA DSBs can result
in transcriptional repression. (Barski et al., 2007). These observations suggest that active
transcription is not entirely compatible with DSB repair and may require tuning the
chromatin environment from a state permissive for transcription to another that promotes
DNA damage signaling and repair. Interestingly, demethylation of H3K4me3 has been
shown to occur at DNA damage sites and is involved in transcriptional repression following
DSB formation (Li et al., 2014; Mosammaparast et al., 2013; Gong et al., 2017; Hendriks et
al., 2015). There are several KDMs that are able to demethylate H3K4 that have been found
to accumulate at DSB sites (Li et al., 2014; Mosammaparast et al., 2013; Gong et al., 2017;
Hendriks et al., 2015). For example, KDM5B (JARID1B) demethylates H3K4me2/3 and
was found to accumulate at I-Scel-induced DSB sites in a PARP1 and macroH2A1.1
dependent manner (Li et al., 2014). KDM5B impairment results in both HR and NHEJ
defects as the NHEJ factor KU and the HR factor BRCA1 do not associate efficiently with
damaged DNA in these cells. KDM5A (JARID1A or RBP2), another H3K4me2/3-specific
KDM, also associates with DNA damage where it demethylates H3K4me3 (Gong et al.,
2017). This KDM5A-dependent demethylation on H3K4me3 was shown to be required for
the recruitment of the ZMYND8-NuRD chromatin remodeling complex to DSB sites, where
these proteins act to repress transcription (Gong et al., 2015; Gong et al., 2017). PARP also
promotes the recruitment of the ZMYND8-NuRD chromatin remodeling complex to
damaged chromatin where it participates in repressing transcription in the vicinity of DSBs
(Gong et al., 2015; Chou et al., 2010; Polo et al., 2010; Spruijt et al., 2016). KDM5A
deficient cells also display a defect in transcriptional DNA damage repression, which was
suggested to be due to hypermethylation of H3K4me3, a mark that blocks NURD binding to
chromatin (Gong et al., 2017). Finally, KDM5A loss, as well as ZMYND8-NuRD, results in
defective HR repair pointing to a potential link between transcriptional repression by these
factors and HR (Gong, Chiu, and Miller, 2016; Gong et al., 2015; Gong et al., 2017; Spruijt
etal., 2016; Gong and Miller, 2018; Savitsky et al., 2016). These results may be explained
by the finding that breaks associated with active genes are preferentially repaired by HR,
which may require tuning of their transcription to allow HR to occur (Aymard et al., 2014).

Acetylation also regulates KDM5A pathway as ZMYNDS8 is a bromodomain reader protein
and the HAT TIP60 is required for the recruitment of these factors to DNA damage sites.
This is consistent with histone modification binding studies with ZMYND8 BRD that
identified interactions with H4 acetylation, a known substrate of TIP60. Thus, this pathway
represents an acetylation-demethylation switch that acts to transform a transcription-
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associated chromatin state to a repair-associated state, which appears to be at the cost of
transcription as this process is repressed under these conditions. There are likely many
additional proteins and factors that regulate these processes and whether or not
transcriptional repression is a universal response to DSBs is unclear. Additional studies are
needed to further delineate how these pathways are regulated and to define the interplay
between transcription and DSB repair.

In addition to H3K4me3 demethylases, LSD1 (KDM1A) demethylates H3K4me1/2 (Shi et
al., 2004) and accumulates at DSBs (Mosammaparast et al., 2013). The DDR function of
LSD1 appears to be different than other H3K4me2/3 specific KDMs (Li et al., 2014; Gong
et al., 2017; Hendriks et al., 2015). Unlike KDM5A and KDMB5B that facilitate HR, LSD1
loss increases HR repair (Mosammaparast et al., 2013). How demethylation of chromatin by
LSD1 suppresses HR to allow proper DSB repair is unknown. Taken together, these studies
highlight H3K4 methylation as a key residue involved in the DDR. Given the importance of
H3K4 methylation in transcription, this may explain the importance of methylation on this
histone H3 residue in coordinating DNA repair activities. In contrast to KDMs, very little is
known about KMTs that methylate H3K4 and their potential role in the DDR. Methylation
of H3K4 has been reported at I-Scel-induced DSBs, which required the E3 ligase RNF40
(Nakamura et al., 2011). Given that there are several KMTs that target H3K4 methylation
and the examples of demethylase that regulate this mark, it is likely that these writer
enzymes either act to promote repair or at the very least to restore chromatin and its
modifications after repair so that they can resume functioning in transcription regulation.
Additionally, the readers of H3K4 methylation are poorly characterized in the DDR, making
it difficult to delineate a clear mechanism for how H3K4 methylation is involved in DSB
repair.

H3K9 methylation

Trimethylated H3 lysine 9 is correlated with gene silencing and heterochromatin (Barski et
al., 2007; Bannister et al., 2001). Several H3K9-specific KMTs, including SUV39H1
(KMT1A), SETDB1 (KMT1E) and PRDM2 (KMT8A or RIZ1) associate with DNA
damage sites where they write H3K9me2/3 at DSB sites (Khurana et al., 2014; Sun et al.,
2009; Ayrapetov et al., 2014; Alagoz et al., 2015). H3K9me3 associated with DNA damage
may function in several ways. H3K9me3 may serve to stimulate histone acetylation as the
HAT TIP60, binds H3K9me3 through its chromodomain, which stimulates its activity (Sun
et al., 2009). Increased activity of TIP60 is thought to promote acetylation of chromatin as
well as non-histone proteins like ATM that function to facilitate HR repair (Tang et al.,
2013; Sun et al., 2009). H3K9me3 at DSBs also provides a binding site for HP1 and its
associated proteins, the histone methyltransferases SUV39H1 and KAP1 (Ayrapetov et al.,
2014). SUV39H1 writes H3K9me3 so this is a mechanism that can promote spreading and
the amplification of this signal along chromatin. TIP60-mediated ATM signaling
phosphorylates KAP1 to release this complex, providing a mechanism for fine tuning
signaling in the presence of breaks (Ayrapetov et al., 2014).

