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Abstract

DNA double-strand breaks (DSBs) are highly toxic lesions that can impair cellular homeostasis and
genome stability to result in tumorigenesis for inappropriate repair. Although DSBs are repaired by
homologous recombination (HR) or non-homologous end-joining (NHE]J), the related mechanisms are
still incompletely unclear. Indeed, more and more evidences indicate that the methylation of histone
lysine has an important role in choosing the pathways of DNA repair. For example, tri-methylated H3K36
is required for HR repair, while di-methylated H4K20 can recruit 53BP1 for NHE] repair. Here, we
reviewed the recent progress in the molecular mechanisms by which histone methylation functions in
DNA double-strand breaks repair (DSBR). The insight into the mechanisms of histone methylation
repairing DNA damage will supply important cues for clinical cancer treatment.
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Introduction

DNA is the most important bio-macromolecule
throughout the life cycle of cells, which can be
affected by exogenous insults factor and endogenous
DNA damage stimulations during DNA metabolism,
such as ionizing radiation(IR), ultraviolet radiation
(UV), chemical agents, DNA depurination and
oxidation [1]. As the results of the damage, DSBs
(DNA double-strand breaks, DSBs) have major effects
on eukaryotes, which can lead to autophagy,
apoptosis, aging and even cancer without being
well-repaired. Therefore, upon damages, it is
immediately necessary for cells to identify DSBs and
trigger a variety of processes to repair them.
Eukaryotes have two main approaches to repair DSBs:
HR (homologous recombination, HR) and NHE]
(non-homologous end-joining, NHE]) [1]. However, it
still needs further investigation to elucidate which
pathway the cell would go. Emerging evidence
indicates that the methylation of histone lysine can
play more and more important roles in determining
the repair pathway upon DSBs [2].

In eukaryotic cells, DNA is condensed into
chromatin. The core unit of chromatin is nucleosome
which consisted of approximately 146 bp of DNA
wrapped around a nucleosome, an octamer composed
of pairs of each of the four core histones (H2A, H2B,
H3, and H4). Histones can be methylated on lysine
and arginine residues only, but methylation is most
commonly observed on lysine residues of histone tails
H3 and H4. The tail end furthest from the nucleosome
core is the N-terminal. Common sites of methylation
associated with gene activation include H3K4, H3K36,
and H3K79. Common sites for gene inactivation
include H3K9 and H3K27 [3, 4]. The most extensively
studied histone lysine methylation sites are listed in
Table 1 [5-7]. Methylated lysine sites might serve as
the docking sites for HR or NHE]-related proteins.
Besides, histone methylation could recruit chromatin
remodeling complex and transcriptional repression
complex to affect the expression of repair proteins and
their loading onto DSB sites.
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Table 1. The methyltransferase and demethylase for histone 3
and 4. The specific human enzymes are distinguished by a prefix h.
The yeast enzymes are distinguished by a prefix: Sc (Saccharomyces
cerevisiae) or Sp (Saccharomyces pombe).

Histone lysine locus

Methyltransferase

Demethylase

H3K4

H3K9

H3K27

H3K36

H3K79

H4K20

hMLLI (KMT2A)
hMLL2 (KMT2B)
hMLL3 (KMT2C)
hMLL4 (KMT2D)
hMLL5 (KMT2E)
hET1A (KMT2F)
hSET1B (KMT2G)
ASH1 (KMT2H)
SMYD1 (KMT3D)
SMYD2 (KMT3C)
SMYD3 (KMT3E)
Sc/Sp SET1
SET7/9 (KMT?)
SUV39H1 (KMT1A)
SUV39H2 (KMT1B)
G9a (KMT1C)
GLP (KMT1D)
SETDB1 (KMTIE)
SETDB2 (KMT1F)
RIZ1 (KMTS)
CLL8

SpClr4

EZH2 (KMT6)

Sc/Sp SET2 (KMT3A)
SET3

NSD1 (KMT3B)
NSD2

NSD3

SMYD2 (KMT3C)
METNASE(SETMAR)
Sc/Sp DOT1

h DOTIL (KMT#4)

h MMSET

Pr-SET7/8 (KMT5A)
SpSet 9
SUV420H1(KMT5B)
SUV420H2 (KMT5C)
NSD1(KMT3B)

