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Histone methylation can either promote or reduce cellular
radiosensitivity by regulating DNA repair pathways
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A B S T R A C T

Radiotherapy is one of the primary modalities for cancer treatment, and its efficiency usually relies on
cellular radiosensitivity. DNA damage repair is a core content of cellular radiosensitivity, and the primary
mechanism of which includes non-homologous end-joining (NHEJ) and homologous recombination
(HR). By affecting DNA damage repair, histone methylation regulated by histone methyltransferases
(HMTs) and histone demethylases (HDMs) participates in the regulation of cellular radiosensitivity via
three mechanisms: (a) recruiting DNA repair-related proteins, (b) regulating the expressions of DNA
repair genes, and (c) mediating the dynamic change of chromatin. Interestingly, both aberrantly high and
low levels of histone methylation could impede DNA repair processes. Here we reviewed the mechanisms
of the dual effects of histone methylation on cell response to radiation. Since some inhibitors of HMTs and
HDMs are reported to increase cellular radiosensitivity, understanding their molecular mechanisms may
be helpful in developing new drugs for the therapy of radioresistant tumors.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Radiotherapy is one of the primary modalities of cancer
treatment and about 50 % of cancer patients benefit from
radiotherapy [1]. The cellular radiosensitivity of tumor is a pivotal
point to the preferable efficacy of radiotherapy, which can be
regulated by many factors, including DNA damage repair ability,
cell cycle progression, and intrinsic autophagy level [2,3]. It is well-
known that the initial event of radiation response is DNA damage
[4], including single-strand breaks (SSBs), double-strand breaks
(DSBs), base damages, cross-linking and others [5]. The incidence
of DNA damage, especially DSBs, could trigger sophisticated DNA
repair pathways [6].

Histone methylation is a process by which methyl groups are
transferred to amino acids of histone proteins at basic residues of
arginine, lysine, and histidine [7]. Histone methyltransferases
(HMTs) and histone demethylases (HDMs) are required in this
process. All of the above amino acids can be monomethylated
(me1), while the arginine and lysine can be dimethylated (me2),
but only the lysine can be trimethylated (me3) [7]. Histone
methylation can influence DNA damage repair, cell apoptosis, cell
cycle progression, autophagy, and other biological processes
closely related to cellular radiosensitivity [8–10]. Common
methylation sites associated with DNA damage repair include
histone H3 lysine 4 (H3K4), H3K9, H3K27, H3K36, H3K79 and
H4K20. Generally, the methylation of H3K4, H3K36 and H3K79 is
essential for gene-activating event, while the methylation of
H3K9, H3K27 and H4K20 stands for gene-repressing event [11]. In
recent years, some studies have identified that histone methyla-
tion has specific expression profiles in radioresistant and
radiosensitive tissues and is a potential independent prognostic
molecular marker. Interestingly, there is plenty of evidence
demonstrates that even the same type of histone methylation can
either promote or reduce cellular radiosensitivity by differentially
affecting DNA repair. In this review, the effects and regulatory
mechanisms of histone methylation on cellular radiosensitivity
are summarized.

2. The effect of histone methylation on cellular radiosensitivity

2.1. DNA damage response after irradiation

DNA repair is considered as the heart of cell response to
radiation. There are two main pathways for DSB repair i.e.,
homologous recombination (HR) and nonhomologous end-joining
(NHEJ). Moreover, the dynamic changes of chromatin also have a
significant effect on the process of DSB repair. In general, histone
methylation can regulates these DSB repair pathways and then
affects cellular radiosensitivity.

2.1.1. HR repair
HR is considered as an error-free repair mechanism of DSB,

during which the homologous sequence on the sister chromatid
is precisely filled in the DSB gaps in order to restore the original
DNA sequence [12,13]. In the first step of HR, the DSB ends are
identified by a complex (named MRN) composed of meiotic
recombination 11 homolog A (MRE11), RAD50 and Nijmegen
breakage syndrome 1 (NBS1). This MRN complex takes the
responsibility of the activation of ataxia telangiectasia mutated
(ATM) that can phosphorylate several substrates to facilitate the
recognition of DSB and the activation of downstream DNA
repair-related proteins [14]. MRE11 is associated with nucleases
such as CtIP, EXO1 and DNA2, which allows for the resection of
ssDNA ends [15–18]. Meanwhile, BRCA1 is involved in the
phosphorylation of CtIP by cooperating with the MRN complex
[19]. Then the heterotrimeric replication protein A (RPA) quickly
binds to single-strand tails, preventing ssDNA from degrading or
forming a secondary structure [20]. After that, RAD51 displaces
RPA to facilitate strand invasion into the sister chromatid to
form the Holliday junction [21,22]. Next, the crossover junctions
are resolved by resolvases to complete the DSB repair process
[22]. Since RAD51 can promote the initiation of DNA synthesis at
DSB region, it has been considered as the central protein of HR
[23].