Methylation on H3K9 and the histone H2A variant macroH2AL1 act to form repressive
chromatin around DSBs (Khurana et al., 2014). Identified by an RNAI screen to discover
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chromatin proteins involved in HR, macroH2A1 and KMT PRDM2 accumulate at DNA
lesions along with H3K9me2 (Khurana et al., 2014). MacroH2A1 facilitates PRDM2
association with DNA damage, placing this histone variant upstream of this methyl writer.
MacroH2A1 or PRDM2 loss led to a defect in HR, including DNA end-resection and
damage loading of BRCAL (Khurana et al., 2014). How this pathway promotes HR remains
unclear. The macroH2A histone variant and H3K9 methylation could alter chromatin
structure or recruit proteins that promote HR repair. The connection between BRCA1 and
H3K9 methylation might be explained by the finding that BARD1 interacts with the
H3K9me binding protein HP1 to recruit BRCA1 (Wu et al., 2015). Another H3K9me2/3,
KMT SETDBLI, is also recruited to DNA damage sites and the loss of SETDBL, similar to
PRDM2, results in HR defects (Alagoz et al., 2015). The H3K9mel1/2 KMTs, G9a
(KMT1C) and GLP (KMT1D), are also linked to the DDR. Upon DSB formation, these
enzymes are degraded by the proteosome, which may act to alter histone methylation levels
resulting in transcriptional and/or DNA repair effects (Takahashi et al., 2012).

The H3K9 demethylases KDM4B (JMJD2B) and KDM4D (JMJD2D) also localize to DNA
damage sites (Young, McDonald, and Hendzel, 2013; Khoury-Haddad et al., 2014). These
KDMs also use PARP-dependent mechanisms to associate with damage sites (Young,
McDonald, and Hendzel, 2013; Khoury-Haddad et al., 2014). KDM4D is PARylated by
PARP1 in response to DNA damage (Khoury-Haddad et al., 2014). How PARylated
KDM4D facilitates DSB repair is unclear as this modification may only be involved in
damage recruitment, but may also regulate its enzymatic activity or interactions with other
proteins. Loss of KDM4D in cells results in defective ATM signaling, including the
phosphorylation of H2AX, KAP1 and CHK2. These cells also exhibit impaired RAD51 and
53BP1 damage accrual and diminished HR and NHEJ, which further supports the
importance of KDM4D and H3K9 methylation in DSB repair (Khoury-Haddad et al., 2014).
These studies have demonstrated that H3K9 methylation pathways are involved in DSB
repair. Given the central importance of H3K9 methylation in transcription, the involvement
of these pathways in the DDR should be analyzed for their putative involvement with
transcriptional responses to DNA damage, including silencing. It is likely that restoration of
this mark should also be part of the DDR, which could act to ensure that the correct
chromatin state is formed following post-DNA damage repair.

H3K27 methylation

H3K27me3 is associated with repressive chromatin and transcriptional repression, although
it has been observed to accumulate at DNA damage sites, including DSBs (O’Hagan,
Mohammad, and Baylin, 2008; Chou et al., 2010; O’Hagan et al., 2011). The PRC2 complex
associated methylatransferase EZH2 (KMT6), a H3K27me2/3 specific KMT, has been
shown to accumulate at DNA damage sites where it methylates H3K27 (O’Hagan,
Mohammad, and Baylin, 2008; Chou et al., 2010; O’Hagan et al., 2011; Campbell et al.,
2013). Upon DNA damage, EZH2 accumulates at promoters of actively transcribed genes
along with other factors associated with silencing of transcription, including SIRT1,
DNMT1 and DNMT3B (O’Hagan, Mohammad, and Baylin, 2008; O’Hagan et al., 2011).
Like other silencing factors, the DNA damage recruitment of EZH2 is PARP-dependent
(Chou et al., 2010; Campbell et al., 2013). Although not tested, PARP-mediated EZH2
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recruitment and formation of H3K27me3 at damage sites may function with other repressors
to inhibit transcription and promote DNA repair. EZH2-mediated H3K27me3 may also
regulate transcriptional responses of DDR genes following DNA damage induction. Whether
or not an eraser or reader is also involved with H3K27me3 DDR functions is unknown.
However, the expression of a H3K27M mutation, that blocks H3K27 methylation, was found
to inhibit NHEJ and alter 53BP1 foci formation through the dysregulation of FANCD2
(Zhang et al., 2018). These findings hint that there are additional functions for H3K27
methylation in the DDR that are yet-to-be identified

H3K36 methylation

The writers, erasers and readers of methylated H3K36 have been demonstrated to be
involved in DSB repair. SETD2 (KMT3A) writes H3K36me3 (Wagner and Carpenter, 2012)
and is enriched on gene bodies due to its involvement in transcriptional elongation (Barski et
al., 2007; Wagner and Carpenter, 2012; Bannister et al., 2005). Unlike most other
methylations, this mark does not change levels upon DNA damage but its pre-existing levels
have been linked to repairing DSBs associated with actively transcribing chromatin (Aymard
et al., 2014; Pfister et al., 2014). SETD2 and H3K36me3 were shown to help repair DSBs
proximal to active genes using HR (Aymard et al., 2014). For example, depletion of SETD2
led to defective DNA damage signaling and DNA end-resection, resulting in defective HR
(Aymard et al., 2014; Pfister et al., 2014; Carvalho et al., 2014). H3K36me3 is recognized by
the methyl reader protein, LEDGF (p75), which encodes a PWWP domain that binds to
methylation marks. LEDGF has been shown to interact with the resection-promoting factor
CtlIP to promote HR at DSBs, functions reliant on SETD2 and H3K36me3 (Daugaard et al.,
2012). The importance of H3K36 methylation regulation in DSB repair is further supported
by the finding that overexpression of the H3K36me3 demethylase KDM4A/IMJD2A
reduces HR (Pfister et al., 2014).

H3K36me?2 is also associated with DSB repair. IR-treatment induces H3K36me2 at DSBs,
which is required for NHEJ factors to localize to DNA lesions (Fnu et al., 2011). The SET
domain containing methyltransferase Metnase (SETMAR) modulates H3K36me2 levels at
DNA breaks (Fnu et al., 2011; Lee et al., 2005). Reduction of H3K36me2 can occur either
through the loss of Metnase or overexpression of the H3K36me2-specific demethylase
KDM2A (JHDM1A), hindering NHEJ-dependent repair of DSBs (Fnu et al., 2011).
Degradation of the H3K36 methylation erases KDM2A and KDM4A arises after DNA
damage, which may aid to maintain or increase H3K36 methylation at DNA breaks (Cao et
al., 2016; Mallette et al., 2012). This increase in H3K36me2 levels around a DSB site is
thought to foster the association of the MRN (MRE11-RAD50-NBS1) complex at damage
sites to promote DNA repair (Cao et al., 2016). Thus, H3K36 methylation plays an
important role in repair of DSBs by NHEJ. These data have revealed the importance of
H3K36 methylation regulation by KMTs and KDMs that are involved in DSB repair.

