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Abstract
H3K9 demethylases can remove the repressive H3K9 methylation marks on histones to alter 

chromatin structure, gene transcription and epigenetic state of cells. By counteracting the function of 
H3K9 methyltransferases, H3K9 demethylases have been shown to play an important role in numerous 
biological processes, including diseases such as cancer. Recent evidence points to a key role for some H3K9 
demethylases in the repair of DNA double-strand breaks (DSBs) via homologous recombination (HR) and/
or non-homologous end joining (NHEJ) pathways. Mechanistically, H3K9 demethylases can upregulate 
the expression of DNA repair factors. They can also be recruited to the DNA damage sites and regulate 
the recruitment or function of DNA repair factors. Here, we will discuss the role and mechanisms of H3K9 
demethylases in the regulation of DSB repair.
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Introduction

Methylation of histone H3 at lysine 9 (H3K9me) and the subsequent binding of heterochromatin 
protein 1 (HP1) underlie the formation of heterochromatin and associate with transcriptional 
repression within the euchromatin. H3K9 methylation can occur as mono-methylation (me1), di-
methylation (me2) or tri-methylation (me3). Methylation of H3K9 is catalyzed by methyltransferases 
(such as SUV39H, G9a), and can be removed by several lysine demethylases (KDMs). By reversing 
the function of H3K9 methylation, H3K9 demethylases can regulate a variety of biological processes 
such as gene transcription, chromatin structure and epigenetic state. The H3K9 demethylases play an 
important role in normal development and their aberrations are involved in diseases such as cancer. 
DNA double-strand breaks (DSBs) represent the most deleterious damage, which can cause genome 
instability and cell death if not properly repaired. Many epigenetic regulators, among which are H3K9 
demethylases, have been shown to regulate DSB repair. Here, we will provide an overview of H3K9 
demethylases, DSB repair mechanisms, and then discuss mechanisms of H3K9 demethylases in DSB 
repair.

H3K9 Demethylases

Histone lysine demethylases (KDMs) are categorized into two families based on the catalytic 
mechanisms. The first family is KDM1 (also called lysine-specific demethylase, LSD), which consists 
of two members KDM1A (LSD1) and KDM1B (LSD2). The KDM1 family uses flavin adenine 
dinucleotide (FAD) as the cofactor to demethylate H3K4me1/2 in an amine oxidation reaction [1]. 
KDM1A can also demethylate H3K9me1/2 when it binds to other proteins such as the androgen 
receptor (AR) [2]. The second family of KDMs consists of over 24 members with demethylase activity 
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towards H3K4, H3K9, H3K27, H3K36 or H4K20. They contain 
the catalytic Jumonji C (JmjC)-domain, which uses a dioxygenase 
mechanism to demethylate specific mono-, di- and tri-methylated 
lysine residues. The JmjC domain uses α-ketoglutarate, Fe (II), and 
molecular oxygen as cofactors in the demethylation reaction. Based 
on the degree of homology and the presence of other domains, the 
JmjC family of KDMs can be divided into 6 subfamilies (KDM2-
7). Members of the KDM3, KDM4 and KDM7 subfamily exhibit 
H3K9 demethylase activity. KDM3 (also called JMJD1) subfamily 
has 3 members (KDM3A, KDM3B, KDM3C), which demethylate 
H3K9me1/2. KDM4 subfamily has 5 members (KDM4A, KDM4B, 
KDM4C, KDM4D, KDM4E). All KDM4 subfamily members can 
demethylate H3K9me2/3, while KDM4A-C can also demethylate 
H3K36me2/3 [3,4]. KDM7 subfamily has 3 members (KDM7A, 
KDM7B, KDM7C). KDM7B (also called PHF8) and KDM7C (also 
called PHF2) exhibit H3K9 demethylase activity. KDM7B (PHF8) 
can demethylate H3K9me1/2, H3K27me2 and H4K20me1 [5]. 
KDM7C (PHF2) can demethylate H3K9me1/2 and H4K20me3 
[6-8]. In addition, H3K9 demethylases can demethylate non-histone 
substrates [9,10]. Some H3K9 demethylases (such as KDM3A, 
KDM4A-D, KDM7B) are upregulated in various cancer types, are 
associated with poor prognosis, and play a tumor-promoting role. 
Among the H3K9 demethylases, KDM3A, KDM3C, KDM4A, 
KDM4B, KDM4D, KDM7B and KDM7C have been reported to 
regulate DSB repair. 