2.1.2. NHEJ repair
Since the probability of short insertions/deletions of genomic

DNA, NHEJ is considered an error-prone repair mechanism. In the
first step of NHEJ, DSB ends are recognized and encircled by the
heterodimeric protein Ku70/Ku80 that further recruits DNA
protein kinase catalytic subunit (DNA-PKcs) to activate a series
of downstream repair processes [24,25]. In the second phase, DSB
ends are removed by different nucleases, such as Artemis [26], to
provide nucleolytic process before ligation [27]. Finally, DNA ligase
IV is bound to a scaffold protein termed X-ray cross-complement-
ing protein (XRCC4) to form XRCC4-DNA ligase IV complex that is
recruited by Ku proteins to ligate DSB ends [24,26,28]. During the
process of NHEJ, 53BP1 is vital in protecting broken DNA ends from
extensive resection in the XRCC4-dependent pathway [29,30].
Accordingly, 53BP1 has been considered as the central protein of
NHEJ.

2.1.3. Dynamic changes of chromatin in DNA damage sites
The complex organization of chromatin occurs during DSB

repair, and evidence shows that the compacted chromatin
structure represents an essential obstacle to the efficient detection
and repair of DSBs [31]. Previous studies have demonstrated that
DNA damage leads to a decrease of chromatin compaction during
DNA repair [32]. In other words, an open chromatin structure can
be induced at DNA damage sites and it allows DNA repair
machinery to get access the damaged DNA sites and to perform
repair functions [33–35].

However, recent work has suggested that a transient (seconds to
minutes) compaction of chromatin may precede the shift to an open
chromatin structure at DSB sites [36]. The transient accumulation of
compacted chromatin structure at DSBs has a notable effect on
preventing the passage of RNA polymerases through damaged
regions and repressing local transcription [37–40]. Besides, the
compacted chromatin structure may temporarily reduce the
mobility of nucleosome and damaged chromatin and thus limit
the ends of the broken DNA strands to have a short distance
during the initial stages of DNA repair [8]. Keeping the spatial
structure of broken DSBs’ ends in a short distance is of great
significance for the proper repair of damaged DNA. Thus, a
growing body of studies have recognized the importance of
chromatin remodeling in cell response to radiation. In our
opinion, the impaired chromatin remodeling may inhibit DNA
repair process and thus increase cellular radiosensitivity.
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2.2. Role of histone methylation in recruiting DNA repair-related
proteins

2.2.1. H3K4
After DNA damage occurrence, histone methyltransferase and

demethylase are recruited to DSB sites to change the levels of
histone methylation. Some reports have shown that the processes
of NHEJ and HR repair lead to the demethylation of H3K4. KDM5B, a
member of histone demethylases, can recruit Ku70 and BRCA1 to
promote NHEJ and HR repair [41]. Besides, KDM5B can catalyze the
demethylation of H3K4 [42] but it can be inhibited by Jumonji
inhibitor JIB-04 [43]. The inhibition of KDM5B by JIB-04 results in
the high level of H3K4me3 and thus impairs the recruitment of
DNA repair-related proteins and reduces the efficacies of HR and
NHEJ repair, in consequence, sensitizes lung cancer cells to
radiation [43]. Other studies demonstrate that some small
molecule inhibitors of KDM5 histone demethylases can increase
the accumulation of gH2AX after radiation and thus increases the
radiosensitivity of breast cancer cells [44]. KDM5A is another
histone demethylase of H3K4, and the depletion of KDM5A results
in a high level of intracellular H3K4me3 and sensitizes cells to
ionizing radiation significantly [45].

H3K4me2 is also involved in the regulation of cellular
radiosensitivity. According to the study of Peng et al. (2015)
[46], lysine-specific demethylase 1A (LSD1) can be recruited to
DNA damage sites and then regulates the demethylation of
H3K4me2 to activate DNA repair process. Thus, knockdown of
LSD1 results in high-level H3K4me2 that lead to G2/M arrest and
impaired 53BP1 and BRCA1 complex recruitment, which increases
cellular radiosensitivity and genomic instability [47,48].