LSD1(KDM1A)
LSD2 (KDM1B)
JHDMI1A (KDM2A)
JHDM1B (KDM2B)
JARID1A (KDM5A)
JARID1B (KDM5B)
JARIDIC (KDM5C)
JARIDID (KDM5D)
NO66

LSD1 (KDM1A)
JHDM2A (KDM3A)
JHDM2B (KDM3B)
JHDM3A (KDM4A)
JMJD2B (KDM4B)
JMJD2C (KDM4C)
JMJD2D (KDM4D)
JHDM1D (KDM7)
PHF8

UTX (KDM6A)
JMJD3 (KDM6B)
JHDM1A (KDM2A)
JHDM1B (KDM2B)
FBXL10

JMJD2A (KDM4A)
JMJD2B (KDM4B)
JMJD2C (KDM4C)
JMJD5(KDMS8)

Not described

PHF8(KDM7B)

Here, we reviewed the relationship between
DNA damage repair and histone methylation.
Especially, we focus on a series of discoveries that
have shed light on how histone methylation
determine the repair approach of DSBs and the
potential applications of histone methylation in

clinical trials for cancer.

Two major pathways involved in the DSBR

Eukaryotic cells have two main repair pathways
to deal with DSBs: HR which requires extensive end
resection at the DSB site to generate a novel
single-strand DNA to invade an identical DNA
sequence in the genome which serves as a template
for DNA repair, and NHE] which rejoins the broken
ends of a severed DNA molecule without regard to
homology [8, 9]. Besides, the recruitment of
NHE]-related proteins like Ku70, Ku80 and
DNA-PKcs and HR-related proteins like BRCAI,
Rad51 and RPA is associated with histone
methylation.

NHE] pathway. NHE], a pathway that repairs
double-strand breaks in DNA, is referred to as
"non-homologous" because the break ends are directly

ligated without the need for a homologous template,
in contrast to homology directed repair, which
requires a homologous sequence to guide repair. The
term "non-homologous end joining" was coined in
1996 by Moore and Haber. When DSBs occur on the
G1 phase, the cells prefer NHE] pathway against the
damage [10]. Ku70-Ku80 heterodimer rapidly binds to
the DSBs, and then ATM-related DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) is
recruited to the sites and activated. DNA-PKcs is
responsible for maintaining the broken DNA ends in
close proximity, which is beneficial for rejoining and
recruiting a variety of end-processing factors.
Subsequently, DNA ligase complex promotes the
relegation of the broken DNA ends [11].

HR pathway. Homologous recombination is a
type of genetic recombination in which nucleotide
sequences are exchanged between two similar or
identical molecules of DNA. It is most widely used by
cells to accurately repair harmful breaks that occur on
both strands of DN A, known as double-strand breaks.
When DSBs mainly occur on S/G2 phase, HR
pathway is activated in response to the damage [10].
Following the replication of genome, sister chromatid
is available in S/G2 phase and serves as a template
chain for DNA repair [12]. MRE-11/RAD50/NBS1
(MRN) complex binds to the broken DNA sites,
followed by the recruitment of C-terminal binding
protein interacting protein (CtIP) and several
nucleases, to promote a complex and highly regulated
process of DNA end-resection [10]. Then, replication
protein A (RPA) coats a long stretch of 3’
single-stranded DNA (ssDNA). Subsequently, the key
facilitator of HR, RADS51, displaces RPA to form a
RAD51-ssDNA nucleofilament which assembles with
the help of a few of proteins including BRCA1 (Breast
Cancer 1), BRCA2 and several paralogues of RAD51.
Finally, the RAD51-nucleofilament searches for the
complementary DNA template in the genome to
synthesize and synapse, and then to accomplish HR
repair [13].