DSB Repair Mechanisms

DSBs can be generated by exogenous and endogenous factors 
such as ionizing radiation (IR), some chemotherapy agents, 
reactive oxygen species and replication stresses [11]. DSBs activate 
a coordinated signaling pathway known as DNA damage response 
(DDR), which senses DNA damage, signals its presence and mediates 
its repair. Abnormality of DSB repair can cause genomic instability, 
cancer development or resistance of cancer to radiotherapy or 
genotoxic chemotherapy. DSBs are primarily repaired by two major 
pathways: homologous recombination (HR) and non-homologous 
end joining (NHEJ) [11]. HR uses an undamaged DNA template 
on the sister chromatid or homologous chromosome to repair DSB, 
so it is more prevalent in the S and G2 phases of the cell cycle. By 
contrast, NHEJ is a process by which two broken DNA ends are 
ligated directly without the need for a template. DSB repair by 
NHEJ can occur in all stages of the cell cycle, but is favored in the 
G1 phase. Unlike the precise DSB repair mediated by HR, NHEJ 
repair is error prone, frequently generating small insertions, deletions 
or substitutions at the break site. 

HR initiates with binding of the MRE-11/RAD50/NBS1 
(MRN) complex to the broken DNA ends, leading to activation 
of Ataxia-telangiectasia mutated (ATM) [12]. ATM induces 
phosphorylation of histone H2AX on Ser139 (called γ-H2AX) 
surrounding the DSB site [13]. The binding of the mediator 
protein MDC1 to γ-H2AX leads to its recruitment to DSB sites 
[14]. MDC1 itself is a substrate of ATM, and phosphorylation of 
MDC1 by ATM leads to recruitment of E3 ubiquitin ligase RNF8, 
which then recruits another E3 ubiquitin ligase RNF168 [15-17]. 
RNF8/RNF168 cooperatively induce the formation of K63-linked 
polyubiquitin chains on histones surrounding the DSB site [16,18]. 
RNF168 also induces the mono-ubiquitination of H2A at K15 
(H2AK15ub) [18]. These ubiquitination events recruit RAP80/

BRCA1 and 53BP1 to DSB sites [19,20]. Next, DNA end resection 
is initiated by endonuclease CtIP, in cooperation with MRN complex 
and other nucleases, to generate single strand DNA (ssDNA). The 
ssDNA is protected by coating with replication protein A (RPA1, 
RPA2, RPA3). RAD51 then replaces RPA to form a helical 
nucleoprotein filament on ssDNA, to initiate strand invasion on the 
template DNA for HR-mediated repair.

Recruitment of 53BP1 and BRCA1 to DSB sites play a key role 
in the DSB repair choice by NHEJ and HR, respectively. 53BP1 
recruitment is mediated by H2AK15ub and H4K20me2. 53BP1 
engages with H4K20me2 through its tandem Tudor domain [21] 
and with H2AK15ub via its UDR domain [20]. 53BP1 recruits other 
proteins to restrict the DNA end resection, thereby inhibiting HR 
and promoting repair through the NHEJ pathway [22]. BRCA1 can 
form several different complexes. The BRCA1-RAP80 (BRCA1-A 
complex) is recruited to the chromatin regions surrounding DSB 
sites through the binding of RAP80’s ubiquitin-interacting motif 
(UIM) with K63-linked ubiquitin chains on histones [19]. The 
BRCA1-RAP80 complex appears to restrict DNA end resection 
and inhibit HR DSB repair [23,24]. In direct vicinity of DSB 
sites, BRCA1 can form a complex with CtIP and MRN complex 
(BRCA1-C complex), which promotes the DNA end resection and 
HR repair. Recruitment of the BRCA1-C complex is independent 
of RNF168 [25]. BRCA1 forms a heterodimer with BARD1 
[26]. The BRCA1-C complex is recruited to DSB sites through 
BARD1 interaction with HP1 associated with H3K9me2 [25]. In 
addition, BRCA1 associates with BRCA2 through PALB2, while 
BRCA2 promotes the loading of RAD51 to ssDNA for efficient 
HR repair [27,28]. In summary, DNA end resection is a critical step 
differentially regulated by BRCA1 and 53BP1 that dictate the DSB 
repair via the HR or NHEJ pathways, respectively. 