2.2.2. H3K27
The di- and tri-methylation of H3K27 are mediated by EZH1 and

EZH2, two catalytic subunits of polycomb repressive complex 2
(PRC2) [49]. When DNA damage occurs, EZH2 is recruited to DSB
sites by PARP to facilitate the trimethylation of H3K27 and repress
gene transcription [50]. After approaching to DNA damage sites,
EZH2 further recruits MUS81 nuclease through H3K27me3 to
stabilize the stalled replication forks, which is beneficial to HR
repair [51,52]. Simultaneously, reduction in H3K27me2/3 caused
by a mutation of H3 variant dramatically reduces the presence of
53BP1 foci at DSB sites and then decreases the capability of NHEJ in
human dermal fibroblasts [53]. Inhibition of EZH2 can significantly
promote genotoxicity and cytotoxicity of DNA damaging agents
[54]. Some studies support that the methylation of H3K27 through
EZH2 is correlated with radioresistance. Inhibition of EZH2 by RNAi
or chemical inhibitor suppresses cell growth, leads to cell cycle
alteration, increases gH2AX foci and apoptosis, and potentiates
radiation damage in tumor cells [55–60].

2.2.3. H3K36
H3K36 methylation can be involved in cell response to radiation

by regulating the processes of HR and NHEJ repair. In general,
H3K36 methylation provides a site for the recruitment and
activation of DNA repair-related proteins. For example,
H3K36me3 can recruit RAD51 to improve HR repair. Unlike other
types of histone methylation, H3K36me3 is pre-existed before DNA
damage [40] and masked by lens epithelium-derived growth factor
(LEDGF) [61]. The recruitment of RAD51 depends on the
H3K36me3-LEDGF axis. After irradiation, LEDGF recruits CtIP to
DSB sites for the enrichment of RAD51 [61]. SETD2 is the main tri-
methyltransferase on H3K36 and H3K36me3 can promote DSB
resection by facilitating the recruitment of CtIP [62,63]. Mean-
while, SETD2-dependent H3K36 trimethylation is necessary for
the activation of ATM and the formation of 53BP1 at DSB sites [64].
Consistently, depletion of SETD2 leads to the decrease of p53
activation, impairs recruitment of RPA and RAD51, and blocks HR
repair [40,62,64]. A recent study indicates that H3K36me3-
enriched DSBs prefer to have HR repair, while those regions with
inactive transcription and low level of H3K36me3 tend to perform
NHEJ repair [40].

Unlike H3K36me3 often being involved in HR repair, di-
methylated H3K36 mainly functions in NHEJ repair [65]. Activated
by ATM, checkpoint kinase 1 (Chk1) can enhance DNA repair by
phosphorylating downstream effectors including Metnase [66].
Metnase, a methyltransferase of H3K36, can promote NHEJ repair
and increase cellular resistance to ionizing radiation [67]. Metnase
takes responsibility for the rapid formation of H3K36me2 to
mediate NHEJ repair after irradiation [67]. H3K36me2 can recruit
NHEJ effector proteins of Ku70, PHRF1 (PHD and ring finger domain
1) and NBS1 [65]. Moreover, H3K36 dimethylation makes it easier
for PHRF1 and NBS1 to bind to DSB sites and stabilizes genomic
integrity upon DSBs [68,69].

Considering the function of H3K36 methylation in promoting
HR and NHEJ repair, there are many reports that low-level H3K36
methylation may block the recruitment of DNA repair-related
proteins to increase cellular radiosensitivity. For instance, JMJD2
(Jumonji C domain-containing 2) is a family of histone demethy-
lases and can remove the tri-methyl group from H3K36 [70].
Overexpression of JMJD2A results in the decrease of H3K36
methylation and reduces HR repair [62]. Upregulation of JMJD2
leads to low-level H3K36 methylation and incomplete DNA
damage repair, which eventually causes genetic instability and
tumorigenesis. Simultaneously, inhibition of JMJD2 is associated
with a good prognosis of lung cancers by down-regulating ATR and
Chk1 [71]. Since H3K36 methylation is necessary for the initiation
of DNA repair, an excessively low level of H3K36 methylation
impairs the initiation of DNA repair, thus leading to the increase of
cellular radiosensitivity.