H3K79 methylation

Histone H3K79 methylation is catalyzed by mammalian DOT1L (KMT4) (or yeast Dotl),
which is involved in transcription, cell cycle regulation and DSB repair (Farooq et al., 2016;
Nguyen and Zhang, 2011). H3K79 methylation by Dot1 promotes the damage recruitment
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of Rad9, the budding yeast ortholog of 53BP1 (Wysocki et al., 2005), and H3K79
methylation is involved in yeast DNA damage signaling (Huyen et al., 2004; Nguyen and
Zhang, 2011). In mammalian cells, DOT1L-mediated H3K79me2 was reported to be bound
by 53BP1 in response to DSBs (Huyen et al., 2004; Wakeman et al., 2012), but later studies
have determined that the tandem tudor domain of 53BP1 preferentially binds H4K20me2 at
DSBs (Panier and Boulton, 2014; Zimmermann and de Lange, 2014; Botuyan et al., 2006).
Thus, it remains unclear how DOT1L and H3K79 methylation participates in DSB repair in
mammalian cells. In addition, the demethylase and additional reader proteins of this mark
are not well studied and may yet constitute additional factors involved in the DDR.

H4K20 methylation

Unlike H3, which contains several methylated lysine residues involved in the DDR, H4
methylation on K20 is the only reported residue to be methylated and involved DNA damage
signaling and repair (Jorgensen, Schotta, and Sorensen, 2013). Mono- and di-methylation of
H4K20 (H4K20mel/2) provide docking sites for the DDR factor 53BP1 (Botuyan et al.,
2006) and as already discussed, the E3 Ub ligase RNF168 ubiquitylates H2A/H2AX on K15
to allow bivalent binding of 53BP1 to these histone marks (Fradet-Turcotte et al., 2013;
Mattiroli et al., 2012). These results help to explain why RNF168 deficiency resulted in
impaired 53BP1 binding to damage sites (Doil et al., 2009; Stewart et al., 2009). As for
methylation of H4K20, several enzymes have been reported to methylate this residue on H4
including PR-SET7 (KMT5A or SETD8) and MMSET (KMT3G, WHSC1 or NSD2), which
both localize at DSBs to regulate mono- and di- methylation on H4K20 respectively (Hajdu
etal., 2011; Pei et al., 2011; Oda et al., 2010). However, MMSET has been reported to
preferentially methylate H3K36, not H4K20 (Nimura et al., 2009) and MMSET KO mouse
cells display normal 53BP1 accrual at damage sites (Hartlerode et al., 2012). Thus, while
methylation on H4 regulates 53BP1 binding, the detailed mechanisms that regulate H4
methylation in this pathway are still being developed.

In addition to the methyltransferases that catalyze H4K20 methylation, readers and erasers
of this mark also regulate 53BP1. The Polycomb protein LSMBTL1 and histone
demethylase KDM4A compete with 53BP1 for H4K20me2 binding (Min et al., 2007; Lee et
al., 2008). Upon DNA damage, these proteins are removed through distinct mechanisms.
L3MBTLL is evicted by the chaperone VCP (p97) (Acs et al., 2011) and KDM4A is
degraded by the proteosome through a RNF8- and RNF168-dependent pathway (Mallette et
al., 2012). The removal of these proteins allow for H4K20me2 to be free for binding by
53BP1 recruitment. As previously discussed, acetylation on H4K16 prevents the interaction
between 53BP1 and H4K20me2 to promote HR (Tang et al., 2013; Hsiao and Mizzen,
2013). Other H4K20me2/3-specific KMTs (KMT5B/C or Suv4-20h1/2) are also involved in
the DDR. Cells lacking these enzymes exhibit high levels of H4K20me1l and display
reduced 53BP1 foci upon IR and inefficient DSB repair (Schotta et al., 2008). Thus, many
proteins regulate the DDR through H4K20 methylation. It is unclear why so many pathways
are required to regulate this specific histone mark and whether or not 53BP1 is the only
factor that functions through H4K20 methylation in the DDR. It may be that different
genomic locations and/or cell cycle stages regulate these pathways, requiring complex
mechanisms to ensure that these repair pathways happen at the right location and in the
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correct cell cycle stage. This idea is supported by the finding that 53BP1 is inhibited in
mitosis and if this inhibition is overridden, telomere fusions occur (Orthwein et al., 2014).
This study suggests that telomeres are competent to be fused in mitosis, which necessitates
the suppression of 53BP1-mediated NHEJ to maintain genome integrity. Thus, there are
many consequences of DNA repair activities throughout the cell cycle and it appears that
H4K40 methylation acts as a key histone PTM to regulate these pathways to ensure that
repair takes place in a coordinated manner to maximize genome maintenance.

It is interesting to note that the same histone residue can regulate the choice of DSB
pathways, as shown by the finding that H3K36me3 is important for HR repair, while
H3K36mez2 is involved in NHEJ (Aymard et al., 2014, Pfister et al., 2014; Fnu et al., 2011).
One explanation that should be explored is that methylation reader proteins recognize these
different marks to promote specific branches of DSB repair, i.e. HR and/or NHEJ. For
several of the enzymes involved in these pathways, it is unclear how the recruitment of these
enzymes to DNA damage sites are regulated. PARP signaling appears to play a prominent
role in this aspect of the signaling cascade as the damage recruitment of many KMTs and
KDMs, including SUV39H1, EZH2, KDM5A, KDM5B, KDM4B, KDM4D, which are
reliant on PARP (Li et al., 2014; Gong et al., 2017; Chou et al., 2010; Ayrapetov et al., 2014;
Young, McDonald, and Hendzel, 2013; Khoury-Haddad et al., 2014; Campbell et al., 2013).
Whether these enzymes are PARylated or are themselves PAR binding proteins is unknown.
These mechanistic details of these pathways should be addressed experimentally to advance
our understanding of PARP signaling and histone methylation in the DDR.