In NHEJ repair, the broken DNA ends are recognized and 
bound by the Ku heterodimer (Ku70 and Ku80), which blocks 
the DNA 5’-end resection and also serves as a scaffold to recruit 
other NHEJ factors (such as DNA-PK, APLF, Polymerase mu, XLF, 
XRCC4, DNA ligase IV, PNKP, among others). These NHEJ factors 
resect damaged DNA, fill in new DNA, and ligate DNA ends to 
restore integrity of the DNA stands [29]. 

Role of H3K9 Demethylases in DSB Repair

Regulate expression of DNA repair factors

JMJD1A (KDM3A): Some DNA repair factors are known to be 
transcriptionally upregulated in prostate cancer. In the presence of 
androgen, AR can upregulate the transcription of a set of DNA repair 
factors [30,31]. On the other hand, the absence of androgen (castrate 
condition) can activate the transcription factor MYB, which replaces 
AR to drive the transcription of these DNA repair factors [32]. We 
found that inhibition of JMJD1A decreased expression of another 
set of DNA repair factors involved with the HR (RNF8, NBS1, 
BARD1, SMC1A, RAD1) and NHEJ (DNA-PK, Ku70, PNKP) 
pathways [33]. In the human prostate cancer tissue GEO dataset, 
JMJD1A activity correlated positively with the above JMJD1A-
dependent DNA repair factors in advanced states of prostate cancer 
[33]. We previously found that JMJD1A promotes the activities of 
AR and c-Myc transcription factors [34-36]. However, the JMJD1A-
dependent expression of DNA repair factors was primarily mediated 
by c-Myc and not AR [33]. We found that JMJD1A can elevate 
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c-Myc levels [34], and can also promote the chromatin recruitment 
of c-Myc by removing the repressive H3K9me2 marks on the 
promoters of DNA repair factors [33]. JMJD1A knockdown in 
prostate cancer cells delayed the resolution of γ-H2AX foci, reduced 
both HR and NHEJ DSB repair activities, and enhanced the growth 
inhibitory effects of IR as well as topoisomerase or PARP inhibitors 
[33]. Thus, our findings revealed a role for JMJD1A in DSB repair 
and radio-resistance in prostate cancer cells (Figure 1). 

JMJD1A knockdown experiments revealed that JMJD1A 
promotes the formation of DSB foci positive for BRCA1 and 
RAD51 [33], key factors for HR DSB repair. We found that 
JMJD1A upregulates the expression of RNF8 and BARD1 [33]. 
RNF8/RNF168-induced K63 polyubiquitination helps recruit 
the BRCA1-A complex to DSB sites, whereas BARD1 recruits the 
BRCA1-C complex to these sites. However, the relative contributions 
of these complex assemblies to HR DSB repair require additional 
studies.

JMJD1A knockdown also inhibited expression of Ku70/DNA-
PK and formation of 53BP1-positive DSB foci [33]. Ku70, DNA-
PK and 53BP1 are key factors that govern NHEJ DSB repair. We 
found that JMJD1A does not affect the expression of 53BP1 [33]. 
One of the factors recruiting 53BP1 to DSB sites is H2AK15ub, 
which is directly induced by RNF168 in a manner strictly dependent 
on RNF8 [18]. So JMJD1A-dependent expression of RNF8 is likely 
to enhance RNA168-induced H2AK15ub to recruit 53PB1 to DSB 
sites. 