However, in the late stages of DSB repair, the H3K36
methylation level is decreased to prevent the formation of stalled
postsynaptic recombination intermediates and facilitate the
removal of RAD51 [72]. We suspect that in the early stages of
DNA repair, the methylation of H3K36 is conducive to recruiting
DNA repair-related proteins. Nevertheless, H3K36 needs to be
demethylated to facilitate the next step of DNA repair. Therefore,
the inhibition of histone demethylase of H3K36 may block the DNA
repair process and increase cellular radiosensitivity. A study
showed that inhibition of histone demethylase JMJD2B could
activate apoptotic signaling pathways after radiation [73]. Loss of
histone demethylase JMJD5 leads to high-levels of H3K36me2 and
aberrant retention of RAD51 at DSB sites and thus results in meiotic
defects and hypersensitivity to ionizing radiation [72]. Simulta-
neously, down-regulation of JMJD5 suppresses metastasis and
induces apoptosis in cancer [74]. These studies suggest that the
aberrantly high level of H3K36 methylation may also block the
DNA damage repair process and thus increases cellular radiosen-
sitivity.

2.2.4. H3K79
H3K79 methylation is strongly correlated with 53BP1. Disruptor

of telomeric silencing-1 (Dot1/DOT1L) is an evolutionarily
conserved histone methyltransferase of lysine 79 [75]. The current
research on the mechanism of H3K79 methylation affecting DNA
damage repair is mainly based on yeast. For instance, loss of Dot1
prevents activation of Rad9 (the yeast 53BP1 ortholog) and
decreases the recruitment of Rad9 to DSBs after DNA damage in
yeast [76]. H3K79 methylation can recruit 53BP1 to drive NHEJ
repair in the G1/G2 phase [77,78], whereas mutation of H3K79 or
depletion of DOT1L causes the inhibition of H3K79 methylation
and impairs the recruitment of 53BP1 to DSBs [75]. Leading to
Dot1-dependent dimethylation of H3K79 (H3K79me2) [79], Bre1



4 Y. Zhou, C. Shao / Mutation Research 787 (2021) 108362
is essential for the recruitment of checkpoint protein Rad9 to DSB
sites in Saccharomyces cerevisiae [80]. Knocking-down Bre1
allows cells to be more vulnerable to radiation [81].

Low level of H3K79 methylation also increases the radiosensi-
tivity of mammalian cells. Recent evidence suggests that knocking-
out of Dot1L in mouse embryonic fibroblasts leads to a UV
hypersensitivity and deficiency of transcription initiation [82].
Tumor cells with reduced H3K79 methylation show increased
chromosomal instability and are more sensitive to g-irradiation
[83]. We speculate that the low level of H3K79 methylation may
impair NHEJ repair and thus increases cellular radiosensitivity.

2.2.5. H4K20
Selective binding of 53BP1 to H4K20me2 at DSB sites is a

significant and central determinant of NHEJ repair [84,85]. After
irradiation, multiple myeloma SET domain containing protein
(MMSET) is recruited to DSB sites in an ATM-dependent manner in
order to methylate H4K20 and facilitate the recruitment of 53BP1
[86]. Then 53BP1 recruits the downstream effectors RIF1 and
MAD2L2 to DSB sites and promotes NHEJ repair in G1-phase cells
[87–89]. The content of newly generated H4K20me2 remains at a
low level in S-phase, so the recruitment of 53BP1-RIF1-MAD2L2
complex mainly occurs on the pre-replicative chromatin with
abundant of H4K20me2 [90,91]. After binding with H4K20me2,
53BP1 can promote the next stage of NHEJ repair.

Considering the importance of H4K20 methylation in NHEJ, the
deficiency of H4K20 methylation may hinder DNA damage repair
and increase cellular radiosensitivity. Li et al. (2016) [92] show that
the deficiency of H4K20me1 leads to the accumulation of DNA
damage and ATR-dependent cell cycle arrest. Since SUV4-20
catalyzes the di- and tri-methylation of lysine 20 on histone H4
(H4K20me2/3) [93], inhibition of SUV4-20 decreases 53BP1 foci
formation upon ionizing radiation and reduces NHEJ-mediated
DNA damage repair [94]. These studies indicate that the
Fig. 1. The process of H3K4 methylation in DNA damage repair. After DSBs occurre
Demethylases of KDM5B, KDM5A and LSD1 are recruited to DSB sites to mediate the dem
recruits the ZMYND8-NuRD complex and regulates chromatin remodeling to repress tra
increase H3K4 methylation and promote the transcription of DNA repair genes such as MD
can be recruited into nucleus to participate in DNA damage repair.
methylation of H4K20 are imperative for mediating cellular
radiosensitivity.