UBIQUITYLATION

Ubiquitin is a small and highly conserved protein that exists in most eukaryotic cells
(Goldstein et al., 1975). The ubiquitylation process occurs through the addition of ubiquitin
onto a lysine amino acid residue in a substrate protein (Pickart, 2001). This process
covalently modifies the substrate protein via a cascade of three-enzymatic steps that result in
the attachment of ubiquitin to its substrate protein. The ubiquitin activating enzyme (E1)
first activates the ubiquitin protein by thioester linkage between the C-terminus of ubiquitin
and the E1 cysteine sulfhydryl group in an ATP-dependent manner (Schulman and Harper,
2009). Ubiquitin is then transferred from the E1 to the active site of an ubiquitin conjugating
enzyme (E2). The ubiquitin ligase (E3) facilitates the transfer of ubiquitin from the E2
(RING type E3) or E3 (HECT type E3) to the substrate protein by generating an isopeptide
bond between the C-terminal glycine of ubiquitin and a lysine residue of the substrate
protein (Swatek and Komander, 2016). Ubiquitin can also be added to other ubiquitins to
create chains of polyubiquitin (Akutsu, Dikic, and Bremm, 2016). Ubiquitin contains seven
lysine residues, which are K6, K11, K27, K29, K33, K48, and K63. These lysine residues
can be targeted for ubiquitin linkage, resulting in the generation of various types of ubiquitin
chains. K48-linked polyubiquitin chains are associated with proteasomal degradation of the
target protein while K63-linked polyubiquitin chains regulate cellular processes including
the DNA damage response that are not reliant on degradation (Jackson and Durocher, 2013).
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Histone ubiquitylation and the DDR

Histones are substrates for ubiquitylation processes. The ubiquitylation of histone H2A at
lysine 119 was first discovered in 1977 and represents one of the most abundantly
ubiquitylated proteins in mammalian cells (Hunt and Dayhoff, 1977; Goldknopf and Busch,
1977). RNF2 in the polycomb repressive complex 1 (PRC1) ubiquitylates histone H2A
during global transcriptional repression as well as around DNA damage sites (Wang et al.,
2004; Li et al., 2006; Gao et al., 2012; Buchwald et al., 2006). Histone H2A and H2B are the
major histone targets for ubiquitylation in the DNA damage response. Here, we review our
current understanding of histone ubiquitylations that are involved in the DDR.

H2A K13/15 ubiquitylation

H2A K13/15 ubiquitylation has been shown to be an important modification for regulating
53BP1 and BRCAL in the DDR (Figure 4). 53BP1 directly binds to H2A K15
monoubiquitylation via its ubiquitin dependent recruitment motif (UDR) and H4K20
methylation via its tudor domain (Fradet-Turcotte et al., 2013). Both histone modifications
are required for 53BP1 translocation to DNA damage sites. It was originally proposed that
RNF8 was initiating H2A ubiquitylation (Huen et al., 2007; Kolas et al., 2007; Mailand et
al., 2007). RNF8 is recruited to DNA damage sites via an ATM-mediated phosphorylation
cascade. RNF8 contains a forkhead-associated (FHA) domain, which is important for
binding to phosphorylated MDC1. RNF8 ubiquitylates histone H2A via K63 linked
ubiquitin chains and recruits another E3 ubiquitin ligase RNF168 to DNA damage sites.
Interestingly, RNF8 is inactive towards nucleosomal H2A whereas RNF168
monoubiquitylates H2A on K13/15 (Mattiroli et al., 2012). Interestingly, this pathway is also
regulated by histone ubiquitylation, which was determined by the finding that RNF8
ubiquitylates linker histone H1 via K63-linked ubiquitin chain (Thorslund et al., 2015).
RNF168 then binds these K63-linked chains, allowing its recruitment to damage sites and
subsequent mono-ubiquitylation of H2A K13/15. RNF168 regulates DNA repair pathway
choice by controlling the recruitment of 53BP1 to DNA damage sites, which inhibits DNA
end-resection and promotes NHEJ repair. H2A K13/15 ubiquitylation by RNF168 is also
required to protect reversed forks from MRE11-dependent degradation following replication
stress (Schmid et al., 2018). This replication stress pathway requires similar factors as DSB
repair, suggesting that the DNA ends at reversed forks engage the same pathway for fork
protection, including the chromatin marks H2A K13/15ub and presumably histone
methylation to target 53BP1 to these structures. 53BP1 selectively binds to mono-
H2AK15ub, suggesting that K15 is a key residue for ubiquitylation in this chromatin-
recognition cascade by RNF168 and 53BP1 on histone H2A (Fradet-Turcotte et al., 2013).

H2A-K15Ub is not only bound by 53BP1, but also helps to facilitate the recruitment of
BRCAL to damage sites. RNF8 adds ubiquitin chains onto K13/15 site to generate K63
chains, which are important for BRCAL1-A complex recruitment (Sobhian et al., 2007). This
complex consists of RAP80 (UIMC1), Abraxas (FAM175A), MERIT40 (BABAM1),
BRCC36 (BRCC3), BRCC45 (BRE) and BRCA1/BARD1. RAP80 recognizes K63
ubiquitin chains via its ubiquitin-interacting motif (UIM) and recruits this BRCA1-A
complex to DNA damage sites. This complex acts to limit DNA end-resection and hyper-
active HR (Hendriks et al.; Hu et al., 2011; Coleman and Greenberg, 2011). ZMYM3 is
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another factor that regulates this pathway and has recently been investigated (Leung et al.,
2017). ZMYM3 is a zinc finger protein that binds to chromatin directly, as well as several
members of the BRCA1-A, to fine-tune the interactions of this complex with damage sites to
promote efficient HR repair (Vilas et al., 2018).