Taken together, our findings indicate that JMJD1A-dependent 
expression of DNA repair factors via its H3K9 demethylase activity 
promotes DSB repair that encompass both HR and NHEJ pathways. 

PHF2 (KDM7C): PHF2 was recently reported to promote 
HR DSB repair in U2OS cells [37]. PHF2 knockdown decreased 
expression of BRCA1 and CtIP, key factors the promote DNA end 
resection necessary for HR DSB repair [37]. Consistently, PHF2 
knockdown reduced the accumulation of RPA2 and RAD51 at 
DSB sites, and decreased CtIP-mediated DNA end resection [37]. 
The histone demethylase activity of PHF2 was required for the 
expression of BRCA1 and CtIP [37]. As PHF2 can demethylate 
both H3K9me1/2 and H4K20me3, it remains to determine which 
of these demethylating activities of PHF2 is required. 

Another study in neural progenitor cells reported the role of 
PHF2 in regulating the expression of genes involved in HR DSB 
repair (ATM, BRCA1, RAD51), DNA replication and cell cycle 
[38]. PHF2 promotes the expression of these genes likely via H3K9 
demethylation on the respective gene promoters. Accordingly, 
knockdown of PHF2 in neural progenitor cells induced R-loop 
accumulation that led to DSB damage [38]. Thus, PHF2 can prevent 
DSB damage in neural progenitor cells by regulating gene expression 
through its H3K9 demethylase activity.

Function at DSB sites

JMJD1C (KDM3C): In contrast to JMJD1A, JMJD1C has 
been implicated in inhibiting HR DSB repair in U2OS cells [9]. 
JMJD1C interaction with RNF8/RNF168 appears to be necessary 
for its recruitment to DSB sites [9]. Knockdown of JMJD1C 
inhibits the recruitment of RNF8, RAP80 and BRCA1 to DSB 
sites [9]. JMJD1C knockdown, on the other hand, has no effect 
on 53BP1 foci formation. Thus, JMJD1C-RNF8 interactions 
selectively enhance the recruitment of RAP80-BRCA1 (BRCA1-A 
complex) to DSB foci. Mechanistically, JMJD1C has no effect on 
H3K9me2 levels at DSB sites, and rather demethylates MDC1 
to enhance the interaction of RNF8 with MDC1 after radiation 
treatment. Knockdown of JMJD1C increases the formation of 
RAD51 foci and enhances the resistance of cells to radiation or 
PARP inhibitors [9]. Together, these results suggest that JMJD1C 
activity inhibits HR DSB repair by enhancing the recruitment of 
RAP80-BRCA1 to DSB sites. Although JMJD1A and JMJD1C 
belong to the KDM3 subfamily and both can demethylate H3K9, 
they appear to use different mechanisms and have different effect on 
DSB repair. JMJD1A upregulates expression of DSB repair factors 
and promotes the DSB repair via both HR and NHEJ pathways, 
whereas JMJD1C is recruited to DSB sites and inhibits HR DSB 
repair. Thus, JMJD1A and JMJD1C mediate opposite effects in 
terms of cell response to radiation or PARP inhibitors.