2.3. Role of histone methylation in regulating the expression of DNA
repair genes

2.3.1. H3K4
The level of H3K4me3 may also been increased after the

incidence of DSBs [95]. Cells lacking H3K4me3 are defective in DSB
repair through NHEJ pathway and challenge to survive in the
presence of replication stresses [11]. This process is related to the
SET domain proteins that can be used as histone methyltransferase
to mediate H3K4 methylation and maintain genomic stability by
activating the expression of DNA repair gene [11,96]. Deficiency of
methyltransferase SET and MYND domain containing 3 (SMYD3)
may cause a decrease of H3K4me3 [97]. Moreover, SMYD3 can
create an active histone marker of the promoters of HR genes, such
as MDC1 and EXO1, for transcription to improve the capacity of HR
[97].

Loss of H3K4 methyltransferase SETD1A in hematopoietic stem
cells (HSCs) leads to a low level of H3K4 methylation and
deregulates DNA repair-related proteins [98]. SETD1A is crucial
for DNA repair after irradiation and confers to radioresistance in
vivo [98], Therefore, the elevation of H3K4 methylation leads to
radioresistance by promoting DNA damage responses and activat-
ing transcriptional genes of DNA repair (Fig. 1).

2.3.2. H3K27
Similar to H3K9 methylation, the increase of H3K27 methyla-

tion can inhibit transcription and help to form compacted
chromatin [99,100]. DNA damage can also lead to the demethyla-
tion of H3K27. Upon exposure to ionizing radiation, the histone
demethylases UTX and JMJD3 can be recruited to DNA damage sites
and then decrease the methylation of H3K27 and facilitate the
nce, the bidirectional changes of H3K4 methylation promote DNA repair process.
ethylation of H3K4. KDM5B recruits Ku70 and BRCA1 to promote DSB repair. KDM5A
nscription. On the other hand, histone methyltransferases SMYD3 and SETD1A can
C1 and EXO1. After translation in extranuclear, the newly generated MDC1 and EXO1
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expression of specific proteins, such as Ku80, a vital mediator of
NHEJ pathway, in a p53-dependent manner [101,102]. Knockdown
of UTX could increase the level of H3K27me3 and enhances the
cellular radiosensitivity of tumor cells [103].

2.4. Role of histone methylation in mediating the dynamic change of
chromatin

2.4.1. H3K4
When DSB occurs, chromatin needs to be remodeled to promote

DNA damage repair. Upon DSBs, the demethylation of H3K4 at DNA
damage sites is an important step for the transition of compacted
chromatin [41,104]. KDM5A can be recruited to DSB sites and
demethylates H3K4me3, which contributes to the recruitment of
ZMYND8–NuRD complex [104]. This complex further regulate
chromatin remodeling to repress transcription and promotes HR
repair [105]. The remodeled chromatin with a compact spatial
structure protects the damaged DNA from degradation (Fig. 1) [8].
Accordingly, the H3K4 demethylation plays an important role in
radiation response and the abnormally high level of H3K4
methylation may impair chromatin remodeling and make cells
radiosensitive.

2.4.2. H3K9
H3K9 methylation can be dynamically altered during DNA

repair process. After DSBs induction, the spatial structure of
chromatin becomes compact at first and then is relaxed [36]
together with the changes of H3K9 methylation during DNA repair
[106] (Fig. 2). In general, the methylation of H3K9 is required for
the formation of compacted chromatin and the recruitment of DNA
repair-related proteins, while the demethylation of H3K9 increases
chromatin accessibility and facilitates DSB end resection [95]
(Fig. 2). Since H3K9 methylation can be dynamically changed upon
Fig. 2. The process of H3K9 methylation in DNA damage repair. After the incidence 

becomes relaxation where H3K9 methylation is involved. The KAP-1/HP-1/SUV39H1 com
formation of a temporary state of compacted chromatin which protects the broken end
protect DNA ends. After binding to DSB sites, the SUV39H1 and MRN complex activates Ti
SUV39H1 complex from chromatin. KDM4B and CK2 interact with H3K9me3 and HP-1 to
resection of DSBs. Meanwhile, the HR and NHEJ DNA repair-related proteins could be r
complete DNA damage repair.
irradiation, both aberrantly high and low levels of H3K9 methyla-
tion could block the DNA repair process and increase cellular
radiosensitivity.