Many deubiquitylase eraser enzymes (DUBS) regulate H2A ubiquitylation in the DDR.
siRNA screening for DNA damage-dependent ubiquitylation revealed that OTUBL regulates
K63 ubiquitin levels in the DNA damage site (Nakada et al., 2010). Depletion of OTUB1
leads to persistent 53BP1 after DNA damage. OTUBL directly inhibits the E2 enzyme
UBC13, independently of its catalytic activity. This E2 suppression by OTUBL1 inhibits
RNF168 mediated K63 polyubiquitylation in the DNA damage site. USP3 deubiquitylates
H2A K13/15 in response to UV induced DNA damage (Sharma et al., 2014). Ectopic
expression of USP3 inhibits K13/K15 monoubiquitylation and 53BP1, BRCAL1 foci
formation. One of the components of BRCA1-A complex, BRCC36, specifically cleaves
K63 polyubiquitin chains on H2A (Feng, Wang, and Chen, 2010). Individual DUB
overexpression screens have implicated that USP44 counteracts RNF8/RNF168-mediated
53BP1 recruitment (Mosbech et al., 2013). USP44 recruitment to DNA damage sites is
dependent on RNF168. Once localized, this DUB inhibits RNF8/RNF168 ubiquitylation.
Depletion of USP51 also leads to an increase in 53BP1 foci formation, suggesting a role in
deubiquitylating H2AK13/15 (Wang et al., 2016). Genetic screens have also revealed that
USP26 and USP37 are involved in RNF8/RNF168 mediated HR pathways (Typas et al.,
2015). A20 is a non-canonical DUB that inhibits H2A ubiquitylation by directly binding to
RNF168 and further inhibiting the interaction between RNF168 and H2A, independent of its
catalytic activity (Yang et al., 2018). USP11 and DUB3 also deubiquitylate RNF8/RNF168
mediated H2AX mono-ubiquitylation (Delgado-Diaz et al., 2014; Yu et al., 2016). Thus,
there are numerous enzymes that act on H2A ubiquitylation in the DDR. Why there are so
many enzymes and how these enzymes themselves are regulated by DNA damage remains
an open question.

H2A K127/129 ubiquitylation

H2A K127/129 ubiquitylation has been shown to be an important modification to promote
DNA end resection. BRCAL forms a heterodimer with BARD1 via its N-terminal RING
domain, which functions as an E3 ligase for ubiquitin (Lorick et al., 1999; Wu et al., 1996).
This complex ubiquitylates K127 on H2A (Kalb et al., 2014). This mark is proposed to
regulate repositioning of 53BP1 to overcome the chromatin bound barrier created by this
factor binding to chromatin to promote DNA end-resection through the actions of the
chromatin remodeler SMARCAD1 (Densham et al., 2016). SMARCAD1 binds BRCA1/
BARD1-mediated H2AK127/129Ub to allow its association with damaged chromatin. Once
localized to damage sites, SMARCAD1 can act to remodel chromatin to promote HR. This
pathway is antagonized by USP48, which removes H2AK127/129Ub to limit DNA end-
resection (Uckelmann et al., 2018). Interestingly, in the absence of USP48, single-stranded
annealing is promoted, which is likely due to the increased resection that occurs if BRCAL
is not properly constrained by USP48.
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H2A K119 ubiquitylation

H2A K119 ubiquitylation is vital for regulating transcription following DNA damage
(Shanbhag et al., 2010). H2AK119ub is regulated by the polycomb repressive complexes 1
(PRC1) (Wang et al., 2004). The polycomb repressive complex is multi-protein complex that
contains several subunits including the E3 ligases RING1B and BMI1, which have distinct
functions (Gao et al., 2012). The PRCL1 ubiqutylates H2AK119 while another polycomb
complex, PRC2, methylates H3K27me3. Both complexes function to regulate transcription
and chromatin (Schwartz and Pirrotta, 2013). Members of both the PRC1 and PRC2
complexes, including RING1B, BMI1 and EZH2, have been shown to localize to DNA
damage sites (Campbell et al., 2013; Ginjala et al., 2011; Ismail et al., 2010; Sanchez et al.,
2016; Ui, Nagaura, and Yasui, 2015). Along with the PRC1 and PRC2 complexes, the PBAF
chromatin remodeling complex promotes transcriptional repression after DNA damage
through the regulation of H2AK119ub (Sanchez et al., 2016; Ui, Nagaura, and Yasui, 2015;
Kakarougkas et al., 2014). PBAF is also shown to be required for NHEJ, suggesting the
importance of this PBAF-dependent pathway for DNA repair of DSBs. The H2AK119ub
complex FBXL10-RNF68-RNF2 is also involved in transcriptional repression and is
recruited to DNA damage sites as well as promoting H2AK119ub (Rona et al., 2018). Of
note, deficiencies in this complex result in defects in H2AZ loading and HR repair,
suggesting additional pathways that rely on H2AK119ub in the DDR. Thus, several
chromatin changes including H2A ubiquitylation act to change local chromatin structure and
transcriptional processes in response to DNA damage. Interestingly, these changes are
reversible as H2AK119ub mediated transcriptional silencing is regulated by USP16, which
erases H2AK119ub (Shanbhag et al., 2010). Depletion of USP16 increases H2A
ubiquitylation and restores the otherwise repressed transcription at DNA damage sites. The
DUB BAP1 is also recruited to DNA damage sites and is phosphorylated by ATM (Ismail et
al., 2014; Yu et al., 2014). BAP1 is activated by ASXL1 and deubiquitylates mono-
ubiquitylation of H2AK119 (Daou et al., 2015; Sahtoe et al., 2016). BAP1 deficient cells
exhibit defects in HR, suggesting that dysregulated removal of H2AK119Ub impacts DSB
repair. H2AX is also ubiquitylated on K119 and has been suggested to be involved in the
DDR (Pan et al., 2011; Wu et al., 2011). However, several studies have observed that H2AX,
which cannot be ubiquitylated on this residue, rescues several H2AX-dependent DDR
functions (Xie et al., 2010; Leung et al., 2014). How these pathways are coordinated to
regulate H2AK119 ubiquitylation, as well as other pathways that impinge upon
transcription, following DNA damage remains an active question.

PARP is required for transcriptional repression (Chou et al., 2010) as well as regulating
several complexes that promote transcriptional repression following DNA damage. These
complexes include ZMYNDS8 and FBXL10-RNF68-RNF2, which require PARP activity to
localize to damage sites (Gong et al., 2015; Rona et al., 2018). Transcriptional repression
involves several kinases including ATM and DNA-PK (Pankotai et al., 2012), as well PARP,
and these pathways have been linked to both NHEJ and HR. Given the involvement of so
many pathways and factors, additional studies are needed to organize known observations
into a model. This can provide the framework for understanding local transcriptional
responses to DNA damage and how the DDR functions within this context to regulate DSB
repair while maintaining other DNA-templated processes including transcription.
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H2B K120 ubiquitylation