A tale of DNA repair pathway choice directed
by histone methylation

The processes of DNA damage repair are very
complicated. Once suffering the damage stimulations,
cells open the “sluice” and initiate a rapid DNA
damage response signaling “cataract” to sense and
repair the DNA lesion. However, epigenetic
modification exerts a pivotal role in these processes,
especially for histone methylation. The different
combinational methylation pattern of histone serves
as a docking site for various effector proteins involved
in either HR or NHE] pathway, which might
determine the final choice.
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H3K4 methylation in DSBR

In budding yeast, the methylation of lysine 4 on
histone H3 (H3K4me3) is involved in maintaining
genome stability. In addition to its presence at
promoters of highly transcribed genes, H3K4me3 is
recruited to sites of newly created double-stranded
breaks. Cells lacking this histone modification display
the defects such as a significant decrease in the repair
of DNA breaks by the NHE] pathway and a difficulty
to survive in presence of replication stresses [4]. Set
mutants in yeast show sensitivity to several DNA
damage agents, while setlAcells in budding yeast
show deficiency in NHE] and in response to
republication stress. Experiments on Caenorhabditis
elegans showed that SET1 orthologue SET-2 might
maintain transgenerational genome stability by timely
repair of induced DSBs downstream of DNA damage
repair response [14]. Similarity in vertebrate and
mammalian cells, once DSBs occurs, H3K4 is di- or
tri-methylated by Setl in the presence of E3 ubiquitin
protein ligase RNF20 (ring finger protein 20, RNF20)
as well [12-14]. Inconsistently, studies indicate that
H3K4 methylation could also be down-regulated at
newly generated DSB sites. For instance, the reduction
of H3K4me2 occurs in late S/ G2 cells when the level
of lysine specific demethylase 1 (LSD1) increases.
Meanwhile, the recruitment of 53BP1, which
promotes NHE] repair pathway, is also dependent on
LSD1. However, knockdown of LSD1 causes an
increase in HR and the status of H3K4 methylation
may regulate whether HR is deployed for DNA repair
[13, 15]. However, histone methyltransferase SMYD3
promotes HR via the H3K4 methylation at the
HR-related gene promoters [16]. DNA damage-
induced lysine-specific histone demethylase 5A
(KDM5A) recruitment to DSB sites demethylates
H3K4me3, which is required for the interactions
between damaged chromatin and ZMYNDS8-NuRD,
favors the repair of DSBs by HR. KDM5B, another
member of KDM family, is required for efficient
recruitment of Ku70 and BRCA1, which are essential
components for NHE] and HR [17, 18]. Therefore,
H3K4 methylation associated HR or NHE] is partially
determined by different type of methyltransferase or
demethylase and their co-factors. But more delicate
observations are needed to deeply elucidate how
methylated H3K4 influences DNA repair pathway
choice.

H3K36 methylation in DSBR

H3K36 methylation plays dual roles in the DNA
repair pathway choice, which depends on the total
number of the added methyl group and the phase of
cell cycle. On one hand, SETD2-dependent H3K36me3
is required for HR repair and for protecting genome

stability [19, 20]. Interestingly, H3K36me3 is not
induced by DNA damages, but rather, pre-existing
[21]. Without DNA damage factors (Fig. 1), lens
epithelium derived growth factor (LEDGF) masks
H3K36me3 mark via PWWP domain [22]. After IR,
LEDGEF promotes CtIP to gather at DSBs to drive the
end processing for Rad51 loading, which is necessary
for HR repair [22]. Consistently, depletion of SETD2
which is the only reported methyltransferase for
H3K36me3, can severely block HR repair [23]. Recent
study indicates that DSBs located in transcriptional
activation genes and H3K36me3-enriched loci prefer
HR, while inactive genes and H3K36-depleted regions
target to NHE] repair [24]. Controversially,
H3K36me3 is enriched in heterochromatin which is
repaired mainly by Artemis-dependent HR pathway
[25].

In contrast to tri-methylated H3K36,
di-methylated H3K36 functions in the post-damage of
DNA (Fig. 1) [26]. First, the activated Chk1 catalyzes
the phosphorylation of METNASE on Ser%>, and
promotes its recruitment to DSBs [27]. Then,
METNASE takes the responsibility for H3K36me2
which is rapidly induced after IR [26, 28]. However,
JHDM1A/KDM2A, the specific demethylase of
H3K36me2, masks this site to disturb the performance
of H3K36me2. Interestingly, upon damages, the
activated ATM would result in the disaggregation of
KDM2A from H3K36me2 by mediating the
phosphorylation of KDM2A on Thr®2 [28]. Hence,
H3K36me?2 is exposed to other effector proteins, such
as Ku70, PHRF1 (PHD and ring finger domain 1), and
NBS1. As a result, PHRF1 may combine with H3K36
methylation and NBS1 to promote NHE] and stabilize
genomic integrity upon DNA damage insults [29]. It is
more interesting that NBS1 directly bind to
H3K36me2 through its BRCT2 domain, which is
beneficial for the association of MRN complex with
chromatin to complete HR repair [28].