KDM4A and KDM4B: One study implicates that KDM4A 
and KDM4B may inhibit DSB repair in U2OS cells [39]. KDM4A 
and KDM4B were found to undergo the ubiquitination-mediated 
degradation by RNF8 and RNF168 upon DSB damages [39]. 
Ectopic overexpression of KDM4A or KDM4B inhibited the 
accumulation of 53BP1 at DSB foci. Further, the tandem Tudor 
domain of KDM4A, but not its histone demethylase activity, was 

Figure 1: JMJD1A activity in prostate cancer cells increases the level of c-Myc and also enhances the c-Myc chromatin recruitment by 
demethylating H3K9me2 marks on the gene promoters of indicated DNA repair factors for HR or NHEJ. JMJD1A may also regulate the activity 
of another unidentified transcription factor to upregulate the expression of RNF8. The elevated expression of these DNA repair factors leads 
to the enhanced DSB repair by both HR and NHEJ pathways. Thus, JMJD1A activity contributes to the resistance of prostate cancer cells to IR, 
topoisomerase inhibitors or PARP inhibitors.
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found to inhibit 53BP1 recruitment to DSB sites [39]. This domain 
is present in KDM4A, KDM4B and 53BP1. One mechanism by 
which 53BP1 gets recruited to DSB sites is via the interaction of 
its tandem Tudor domain with H4K20me2 marks on chromatin 
[21]. As the tandem Tudor domain of KDM4A or KDM4B has 
higher affinity for H4K20me2 than that of 53BP1 [39], KDM4A 
or KDM4B may competitively inhibit the recruitment of 53BP1 
to H4K20me2 at DSB sites. Ubiquitination-mediated degradation 
of KDM4A and KDM4B by RNF8/RNF168 remove these 
demethylases from H4K20me2, thus allowing binding of 53BP1 to 
occur at the DSB sites. Ectopic overexpression of KDM4A was found 
to sensitize U2OS cells to etoposide treatment [39], suggesting that 
KDM4A- or KDM4B-mediated DNA repair inhibition can sensitize 
cancer cells to DNA damaging agents. To what extent KDM4A or 
KDM4B modulates the HR and/or NHEJ DSB repair pathways, 
however, needs to be further elucidated. 

In contrast, two other studies implicate KDM4B in promoting 
rather than inhibiting DSB repair in U2OS cells [40,41]. One 
study showed that GFP-tagged KDM4B was recruited to DSB sites, 
reduced H3K9me2 level, promoted resolution of γ-H2AX foci and 
enhanced survival of U2OS cells after radiation [40]. Another study 
showed that KDM4B was transcriptionally upregulated by p53 upon 
treatment of U2OS cells with radiation [41]. Further, knockdown 
of KDM4B in U2OS cells delayed the resolution of γ-H2AX 
foci on heterochromatin, and sensitized the cells to radiation and 
chemotherapeutic drugs [41]. Some of the experimental conditions 
may have contributed to the disparate reports on KDM4B’s role in 
DSB repair and worth additional work for further clarification.

KDM4D: KDM4D has been reported to promote DSB repair 
in U2OS and A172 cells [42,43]. Recruitment of KDM4B to DSB 
sites is dependent on the PARP1-induced ADP-ribosylation [42,43]. 
KDM4D was found to increase recruitment of ATM to chromatin 
upon DSB damage [42]. Consistent with this, knockdown of 
KDM4D in U2OS cells reduced the formation of DSB foci positive 
for γ-H2AX, 53BP1 and RAD51, inhibited HR DSB repair, and 
sensitized cells to radiation [42]. The H3K9 demethylase function of 
KDM4D was required for HR DSB repair activity [42]. It remains 
to determine whether the H3K9 demethylase activity of KDM4D 
regulates chromatin recruitment of ATM and if so what is the 
underlying mechanism for such processes. 

PHF8 (KDM7B): PHF8 has been reported to promote DSB 
repair in MCF-7 cells [44]. PHF8 was recruited to DSB sites in 
MCF-7 cells. Knockdown of PHF8 reduced both HR and NHEJ 
DSB repair in a manner dependent on its demethylase activity [44]. 
PHF8 was found to interact with BLM, a regulator of DNA end 
resection in HR DSB repair, suggesting that PHF8 may facilitate 
recruitment of BLM to DSB site for efficient DNA end resection 
during HR DSB repair. In addition, knockdown of PHF8 inhibited 
the recruitment of Ku70 that promotes NHEJ DSB repair. Thus, this 
study suggests that PHF8 may promote HR and NHEJ DSB repair 
by facilitating the recruitment of BLM and Ku70, respectively, to 
DSB sites [44]. Of note, knockdown of PHF8 had no effect on the 
levels of H3K9me1/2, H3K27me2 and H4K20me1 at the DSB sites, 
and so it remains to determine how the demethylating activity of 
PHF8 promotes DSB repair. 