The function of H2BK120 ubiquitylation in the DNA damage response remains to be
mechanistically deciphered. This histone mark has been implicated in DNA damage
checkpoint activation. RNF20/RNF40 are recruited to DNA damage sites in an ATM-
dependent manner where they then monoubiquitylate K120 on H2B (Nakamura et al., 2011;
Moyal et al., 2011). RNF20/RNF40 mediated H2BK 120 monoubiquitylation promotes DNA
repair protein (XRCC4, KU80) recruitment to DNA damage sites and is required for both
HR and NHEJ repair (Nakamura et al., 2011; Moyal et al., 2011). RNF20/RNF40 also
regulates yH2AX levels, suggesting a link between H2B ubiquitylation and H2AX
phosphorylation. The precise mechanisms involved in regulating yH2AX levels, as well as
which HR-promoting factors H2BK120Ub regulates, requires additional studies. The SAGA
DUB module involved in H2BK120 deubiquitylation contains USP22, which is mainly
involved in H2BK120 deubiquitylation. Depletion of the SAGA complex protein impaired
YH2AX foci formation in an ATM-dependent manner and SAGA deficiency resulted in
defective HR and NHEJ repair (Ramachandran et al., 2016). Ubiquitylation of H2BK120
also has been shown to regulate H3K79 methylation as H2BK120 ubiquitylation is critical
for efficient methylation of H3K79. Recent studies had elucidated molecular mechanisms of
this crosstalk-mediated activation. Biochemical and cryo-EM structure analysis reveals that
DOTLL binds to ubiquitylated H2BK120 and directly promotes DOT1L catalytic activity,
which may have implications for chromatin-based DDR mechanisms involving these histone
marks (McGinty et al., 2008; McGinty et al., 2009; Chatterjee et al., 2010; Worden et al.,
2019).

Other histone ubiquitylations

The use of Ubiquitin-Activated Interaction Traps (UBAITS) revealed that H2A.Z is a
substrate for RNF168 (O’Connor et al., 2015). H2A.Z promotes loading of Ku70/80 to DNA
damage sites (Xu et al., 2012). However, the role of RNF168-mediated H2A.Z
ubiquitylation in the DDR is unknown. Tandem affinity purification assays using four UBA
domains enriched the ubiquitylated protein in BRCA1/BARD1 overexpression cells. These
assays identified macroH2A1 as a substrate of BRCA1/BARD1. BRCA1/BARD1
ubiquitylates K123 on macroH2A1, which is involved in cellular senescence (Kim et al.,
2017). HAK91 is ubiquitylated by BBAP E3 ligase (Yan et al., 2009). Disruption of H4K91
ubiquitylation resulted in impaired H4K20 methylation, leading to delayed 53BP1
recruitment to DNA damage sites. Interestingly, H4 is also neddylated by RNF111, which is
bound by RNF168 to promote its accumulation and activity at DNA damage sites (Ma et al.,
2013). Neddylation is a ubiquitin-like protein that shares 80% homology with ubiquitin and
is also tethered to lysine residues. Another ubiquitin-like modification, UFMylation, has also
been shown to regulate the DDR. The ubiquitin-fold modifierl (UFML1) is conjugated to
lysine 31 of histone H4 by the E3 ligase UFL1 after DNA damage. UFMylated H4 promotes
the recruitment of Suv39h1 histone methyltransferase, which recruits the histone
acetyltransferase TIP60 to activate ATM (Qin et al., 2019). MRE11, which is a component
of the MRN complex, is also UFMylated (Wang et al., 2019), suggesting UFMylation
modification as an important PTM involved in DSB repair signaling by ATM (Qin et al.,
2019; Wang et al., 2019). Taken together, beyond H2A and H2B, several other ubiquitylation
and ubiquitin-like modifications occur on other histones to regulate the DDR.
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SUMOYLATION

SUMO (small ubiquitin-related modifier) is related to ubiquitin and is similarly attached by
isopeptide linkages to lysine residues. Like ubiquitin, SUMO is catalyzed by writer E3
ligases and erased by peptidases. SUMO accumulates at DNA damage sites in mammalian
cells and the SUMO E3 ligases PIAS1 and PIAS4 are important in promoting DSB repair by
regulating the accrual of the DNA repair factors BRCAL and 53BP1 at DNA damage sites
(Jackson and Durocher, 2013; Galanty et al., 2009; Morris et al., 2009). The role of histone
sumoylation in the DDR is poorly understood. Core histone H4, as well as H2AX, has been
shown to be sumoylated in mammalian cells (Chen et al., 2013; Shiio and Eisenman, 2003).
H2AX is preferentially sumoylated by SUMOZ1, although the E3 ligase that writes this mark,
as well as its modification site(s), have not yet been identified (Chen et al., 2013). Another
histone H2A variant, H2AZ, has been shown to be sumoylated in both human and yeast cells
(Fukuto et al., 2018; Kalocsay, Hiller, and Jentsch, 2009). In yeast, H2AZ was shown to be
sumoylated in response to a persistent DSB, promoting nuclear periphery localization and
DNA end-resection. SUMOylation was mapped to lysines 126 and 133 of H2AZ (Kalocsay,
Hiller, and Jentsch, 2009). Mutant H2AZ in these two lysine residues did not display DNA
damage sensitivity or DNA damage localization defects but did have defective relocalization
of the DSB to the nuclear periphery compared to wild-type yeast. H2AZ is also sumoylated
in mammalian cells by PIAS4 in a DNA damage-dependent manner (Fukuto et al., 2018).
Depletion of PIAS4 blocked the histone exchange of H2AZ-2 at damage sites. Whether or
not this was due directly to H2AZ sumoylation is unknown. In other studies, H2AZ has been
shown to regulate DSB repair, including by promoting BRCA1 and NHEJ factors at break
sites (Xu et al., 2012). Given that PIAS4 also regulates BRCAL accrual at DNA lesions
(Galanty et al., 2009), it is tempting to speculate that sumoylation of histones, including
H2AZ, may regulate this step of DSB repair although additional studies are required. In
addition, SUMO reader or eraser proteins that act on histones have not yet been reported to
be involved in the DDR. It is likely that additional factors are involved in the activation and
deactivation (i.e. reversibility) of DSB repair pathways involving sumoylation, including
through modified histones.

Discussion

Modification of histones is important for the signaling and repair of DSBs. Numerous
writers, erasers and readers of histone modifications are recruited to DNA damage sites
where they act to modify chromatin to facilitate chromatin-based DDR activities (Table 1,
Figure 6). Histone PTMs can regulate chromatin structure and function through diverse
mechanisms. For example, alterations in the chromatin landscape surrounding a DSB may
alter the repair of that break by channelling the lesion into a particular pathway via a histone
code for repair (reviewed in (Clouaire and Legube, 2019). Although we have deciphered
many factors and their assoicated histone PTM involved in chromatin-based mechanisms of
DSB repair that we have reviewed here (Table 1), many questions still remain.