Briefly, H3K36me2 promotes NHE]J [26], but
H3K36me3 is required for HR pathway. Currently, it
is still unknown whether H3K36me2 can also promote
HR-based repair. It is worth mentioning that, in C.
elegans, the demethylation of H3K36me2 by JMJD-5
can promote the resolution of recombination
intermediates and the release of RAD-51, which
convoys the late steps of HR [30]. Therefore,
H3K36me2 might mediate both NHE] and HR based
on the context. Recently, another finding
demonstrates that the modification of H3K36 could
switch DSB repair pathway choice. H3K36me3 by
SETD2 reduces chromatin accessibility to block end
processing and promote NHE] in G1 phase, while
H3K36ac by acetyltransferase Gcnb —increases
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Fig. 1. Different forms of methylated H3K36 prefer different DNA repair pathway. In the absence of DNA damage, tri-methylated H3K36 by SETD2 is masked by
LEDGF. Once upon damage, LEDGF promotes the recruitment of CtIP at DSBs to drive the end processing for Rad51 loading, which is necessary for HR repair.
Meanwhile, the phosphorylated METNASE on Ser4%5 by Chk1 catalyzes the di-methylation of H3K36. ATM mediates the phosphorylation of KDM2A on Thré32 to
promote the dissociation of KDM2A from H3K36me2. Then, H3K36me2 is exposed to several proteins, such as Ku70-Ku80 heterodimer, PHRF1, NBSI for NHE]

and MRN complex for HR.

chromatin accessibility to facilitate end resection and
HR in S/G2 phase [31].

H3K79 methylation in DSBR

All three forms of H3K79 methylation are
catalyzed by the sole enzyme disruptor of telomeric
silencing-1 (Dotl, known as DOTI1L in human). Of
note, Dotl/DOTIL is the only known non-SET
domain containing histone lysine demethylase and
methylated lysine 79 locates within the globular
domain of histone H3. Moreover, H3K79 methylation
is enriched in actively transcribed genes and involved
in RNA polymerase Il-associated transcriptional
elongation and DNA repair [32]. The interaction
between H3K79 methylation and 53BP1 represents a
functional and physical barrier to end processing of
DSBs and uncapped telomeres and controls ssDNA at
DSB sites [33]. As a central component of
chromatin-based DSB signaling, 53BP1 is implicated
in the DNA repair by NHE] during G1. So far, it has
been found that the methylated H3K79, as a docking
site, can recruit 53BP1 to drive NHE] repair in G1/G2
phase in human cells when H4K20me?2 levels are low
[2, 34]. Consistently, the mutation of H3K79 or
depletion of DOTIL can block the recruitment of
53BP1 to DSBs while H3K79 methylation is inhibited
in both cases [35]. Intriguingly, a novel strategy

Epi-ID, through directly assessing chromatin status,
identified several HR-related genes as negative
regulators of H3K79 methylation [36]. Recently, a
study performed in Saccharomyces cerevisize showed
that di-methylated H3K79 rather than H3K79me3
plays a regulatory role in UV repair, specifically in
error-free translesion synthesis but not in DSB repair
[37]. It might contribute to DOT1L-mediated H3K79
methylation in binding and recruiting XPC to DNA
damage sites for nucleotide excision repair [38].