The function of PHF8 in DSB repair is conserved in C. elegans, 
which has a PHF8 homolog named JMJD-1.1. Epistatic analysis of 
the Jmjd-1.1 mutant worm has shown that JMJD-1.1 functions in 

the HR DSB repair pathway [45]. In the Jmjd-1.1 mutant worm 
treated with radiation, the formation of RPA1 and RAD51 foci in 
mitotic germ cells was normal, but their dissociation was delayed 
[45], suggesting that JMJD-1.1 in C. elegans promotes HR DSB 
repair at a step further downstream of RPA1/RAD51 loading onto 
ssDNA. 

Discussion and Conclusion

In summary, some H3K9 demethylases (JMJD1A, PHF2) use 
their demethylase activity to regulate the expression of DSB repair 
factors, and thus indirectly modulate DSB repair. Other H3K9 
demethylases (JMJD1C, KDM4D, PHF8) are recruited to DSB 
sites, and directly regulate the recruitment or function of DSB repair 
factors. 

The catalytic activity of some of H3K9 demethylases (KDM4D, 
PHF8) is required for DSB repair, but the underlying mechanisms 
remain unclear. Although it is tempting to speculate that H3K9 
demethylases by removing H3K9 methylation marks at DSB sites 
may relax chromatin to allow recruitment and access of DSB repair 
factors, in the vast majority of published studies no apparent changes 
in H3K9 methylation marks are observed upon treatment of cells 
with DNA damaging agents. Only a handful of studies have reported 
alterations in H3K9 methylation marks. One study showed transient 
reductions in the total levels of H3K9me2/3 after treatment of U2OS 
cells with radiation [40], while another study showed transient 
reductions in the levels of heterochromatin-associated H3K9me3 
after treatment of HCT116 cells with radiation [41]. Conversely, 
other studies have suggested that increase in H3K9 methylation can 
occur at DSB sites [46,47]. For instance, one study showed increased 
levels of H3K9me3 surrounding nuclease-induced DSB sites within 
the PPP1R12C gene of 293T cells [46], while another study showed 
increased levels of H3K9me2 surrounding nuclease-induced DSB 
sites within a puromycin acetyltransferase gene of the engineered 
HT1904 cell model [47]. Further, another study showed that the 
levels of H3K9me2 were reduced within 20 minutes, restored to 
normal levels at 40 minutes, and then gradually increased thereafter 
up to 120 minutes after treatment of human fibroblasts with 
radiation [48]. These studies suggest that H3K9 methylation and 
demethylation may be a dynamic and transient process regulated by 
methyltransferases and demethylases during the DSB repair. Thus, 
alterations of H3K9 methylation at DSB sites may be difficult to 
detect by some of the current approaches, and will require further 
study. Alternatively, H3K9 demethylases may demethylate other 
histone marks or non-histone proteins during DSB repair. For 
example, KDM1A (LSD1) has been shown to regulate DSB repair 
by demethylating H3K4me2, but not H3K9me2 [49]. JMJD1C 
is shown to regulate DSB repair by demethylating MDC1 and not 
H3K9me2 [9]. 

H3K9 demethylases such as JMJD1A, KDM4D, PHF2 and 
PHF8 can promote DSB repair dependent on their catalytic activity. 
Many inhibitors of H3K9 demethylases are in active development as 
potential therapeutic agents [50]. It will be interesting to determine 
whether the inhibitors of H3K9 demethylases can be used to 
enhance the response of cancer cells to radiotherapy or genotoxic 
chemotherapy. 
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