Many chromatin modifiers are recruited to DNA damage and display increased associations
with DNA lesions. It is still unclear how the normal chromatin state participates in DNA
damage signaling and repair in addition to those activities that are modulated within this
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chromatin environment following DSB induction (Figure 6). Do histone modifications work
alone or in concert with other PTMs to elicit specific instructions for a particular repair
pathway? The ability for multiple histone modification to occur on the same amino acid
residue and the demonstrated crosstalk that takes place between different histone marks
make answering this question challenging. Regions on the nucleosome structure also
coordinate histone PTMs. For example, the nucleosome acidic patch interacts with multiple
E3 Ub ligases to facilitate their targeting of chromatin, including RING1/BMI1, RNF168
and BRCAL1 (reviewed in (Agarwal and Miller, 2016). How chromatin proteins interface
with histones themselves to allow selective targeting and binding of histone PTMs remains
an area of active research. In addition, once the damage chromatin state is created, what
functions does this state participate in for repair and how do these vary between the different
repair processes, genome loci and cell types? DSBs have been shown to be mobile following
their creation, perhaps to promote homology search during HR (Marnef and Legube, 2017).
As we have reviewed, chromatin dynamics are altered around break sites as is transcription
and chromatin structure. How these changes in chromatin behavior mechanistically
interfaces with DDR processes including DNA end-resection, homology search and repair
are all exciting questions that the field are working to address (Figure 6). Finally, very little
is known about how the normal chromatin state is restored following repair and how defects
in this process affect genome and epigenome integrity. This process may be particularly
important when considering how DSBs affect transcription of both active and inactive genes.
Given the importance of chromatin in transcription and cell identity, it is clear that
unscheduled changes in chromatin that may occur after DNA damage, including by PTMs,
could result in aberrant gene regulation. Given the prevalence of genome instability and
aberrant transcription in cancer, the connection between these two processes that will likely
involve histone PTMs warrant further investigation.

Mutations or altered expressions/activities of epigenetic modifiers are critical events in
cancer development (Chi, Allis, and Wang, 2010; Dawson, 2017; Dawson and Kouzarides,
2012) and chromatin alterations occurring in diseases including cancer are known to
influence DNA repair. This has been especially well-established in cancer treatments as
DNA damaging agents are used as frontline therapies to treat cancer and chromatin-based
mechanisms have been identified as mediators of these responses. A study that exemplifies
this concept showed that cancer cells resistant to DNA damaging agents including cisplatin
can be reversed to a drug-sensitive state through the reprogramming of chromatin by histone
deacetylase inhibitors (Sharma et al., 2010). HDAC, HAT and bromodomain proteins are
potential therapeutic anti-cancer targets (Gong, Chiu, and Miller, 2016; Barbieri,
Cannizzaro, and Dawson, 2013; Di Cerbo and Schneider, 2013; Groselj et al., 2013) and
histone methylation and DDR pathways, are areas of active research for their potential as
therapeutic targets for human diseases including cancer (Lord and Ashworth, 2012; Dawson,
2017; Dawson and Kouzarides, 2012; O’Connor, 2015; Hojfeldt, Agger, and Helin, 2013;
Pfister and Ashworth, 2017; Rodriguez and Miller, 2014). Dissecting these pathways
mechanistically is warranted to provide mechanistic insights for the connections between
histone PTMs and DDR, which may be involved in transcription, DNA repair and diseases
including cancer. For example, PARP inhibitors are used and being developed to treat HR-
deficient cancers including breast and ovarian (Lin and Kraus, 2017). As PARP regulates
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many DDR and chromatin pathways, how PARP inhibitors impact these pathways and
whether or not they are involved in its drug mechanism in cancer is unclear. We propose that
the distinction between DDR factors and epigenetic regulators are being tested by these
studies showing that many factors are involved in multiple pathways including the DDR and
chromatin. For example, histone modification pathways identified in cancer may alter
transcription, which may consequently also impact DNA repair. If mutations in histone
modification pathways reduce DNA repair, these tumors may exhibit genome instability and
be susceptible to treatment with PARP inhibitors. Given the interplay between DNA repair
and chromatin pathways, understanding chromatin dynamics, including histone PTMs, and
DNA repair is fundamental for understanding genome maintenance. However, the
interconnected functions of chromatin and the DDR make it likely that these pathways
participate collectively in human diseases including cancer. The involvement of these
pathways in disease further motivates research efforts to provide novel insights into how
chromatin and the DDR function together to ensure proper genome function, as well as how
genome integrity and epigenome pathways can be targeted for therapeutic interventions to
treat diseases including cancer.
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Figurel.
Histone modifications pathways. A. Writer and eraser enzymes regulate the addition and

removal of histone marks respectively. Reader proteins bind to specific histone PTMs. B.
List of reader domains involved in DNA damage signaling and repair.
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Figure 2.
DNA double-strand break repair in mammalian cells. DNA is organized into chromatin and

following DNA damage, DSBs are repaired by two main pathways, NHEJ and HR.
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Figure 3.
Histone post-translational modifications involved in the DDR. Reported changes in histone

modification levels after DNA damage are indicated with the following symbols; increased
(A), decreased (V), both increased and decreased (<>), and unchanged (O).
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Figure 4.
Summary of histone PTM-mediated 53BP1 and BRCA1 DSB repair pathway choice

regulation.
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Figure5.
DNA damage-induced yH2AX by laser-microirradiation and IR. Human U20S cancer cells