H3K9 methylation in DSBR

The methylation of H3K9 functions on choosing
HR pathway via opening chromatin and recruiting
repair proteins. First, the tri-methylated H3K9 by
Suv39H1 maintains the stability of heterochromatin
by binding HP1 (Fig. 2) [39, 40], the domain formation
of which is mediated by phase separation [41]. Upon
IR, CK2 (casein kinase 2) phosphorylates HP1p
(subunit of HP1) on Thr5! to promote its dissociation
from the H3K9me3 [42, 43]. In addition, the
displacement of HP1p not only promotes chromatin
relaxation but also facilitates the ability of Tip60 to
access H3K9me3 via Tip60’s chromo-domain. Besides,
oncogene cAbl induced by IR also promotes Tip60 to
incorporate onto H3K9me3 [44]. This interaction
between Tip60 and H3K9me3 at DSBs activates the
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Fig. 2. The methylated H3K9 mainly promotes HR pathway upon DNA damage. In the absence of DNA damage, tri-methylated H3K9 by Suv39H1 can bind HP1 to
maintain heterochromatin, while HP1 bind on di-methylated H3K?9 site is combined with BARD1/BRCAI to initiate HR pathway. Upon damage, phosphorylated HP13
on Thr5! by CK2 will dissociate from the H3K9me3 mark, which facilitates Tip60 to access H3K9me3. Besides, cAbl also promotes Tip60 to incorporate onto
H3K9me3. And MRN complex can target Tip60 to H3K9me3 and is required to activate Tip60’s acetyltransferase activity which activates ATM by acetylation.

acetyltransferase activity of Tip60. And MRN complex
that is HR-associated protein, targets Tip60 to
H3K9me3 and is required to activate Tip60’s
acetyltransferase activity [45]. It is reported that
inactivation of Tip60 leads to defective DNA repair
[46]. However, the activated-Tip60 acetylates H4K16
to hinder the binding of 53BP1 to the neighboring
H4K20me2, which is required for NHE] repair [47]. In
contrast to tri-methylated H3K9, the BARD1
(BRCAl-associated RING domain protein 1) was
found to bind to the di-methylated H3K9 through the
interaction of BARD1 and HP1, which is required for
BRCA1 retention at DSBs [48]. Finally, as the
characteristics of histone code, rapid decrease of
H3K9 methylation can be observed after exposure to
IR [49], which is probably resulted of expression of
KDM4B and suppression of Suv39H1 mediated by
p53. Chromatin relaxation due to the displacement of
HP1 and the decrease of H3K9 methylation increases
chromatin accessibility to facilitate end resection for
HR. In addition, the binding of Tip60 to H3K9me3
with MRN complex and BRCA1 to H3K9me2 is
required for HR.

H3K27 methylation in DSBR

The di- and tri-methylation of H3K27 are
mediated by two catalytic subunits of Polycomb
repressive complex 2 (PRC2), EZH1 and EZH2 [50].
Besides, the role that H3K27 methylation plays in

DNA damage repair is related to PRCl-mediated
silencing [51, 52]. Upon DNA damage, the
PARP-dependent recruitment of EZH2 at DSBs
facilitates the tri-methylation of H3K27, and then
PRC1 can be recruited to trimethylated H3K27 to
perform its repressive effect [53]. One subunit of
PRC1 functions via the ubiquitination of H2AK119
and its depletion would lead to the impaired repair of
DSBs by HR and cell arrest in G2/M [54]. In addition,
H3K27me3 inhibits the expression of FBOX32 that
could promote p21 degradation, while p21 is involved
in p53-dependent DNA damage checkpoint.
Therefore, H3K27me3 is closely linked to the
regulation of cell cycle and DNA damage repair by
regulating the expression of p21 [55]. Moreover,
mutation of EZH2 in C.elegans and deletion of PcG
protein in mammals show a DNA damage-sensitivity
phenotype [56]. Similarly, it was reported that EZH2
binds to the ATM promoter and inhibits its expression
through covalent modification of H3K27me3 in
hepatocellular carcinoma (HCC) cell lines. Upon DNA
damage mediated by chemotherapeutic drug, shRNA
targeting EZH?2 or its inhibitor GSK126 significantly
promoted genotoxicity and increased the cell
chemosensitivity [57]. The fact that EZH2 and MTA2
which is a subunit of chromatin remodeling complex
with deacetylase activity are co-existed in the
promoter of DSBR gene suggests that EZH2 and
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MTA2 may be associated with DNA damage repair
[2]. Furthermore, upon IR, UTX and JM]JD3 which are
both the demethylases of H3K27 methylation can also
gather at DSB sites to facilitate the expression of
specific genes, such as Ku80 which is a key mediator
protein in NHE] pathway [58, 59]. Trimethylated
H3K27 were enriched on the promoters of
DNA-repaired-related gene RAD51 and BRACI,
which were deregulated in human uterine fibroids
and restored by treatment with EZH2 inhibitor [60]. In
a word, the methylation of H3K27 might suppress the
expression of repair-related proteins by recruiting
PRC1 to influence DNA damage repair. However,
beyond transcription silencing, EZH?2 also localizes at
DNA damage sites and recruits MUSS81 nuclease via
trimethylation of H3K27 to degradate stalled
replication forks and then, favor HR-mediated repair
[61, 62]. These findings have provided the possibility
for targeting PcG to sensitize the cancer cells upon
DNA damage based on IR treatment and
chemotherapy.