Generally, H3K9 methylation can also regulate cell response to
radiation by interacting with DNA repair-related proteins. Shortly
after irradiation, the KAP-1/HP1/SUV39H1 complex rapidly bind to
chromatin at DSB sites to activates Tip60 and then transiently
increases the methylation of H3K9 [107]. SUV39H1 can trimethy-
late H3K9 and recruit HP1. Increased H3K9me3 and HP1 help to
form repressive chromatin structure that has functions of
inhibiting transcription and preventing damaged DNA from
degradation [8]. Additionally, DNA damage-induced compact
chromatin helps to recruit DNA repair-related proteins and
promotes DNA repair process. For instance, the MRN complex
can identify H3K9me3 and activate Tip60 [108]. Tip60 is
responsible for the activation of ATM [109] that triggers the
release of KAP-1/HP1/SUV39H1 complex from DNA damage site
[107] and activates HR repair pathway. Also, histone methyltrans-
ferase SETDB1 can catalyze the formation of H3K9me3 and
promote DNA repair process [110]. Meanwhile, BARD1, another
important DNA repair-related protein, can recognize H3K9me2
and recruit BRCA1 to promote HR repair at DSB sites [19,111]. These
findings suggest that H3K9 methylation is vital and indispensable
to DSB repair.

Considering the critical role of H3K9 methylation in DSB repair,
some researches demonstrate that high-level H3K9 methylation is
related to radioresistance. For instance, H3K9me3 interacts with
DNA repair-related proteins such as Chk1. Depending on the
H3K9me3/S10p, a chromatin marker, overexpression of Chk1
contributes to poor prognosis and radioresistance in triple-
negative breast cancer [112]. Moreover, SUV39h1 is a methyl-
transferase of H3K9 and also relates to DNA repair-related proteins.
Cells lacking SUV39h1 have defective activation of Tip60 and ATM
of DNA damage, chromatin structure undergoes compact at first and subsequently
plex is recruited to DSB sites to mediate the trimethylation of H3K9 as well as the

s of DNA from nucleases. The MRN complex can also be recruited to DSB sites and
p60 and its downstream ATM. The activated ATM enables the release of KAP-1/HP-1/

 assist the relaxation of compact chromatin. At this time, nuclease can mediate the
ecruited to DSB sites and further activate their downstream signaling pathways to



Fig. 3. The primary process of histone methylation in radiosensitivity. Histone methylation has a bidirectional effect on cellular radiosensitivity. Inhibition of HMTs results
in the decrease of histone methylation level, while inhibition of HDMs fails to demethylate histone. The low methylation levels of H3K9, H3K27 and H3K36 together with the
high methylation level of H3K4 may repress DNA repair-related protein recruitment. The high methylation level of H3K27 and low methylation level of H3K4 may repress the
expression of DNA repair genes. The high methylation level of H3K9 may repress chromatin remodeling. The high methylation level of H3K36 may block the subsequent
movement of DNA repair-related proteins. Accordingly, the histone methylation levels have dynamical changes during DNA repair processes, and the blockage of these
changes may make cells sensitive to radiation.
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together with the decreased H3K9me3 level and DSB repair ability
[113,114], and hence have a high radiosensitivity.

Interestingly, some studies have come to a very different
conclusion, showing that high-level H3K9 methylation contributes
to DNA repair impairing and has a radiosensitizion effect. High-
level H3K9 methylation could induce the formation of aberrantly
compacted chromatin and then decrease radioresistance by
inhibiting the functions of DNA damage repair. After transient
upregulation, the H3K9 methylation can be rapidly decreased
probably due to the expression of KDM4B [115]. Upon irradiation,
the activated ATM can activate tumor suppressor p53. While
maintaining genomic stability, p53 can inhibit SUV39H1 and
thereby reduce the methylation of H3K9 [116,117]. The demethyl-
ation of H3K9 is involved in the rapid formation of open chromatin
structure at DSBs. Meanwhile, after being recruited to DSB sites,
HP1 can bind to H3K9me3 and maintain the stability of compacted
chromatin [118,119]. The casein kinase 2 (CK2) can mediate HP10s
dissociation from H3K9me3 and promotes chromatin relaxation
[120,121]. The open chromatin structure makes the damaged DNA
accessible for DNA repair-related proteins and hence promotes HR
and NHEJ repair [31]. Inhibition of KDM4B results in aberrant
hypermethylation of H3K9 at DSB sites, blocks HR repair process,
induces the formation of DSBs, and thus potently sensitizes tumor
cells to irradiation [106,122].