were damaged and analyzed by immunofluorescence using a H2AXS139p antibody. DNA is
detected by 4°,6-diamidino-2-phenylindole (DAPI) staining.
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Summary of histone PTM-mediated DSB repair.
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Table 1.
Histone madifications involved in the DDR.
PTM Histone site Writers Erasers Readers Reference
H2AX-T101 (Xie etal., 2010)
(Rogakou et al., 1998; Stucki et al., 2005;
Chowdhury et al., 2005; Chowdhury et al.,
ATM, ATR, PP2A, PP4, PP6, 2008; Douglas et al., 2010; Macurek et al.,
H2AX-5139 DNA-PK Wipl MDC1 2010; Stiff et al., 2004; Ward and Chen,
2001; Downs, Lowndes, and Jackson,
2000)
H2AX-Y142 WSTF EYAl Fe65 (Cook et al., 2009; Xiao et al., 2009)
H2B-T129 Mecl/Tell (Lee etal., 2014)
. (Fernandez-Capetillo, Allis, and
i H2B-S14 MSTL Nussenzweig, 2004)
Phosphorylation
H3-S10 Aurora-B (Tjeertes, Miller, and Jackson, 2009)
H3-T11 CHK1 (Shimada et al., 2008)
H3-T45 AKT (Lee et al., 2015)
H4-S1 Casein Kinase (Cheung et al., 2005)
H4Y51 TIE2 ABL1 (Hossain et al., 2016)
H4T80 Cla4 RTT107 (Millan-Zambrano et al., 2018)
B (Ikura et al., 2007; Kusch et al., 2004)
AEaS RGO SIRT1 (Yamagata and Kitabayashi, 2009)
H1-K85 PCAF HDAC1 (Li et al., 2018)
H2A-K15 TIP60 (Jacquet et al., 2016)
H2AX-K36 CBP/p300 (Jiang, Xu, and Price, 2010)
H2B-K120 SAGA complex (Clouaire et al., 2018)
) (Tjeertes, Miller, and Jackson, 2009;
H3-K9 GCNS, PCAF SIRTE, HDAC3 Michishita et al., 2008; Guo et al., 2011)
H3-K14 GCNSb5, PCAF HDAC3 (Duan and Smerdon, 2014)
H3-K18 GO, B300, SIRT? (Vazquez et al., 2016)
Acetylation H3-K23 GCN5 (Qin and Parthun, 2002)
GCN5.CBP/ HDACI1, (Miller et al., 2010; Tjeertes, Miller, and
H3-K56 3(‘)0 HDAC?2, SIRT1, Jackson, 2009; Das et al., 2009; Toiber et
P SIRT2, SIRT6 al., 2013; Masumoto et al., 2005)
p300,
H4-K5 CBPHAT1 HDAC3 (Barman et al., 2006)
H4-K8 p300, CBP (Gupta et al., 2016)
H4-K12 p300, CBP HDAC3 (Barman et al., 2006)
(Tang et al., 2013; Gong et al., 2015;
H4-K16 e | oreeGkr1 | ZMYND8 | 0Hagan, Mohammad, and Bayiin, 2008;
P ! Gupta et al., 2005; Ikura et al., 2000)
H2A-R3 PRMT7 (Karkhanis et al., 2012)
H2AX-K134 SUV39H2 (Sone et al., 2014)
Methylati
ethylation LSD1. KDMSA (Li et al., 2014; Mosammaparast et al.,
H3-K4 Setlp KbMSB ’ 2013; Gong et al., 2017; Hendriks et al.,

2015; Faucher and Wellinger, 2010)
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PTM Histone site Writers Erasers Readers Reference
KMTI1A, (Khurana et al., 2014; Sun et al., 2009;
DMT1B, KDM4B Ayrapetov et al., 2014; Alagoz et al., 2015;
H3-K9 SETDBI1, KDM4I5 HP1, KAT5 Young, McDonald, and Hendzel, 2013;
PRDM?2, Khoury-Haddad et al., 2014; Baldeyron et
SUV39h1 al., 2011; Luijsterburg et al., 2009)
(O’Hagan, Mohammad, and Baylin, 2008;
H3-K27 EZH2 Chou et al., 2010; Campbell et al., 2013;
Sustackova et al., 2012)
(Aymard et al., 2014; Wagner and
Carpenter, 2012; Pfister et al., 2014;
H3-K36 S?EEI:II—V?AZ\R 'éDD?\A/Iiﬁ LEDGF Carvalho et al., 2014; Daugaard et al.,
2012; Fnu et al., 2011; Lee et al., 2005;
Cao et al., 2016; Mallette et al., 2012)
H3-K79 DOTI1L (Huyen et al., 2004; Wakeman et al., 2012)
H4-R3 PRMT7 (Karkhanis et al., 2012)
53BP1 (Botuyan et al., 2006; Jorgensen, Schotta,
KMT5A, L3MBTL1 and Sorensen, 2013; Hajdu et al., 2011; Pei
H4-K20 KMT5B, IMID2A ! etal., 2011; Oda et al., 2010; Min et al.,
KMT5C, SET8 MBTDlV 2007; Lee et al., 2008; Acs et al., 2011;
Schotta et al., 2008)
H1 RNF8 RNF168 (Thorslund et al., 2015)
(Fradet-Turcotte et al., 2013; Huen et al.,
2007; Kolas et al., 2007; Mailand et al.,
2007; Hendriks et al., 2015; Mattiroli et
OTUB1,USP3, al., 2012; Schmid et al., 2018; Sobhian et
USP11,USP44, al., 2007; Hu et al., 2011; Coleman and
H2A-K13/15 RNF168 USP51,USP26, 53BP1 Greenberg, 2011; Nakada et al., 2010;
USP37,A20, Sharma et al., 2014; Mosbech et al., 2013;
Dub3 Wang et al., 2016; Typas et al., 2015; Yang
et al., 2018; Delgado-Diaz et al., 2014; Yu
etal., 2016; Horn et al., 2019; Li et al.,
2018)
RING1B, (Wang et al., 2004; Shanbhag et al., 2010;
H2A-K118/119 FBXL10- USP16, BAP1 Rona et al., 2018; Daou et al., 2015;
RNF68-RNF2 Sahtoe et al., 2016)
Ubiquitylation -
quity HZAlélKg“B’ RING1B/BMIL (Pan et al., 2011; Wu et al., 2011)
BRCA1/ (Kalb et al., 2014; Densham et al., 2016;
H2A-K127/129 BARD1 BAP1/ASXL1 SMARCAD1 Uckelmann et al., 2018)
H2AZ RNF168 (O’Connor et al., 2015)
macroH2A1- .
K123 BRCA1 (Kim et al., 2017)
(Nakamura et al., 2011; Moyal et al., 2011;
H2B-K120 RNF20/40 SAGADUB Ramachandran et al., 2016; Henry et al.,
module
2003)
H4-K91 BBAP (Yan et al., 2009)
H2AZ-K126/ (Kalocsay, Hiller, and Jentsch, 2009)
K133
H4 and H2AX (Chen et al., 2013; Shiio and Eisenman,
2003)
Sumo-ylation -
H2A.Z-2 PIAS4 (Fukuto et al., 2018; Kalocsay, Hiller, and

Jentsch, 2009)
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