H4K20 methylation in DSBR

H4K20 methylation works its way into DNA
repair mainly by 53BP1. Further, the generalist 53BP1
plays as a scaffold for DSB-responsive factors,
promotes checkpoint signaling [63] and switches the
pathway choice to NHE] [64, 65]. 53BP1 binds to
H4K20me2 and H2AK15ub simultaneously via
Tandem Tudor domain to exert its function.
H4K20me2 modified by Suv4-20hl/2 plays as a
docking site in undamaged cells and is exposed to
53BP1 upon DNA damage, such as IR. In the absence
of DNA damage (Fig. 3), a group of proteins mask
H4K20me?2 mark, including L3MBTLI1 (lens malignant
(3) brain tumor-like protein 1) [66] and histone
demethylase JMJD2A [67]. Upon IR, ATM-dependent
recruitment and Ser'® phosphorylation of mediator of
DNA damage checkpoint 1 (MDC1) promotes RNES8
and RNF168 to accumulate at DSBs, which modify
L3MBTL1 and JMJD2A with multi-ubiquitination.
Thus, the ubiquitylated L3MBTL1 is evicted by
ATPase valosin-containing protein (VCP) and nuclear
protein localization cofactor proteind (NPL4), and the
ubiquitylated JMJD2A is degraded by the
proteasomes. At the same time, RNF8/168 also
mediates the ubiquitination of H2AK15. Even so, a
stable subunit of Tip60 complex MBTD1 assists DNA
repair by HR via binding to H4K20me2 and blocking
H2AK15ub [68]. In addition, the activated ATM
promotes the phosphorylation of MMSET (multiple
myeloma SET protein) on Ser!®2. Subsequently, the
phosphorylated MMSET is recruited to DSBs to
mediate de novo di-methylation of H4K20 by binding
to MDC1. Thus, the exposed H4K20me2 and prepared

H2AK15ub provide 53BP1 with opportunity to
incorporate and initiate NHE] pathway [66, 67]. 53BP1
recruits its downstream effector RIF1 and MAD2L2 to
counteract BRACIl-mediated DSB relocation and
promotes NHE] in Gl-phase cells [69-71]. The
recruitment of the complex protein 53BP1-RIF1-
MAD?2L2 is linked to the DNA replication-associated
dilution of H4K20me2, which appropriately directs
53BP1 to pre-replicative chromatin [72, 73]. Most
recently, a novel substrate-competitive inhibitor of
SUV4-20 enzymes, A-196, inhibited 53BP1 formation
at IR-induced DSB sites and impaired the DSB repair
by NHE] instead of the effect on HR repair. Moreover,
depletion of PR-Set7 and deficiency of H4K20mel
leads to the accumulation of DNA damage and an
ATR-dependent cell cycle arrest [74]. Therefore, the
modification on H4K20 methylation has the potential
to be the target for the DNA repair-based drugs [75].

A symphony of histone methylation in DSBR

Methylations among different histones and their
performances are not individual, but connected. They
have been indicated to act in concert with each other
in a context-dependent manner in DSBR.

Firstly, the methylation of different histone
lysine sites collaboratively regulates DSBR in an
intricate manner and could serve as the dorking sites
for the same effector protein. For instance, both
methylated H3K79 and di-methylated H4K20 can
bind to 53BP1 to channel specific DNA repair
pathway, but H4K20 has higher affinity to 53BP1 [2].
In Saccharomyces cerevisiae, the H3K4 and H3K36
methylation  independently = recruit  histone
acetyltransferase NuA3 to the actively transcribed
genes, which also provide an accessible chromatin
state for DNA repair [76].