A chromatin compaction regulator SPOC1 can interact with
H3K9 methyltransferases and then enhances H3K9 trimethylation
[123]. SPOC1 depletion results in a decrease of H3K9me3 and
enhances 53BP1 foci formation, NHEJ repair activity, and cellular
radioresistance [123]. Overexpression of SPOC1 may increase
H3K9 methylation and fail to relax heterochromatin [123,124].
Generally, the hypermethylation of H3K9 may reduce the ability of
DNA repair by forming compact chromatin structure and blocking
the subsequent DNA repair process.
2.5. Role of histone methylation in other types of DNA damage

DNA damage repair includes base excision repair (BER),
mismatch repair (MMR), nucleotide excision repair (NER), and
DSB repair [125]. Histone methylation also plays an important role
in other types of DNA damage repair besides DSB repair. Cells
deficient in BER exhibit perturbations in global levels of histone
methylation, including increase of histone H3K4me2/3 and
decrease of H3K9me2 [126,127]. H3K36me3 is vital for the
recruitment of MutSα, a core of MMR repair. Therefore, cells
lacking H3K36 tri-methyltransferase SETD2 are deficient in MMR
and display an elevated spontaneous mutation frequency [128].
Moreover, H3K79 methylation is required for efficient NER. Loss of
H3K79 methylation may impair the expression of Rad16 (ortholog
of human XPF, a core of NER repair) in yeast and leads the cells
sensitive to UV radiation [129]. Although current studies have
focused on the effect of histone methylation on DSB repair, further
investigations of the relationship between histone methylation
and other types of DNA repair may provide new insights for the
functions of histone methylation in cellular radiosensitivity.

3. The role of histone methylation in radiotherapy

3.1. New molecular markers of cancer prognosis

Histone methylation plays a key role in tumorigenesis. The
regulation of histone methylation is associated with the develop-
ment of various cancers, such as gastric cancer, liver cancer,
pancreatic cancer, and colorectal cancer [130]. In other words,
there is a significant difference in the level of histone methylation
between normal and tumor cells. Therefore, the level of histone
methylation can be applied as the molecular markers of cancer
prognosis. As noted by Kidder, the low level of H3K4 methylation
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always leads to poor prognosis, probably by inhibiting the
expression of tumor suppressor genes BRCA1, CAV1, and HOXA5
[42]. Based on the ability of H3K9me3 in inhibiting the expression
of tumor suppressor genes [131], the activation of SUV39H1 and
the increase of H3K9me3 may play an indispensable roles in
tumorigenesis of gastric carcinoma [132]. Besides, the formation of
H3K9me3 in the E-cadherin promoter may induce lung epithelial-
mesenchymal transition after irradiation [133]. H3K27me3 eleva-
tion is also reported to be associated with the poor prognosis of
esophageal squamous [134].

There is plenty of evidence shows that some HMTs and HDMs
can be used as tumor prognosis biomarkers. For example, the
overexpression of KDM5B predicts a poor prognosis in the patients
with head and neck squamous cell carcinomas [135], the
overexpression of LSD1 predicts poor prognosis of gastric cancer
[136], and the elevation of UTX is associated with poor prognosis of
breast cancer [137]. Due to the different histone methylation levels
between tumor and normal tissues, histone methylation holds
tremendous promise for the diagnosis of cancer.

3.2. Potential therapeutic targets for radiosensitizer

Considering the indispensable role of histone methylation in
cancer prognosis, the development of novel drugs targeting HMTs
and HDMs has received great attentions, where H3K4 demethy-
lases are currently a major target of radiosensitizer. For instance,
KDM5A plays a vital role in cancer processes including tumori-
genesis, metastasis, and drug tolerance, and thus has been
suggested to be a potential cancer therapeutic target [138]. A
novel inhibitor of KDM5A, Jumonji inhibitor, can increase H3K4
methylation at DSBs, impair DNA damage repair, and overcome
radioresistance in lung cancer [43]. Moreover, the inhibition of
KDM5B can suppress tumor cell invasion and promote cell death
after irradiation [139,140].

Besides H3K4, HMTs and HDMs can also be targeted for
radiosensitization. A previous study find that the inhibitor of
EZH2 can increase gH2AX foci after irradiation and increase
cellular radiosensitivity in prostate cancer [141]. Histone deme-
thylases of H3K9, KDM4B and KDM4D are also associated with
radioresistance [142]. In addition, the inhibitor of H4K20
methylation could be applied as a DNA repair-based drug of
tumor therapy [94]. During the development of tumors, histone
methylation patterns are dramatically changed in comparison
with normal tissues. Therefore, we suggest that the inhibitors of
HMTs and HDMs are potential candidates of new radiosensitizers
for radiotherapy.

Unfortunately, so far most reports concerning the regulatory
function of histone methylation concentrate in radiotherapy for
killing tumor cells [143], while radiation-induced histone methyl-
ation is rarely studied in normal tissue. Further researches on the
role of histone methylation in radiation damage of normal tissues
may ensure the clinical safety of anti-tumor drugs based on histone
methylation regulation.

4. Conclusions and perspectives

Histone methylation plays an essential role in regulating gene
expression and chromatin remodeling, it provides the binding
sites for DNA repair-related proteins and hence is involved in DNA
repair processes. But the effect of histone methylation on
radiosensitivity is bidirectional and complicated due to its
multiple functions. Even the same type of histone methylation
could lead to either radiation tolerance or radiosensitization
effect, which is regulated by different genes. According to the
study of Arndt et al. [98], H3K4 methyltransferase SETD1A could
increase radioresistance by upregulating the expression of DNA
repair-related proteins RAD51, Bre and FANCD2 by promoting
H3K4 methylation. However, H3K4 demethylation is also helpful
in recruiting DNA repair-related proteins and promotes DNA
repair upon irradiation [43,47,48].

The methylation and demethylation of H3K9 also have
indispensable linkage in the DNA repair process after irradiation
[36]. The lack of H3K9 methyltransferase SUV39H1 leads to a low
level of H3K9me3 and increases cellular radiosensitivity [113,114].
However, inhibition of H3K9 demethylase KDM4B results in
hypermethylation of H3K9 and potently sensitizes cells to
irradiation [106,122].

Besides, H3K27me3 can promote HR repair by providing
binding sites for nuclease MUS81 [51,52] but inhibits the
expression of Ku80 and thus blocks NHEJ repair [101,102].
H3K36 methylation can promote the recruitment of DNA repair-
related proteins and hence makes cells to be resistant to radiation
[62,63]. However, the demethylation of H3K36 is also a funda-
mental step in DNA damage repair [72].

Histone methylation has complex effects on cellular radiosen-
sitivity due to its dynamical response to DNA damage. After the
incidence of radiation-induced DNA damage, histone methylation
needs to undergo dynamic changes under the action of HMTs and
HDMs to complete DNA repair. Thus, the mechanisms of histone
methylation regulated cellular radiosensitivity are classical i.e., the
blockage of DNA repair process increases cellular radiosensitivity
and the promotion of DNA repair results in radioresistance. The
inhibition of HMTs and HDMs may hinder the change of histone
methylation, impair the DNA repair process, and sensitize cells to
radiation (Fig. 3). Up-regulation and down-regulation of histone
methylation at the same site may lead to the increase of
radiosensitivity, mainly because histone methylation is changed
under different HMTs and HDMs. For example, inhibition of histone
demethylases, such as KDM5B, can block H3K4 demethylation,
impair DNA repair, and increase cellular radiosensitivity [41]. On
the other hand, some HMTs, such as SETD1A and SMYD3, can
increase H3K4 methylation and promote the transcription and
expression of DNA repair genes and ultimately lead to radio-
resistance [97,98].

Generally, affected by different HMTs and HDMs, histone
methylation has dual effects on cellular radiosensitivity i.e., it
allows cells to be either radiosensitive or radioresistant under
different circumstances. After irradiation, HMTs and HDMs can
regulate the level of histone methylation to affect the recruitment
of DNA repair-related proteins, the expression of DNA repair genes,
the dynamic change of chromatin, and finally affect cellular
radiosensitivity.

Collectively, the effects of histone methylation on cellular
radiosensitivity can be summarized as follow: histone methylation
maybe an intermediate linkage in the regulation of DNA repair,
while the HMTs and HDMs are the upstream in regulating cellular
radiosensitivity. Although both aberrantly high and low levels of
histone methylation could increase cellular radiosensitivity, HMTs
and HDMs do not show a dual effect on cellular radiosensitivity. In
other words, it is HMTs and HDMs rather than histone methylation
itself that could fundamentally regulate cellular radiosensitivity.
Histone methylation is more of a tool through which HMTs and
HDMs can influence cell response to radiation. The inhibitors
targeting HMTs and HDMs, such as Jumonji inhibitors, may become
new sensitizers for tumor radiotherapy [43]. Further study of the
relationship between histone methylation and cellular radiosensi-
tivity may provide deep insights in developing new strategy of
radiotherapy.
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