Secondly, many other types of histone
modifications such as acetylation, deacetylation and
ubiquitination can regulate DSBR in cooperation with
histone methylation. Moreover, the proteins which
interact with methylated histones may also mediate
the sequential histone methylation as well as other
modifications. For instance, the focus formation of
53BP1 on DSBs requires the recognition of both
H4K20me2 and H2AK15ub [77], while the DNA
damage-dependent H4K16ac by lysine
acetyltransferase KAT5 hinders the association of
53BP1 Tudor domain with H4K20me2 [13, 78].
Histone deacetylase 1(HDAC1) and HDAC2 could
reverse this process following DSBs induction and
promote the binding of 53BP1 to H4K20me2 [79].
Strikingly, the acetylation of H4K16 blocks Sir3 (a
deacetylase) binding and stimulates nearby H3K79
methylation [80]. For H4K16ac that is aforementioned
repeatedly, there is a crosstalk between H3K36me3
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and JMJD2A. Upon damage, ATM facilitates the recruitment of MDCI, and then MDC1 promotes RNF8 and RNF168 to accumulate at DSBs, which modify L3MBTLI,
JMJD2A and H2AK5. Then, ubiquitylated L3MBTLI is evicted by VCP and ubiquitylated JMJD2A is degraded by the proteasomes. In addition, phosphorylated MMSET
by ATM is recruited to DSBs to mediate de novo dimethylation of H4K20 via binding to MDCI. As a result, 53BP] is accessible to both the di-methylated H4K20 and
ubiquitylated H2AK15 and initiate NHE] pathway, while the deacetylation of H4K16 by HDAC might promote the binding of 53BP1.

and H4Kl6ac in HR of DSB repair. DNA
damage-induced tri-methylation of H3K36 stimulates
H4K16 acetylation through the interaction of
H3K36me3 reader LEDGF with KAT5 [81].
Furthermore, the monoubiquitination of H2B-K123 by
Rad6  ubiquitin-conjugating E2 enzyme and
RNF20/Brel ubiquitin E3 ligase is regarded as a
prerequisite for both H3K4 and H3K79 methylation.
In line with these findings, the deletion of Rad6 has
been identified to protect H3K4 and H3K79 from
methylation [82, 83]. The ubiquitylation of H2B at
lysine 120 induces H3K79 methylation by corralling
the methyltransferase hDotlL on the nucleosome
surface [84]. Therefore, the orchestrated histone
modification centered on methylation plays
harmoniously upon DSBR.

Thirdly, besides the cooperation within histone
modification on different sites mentioned above,
histone methylation, may be in either independent
way or interplay with DNA methylation within a
specific genomic region and even some small RNAs
[40, 85].

Other histone methylation in DSBR

Moreover, a number of other histone lysine
methylations identified by mass spectrometry were
reported to participate in DSBR. The dimethylation of
H2AX on lysine 134 by SUV39H2 is critical for
y-H2AX production, which was a marker of DNA

damage and triggered DSBR [86]. H3K125me was
identified as a novel histone PTM around by
chromatin  affinity = purification = with  mass
spectrometry (ChAP-MS) and probably participated
in HR repair through blocking K125 ubiquitination
[87]. Trimethylation of H3K23 by EzI3p coordinates
the localization of meiosis-induced DSBs to protect
heterochromatin from damages [88]. The roles of
these newly featured histone lysine methylation on
DSBR need further investigation.

Application perspectives of histone
methylation in cancer

As the key reason of tumorigenesis, the
mechanism of DNA damage repair from histone
methylation point of view has been focused in the
past decade. First, accumulated evidences show that
ectopic expression of histone methyltransferases and
demethylases are often found in a variety of cancer [6,
89-91]. Therefore, targeting on histone methylation
might represent a promising strategy for anticancer
treatment. For instance, histone methyltransferase
MMSET is overexpressed in several types of tumor, all
of which are associated with a poorer prognosis.
Studies performed in U20S cell showed that MMSET
is required for efficient HR and NHE]. Besides, the
loss of MMSET resulted in loss of expression of
several DNA repair proteins and decreased
recruitment of these proteins to DSB sites. The fact

http://lwww.jcancer.org



Journal of Cancer 2018, Vol. 9

2079

that MMSET enhances DNA damage repair leading to
an increased resistance to chemotherapeutic agents
offers a potential target for therapy [92]. More
interestingly, = siRNA-mediated knockdown of
MMSET in combination with metformin treatment led
to further reduction in migration and invasion of
prostate cancer cells [93].

Second, several histone methylation regulators
are found significantly dysregulated in metastasis.
Overexpression of EZH2 in prostate cancer inhibits
the expression of TIMPs to shift the MMPs/TIMPs
balance in favor of MMPs activity and promote ECM
degradation and the invasion of cancer cells [94]. The
expression of EZH?2 is also identified as a prognostic
biomarker of BRCAI-deficient tumor to chemo-
therapy [62]. SETDB1 might be a bona fide oncogene
and its up-regulation in human hepatocellular
carcinoma (HCC) promotes cancer metastasis [95].
And histone demethylase KDM2A promotes the
tumorigenesis and metastasis of cancer cells in gastric
cancer by down-regulating the expression of
programmed cell death 4 (PDCD4) and in non-small
cell lung cancer (NSCLC) by activating ERK1/2
signaling via epigenetic repression of DUSP3
expression [96]. Mutant IDH1 downregulated ATM,
through increasing the H3K9 methylation on the
promoter of ATM, to impair DNA repair and enhance
the sensitivity to DNA damage, which implicated a
strategy for IDH-mutant leukemia [97]. Of note, some
of the histone methyltransferases mentioned above
were found not only to methylate histone, but also to
be non-histone proteins as the substrate, such as
53BP1, during carcinogenesis. Lysine methylation as a
dynamic event that is involved in DNA damage
repair is beyond the histone code [98].

Finally, histone methylation is associated with
de novo DNA methylation. By recruiting DNA
methyltransferase 1 (DNMT-1) to the target chromatin
complex to orchestrate the epigenetic effect is taking
effect into surveillance of DNA damage and
carcinogenesis. Therefore, the combination with both
epigenetic strategy has become the trend [85, 99].

Clinical trial: encouraging plots indicate a
promising future

DNA damage and inappropriate repair are the
main causes for tumorigenesis. Histone methylation is
regarded as a pivotal character in choosing DNA
damage repair pathway, thus it might offer the huge
room for the discovery and pharmacological
intervention of cancer treatment.

Indeed, a number of small molecule inhibitors
targeting histone methyltransferases and dimethyl-
ases have already reached the first stages of clinical
trials in cancer treatment [6, 89]. Regarding the EZH2

inhibitor EPZ-6438 (tazemetostat), the first part of its
clinical phase 1/2 trial in patients with advanced solid
tumors or with relapsed or refractory B cell
lymphomas, has already completed with a favorable
safety and tolerability. In addition, nine of fifteen
NHL patients in group achieve an objective response
with the majority of adverse events evaluated at grade
1 or 2. Interestingly, a preclinical data indicated a
synergism between EPZ-6438 with R-CHOP
(rituximab, cyclophosphamide, doxorubicin,
vincristine, and prednisone). Due to the data that the
LSD1 inhibitor TCP can re-sensitize non-APL AML
cells to ATRA (all-trans retinoic acid), three
independent groups are testing the TCP/ATRA
combination in AML patients. What’s more, the
synergistic lethal effect showed by the combination of
SP2509 (LSD1 inhibitor) and panobinostat (pan-
HDAC inhibitor). In contrast to each agent alone, the
combination remarkably improves the survival of the
mice engrafted with human AML cells without any
detectable toxicity [100]. In addition, the combination
by integrating DNA methylation inhibitors with
inhibitors of histone modifiers may also provide the
strategy of complementary therapies [85].

Although the aforementioned evidences shed
light on the novel therapeutic targets, the field of
epigenetic therapy still began to be addressed. Many
issues remain to be solved. For example, subtype-
selective inhibitors of lysine methyltransferase are
difficult to identify [6]. In addition, the combining
effect with other chemotherapeutic agents and even
radiotherapy still need to be observed and evaluated
to achieve more effective outcome clinically.
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