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Alterations in global epigenetic signatures on chromatin are well established to contribute
to tumor initiation and progression. Chromatin methylation status modulates several key
cellular processes that maintain the integrity of the genome. KDM4A, a demethylase that
belongs to the Fe-Il dependent dioxygenase family that uses a-ketoglutarate and molecu-
lar oxygen as cofactors, is overexpressed in several cancers and is associated with an
overall poor prognosis. KDM4A demethylates lysine 9 (H3K9me2/3) and lysine 36
(H3K36me3) methyl marks on histone H3. Given the complexity that exists with these
marks on chromatin and their effects on transcription and proliferation, it naturally follows
that demethylation serves an equally important role in these cellular processes. In this
review, we highlight the role of KDM4A in transcriptional modulation, either dependent or
independent of its enzymatic activity, arising from the ampilification of this demethylase in
cancer. KDM4A modulates re-replication of distinct genomic loci, activates cell cycle
inducers, and represses proteins involved in checkpoint control giving rise to proliferative
damage, mitotic disturbances and chromosomal breaks, ultimately resulting in genomic
instability. In parallel, emerging evidence of non-nuclear substrates of epigenetic modula-
tors emphasize the need to investigate the role of KDM4A in regulating non-nuclear sub-
strates and evaluate their contribution to genomic instability in this context. The existence
of promising KDM-specific inhibitors makes these demethylases an attractive target for
therapeutic intervention in cancers.

Introduction

The three-dimensional structure of chromatin is modulated by processes including nucleosome posi-
tioning, histone composition, and histone modifications [1]. Modifications on positively charged
histone proteins directly impact processes such as replication, gene transcription, and DNA damage
repair. Post-translational modifications (PTMs) on histone tails play a crucial role in compaction of
DNA around the nucleosome, i.e. formation of heterochromatin or euchromatin, and thereby impact
the accessibility of DNA [2]. For example, histone acetylation (at lysine residues) neutralizes the posi-
tive charge of the histone core, reducing binding of histones to negatively charged DNA, thereby mod-
estly releasing DNA into an open conformation rendering it more accessible to various DNA-binding
proteins [3,4]. In contrast, histone methylation, which occurs in a complex pattern as mono-, di- or
tri-methylation of lysine residues [5] or mono- and di-methylation of arginine residues [6], can alter
the charge of the histone core (especially tri-methylation, which forms a quaternary amine and is a
fixed charge). However, the function of both histone acetylation and methylation is primarily directed
by modulating specific interactions of chromatin-binding proteins with the nucleosome. These interac-
tions recruit additional functional units that initiate or carry out processes such as gene transcription,
replication, and DNA damage response and repair [3]. The synergy between the various histone
(PTMs) including phosphorylation, ubiquitination, sumoylation, deacetylation, demethylation, etc. is
referred to as the ‘histone code’ [7,8]. Histone PTMs are invariably studied as discrete and isolated
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signals, however, in the context of a ‘histone code’, histone PTMs almost always operate in concert with one
another to elicit a biological purpose. A full set of PTMs concurrent on single histone molecules or more glo-
bally within a single nucleosome forms a richer code and maps more directly to functional output [9].

The PTMs that comprise the histone code are laid down by enzymes commonly referred to as ‘writers’, these
PTMs/marks are subsequently read by ‘readers’ that catalyze specific biological responses through the recruit-
ment of additional functional units, and the PTMs/marks are finally removed by enzymes referred to as
‘erasers’ [10]. Erasers, similar to writers and readers, are comprised of a large number of enzymes with specifi-
city for particular marks and built-in redundancies. Histone acetyl transferases HAT's structurally open chroma-
tin structure and license active transcription [11] and the opposing histone deacetylases (HDACs) remove the
transcriptionally permissive acetylation marks laid down by the HATs [12]. In contrast, histone methylation is
sometimes transcriptionally silencing or activating. Notably, EZH2 writes the transcriptionally repressive
H3K27me3 PTM [13] while MLL (KTM2A) is prominent for writing the transcriptionally active H3K4me3
PTM [14]. With direct relevance to KDM4A, histone H3 lysine 9 is methylated by multiple HMTs [15,16] with
SETDBI [17] and SUV39H1/2 [10,18] capable of methylating H3K9 to all degrees and G9A and its homolog
GLP mostly acting as di-methyltransferases [19]. Histone H3 lysine 36 is also methylated by several HMTs,
with SETD2 writing H3K36me3 and NSD1/2/3, SMYD2, ASHI1L, SETD3, and SETMAR mediating lower
methylation degrees [20].

The lysine-specific demethylases (KDMs) (also commonly referred to as histone demethylases) are categor-
ized into two families based on their mechanism of action. The first family of KDMs consist of flavin adenine
dinucleotide (FAD)-dependent amine oxidases (KDM1A-B) and the second, much larger family is formed by
Fe(II)-dependent dioxygenases [21]. The Fe(II)-dependent dioxygenases comprise the large bulk of the
demethylases characterized by the presence of the highly conserved Jumonji C (JmjC)-domain and are further
categorized into subfamilies based on sequence homology and methylation state preference [22,23]. This family
includes KDM2A-B, KDM3A-B, KDM4A-E, KDM5A-D, KDM6A-B, KDM7A, and KDMS8. Importantly,
demethylation of tri-methyl lysine (Kme3) is exclusive to only the Fe(II)-dependent dioxygenases, whereas the
FAD-dependent KDMs are limited to demethylating mono- and di-methyl lysine (Kmel/2) [24]. KDM4A-E
are occasionally referred to as the ‘jhdm3 histone demethylase family’.

KDM4A

KDMH4A is a lysine-specific demethylase that belongs to the Fe(II)-dependent dioxygenase family [23]. KDM4A
has been implicated in the demethylation of histone H3 lysine 9 di/tri-methyl marks (H3K9me2/3) and histone
H3 lysine 36 di/tri methyl marks (H3K36me2/3). Historically, KDM4A has also been referred to as JMJD2A,
JHDM3A, JMJD2, TDRD14B, and KIAA0677. There are five additional KDM4s with close relation to KDM4A
itself: KDM4B, KDM4C, KDM4D, KDMA4E, and KDM4F (Figure 1). KDM4C is the most homologous to
KDM4A and heterodimerizes with KDM4A [25], although homodimerization of KDM4A also modulates
enzymatic activity [25]. KDM4D, KDMA4E, and KDM4F are approximately half the size of the other KDM4
family members with homology only to JmjC-containing N-terminal demethylase domain (Figure 1A).
KDMA4E and KDM4F were originally believed to be pseudogenes, although KDMA4E has since been discovered
to be expressed as a protein with demethylase activity. In addition to sharing structural similarity, KDM4A-C
also share enzymatic specificity on chromatin substrates although KDM4A-C display different histone binding
preferences [26] (Figure 1B). Kinetic analysis revealed that KDM4A/B/C accept both H3K9 and H3K36 as sub-
strates although demethylation at lysine 9 (K9) occurs preferentially and with a higher efficiency than demethy-
lation at lysine 36 (K36) [27]. KDM4D/E exclusively catalyze demethylation of tri- and di-methylated H3K9
[27] with KDMA4E also demethylating the H3K56me3 mark [28]. Moreover, all of these members of the KDM4
family were shown to demethylate lysine 26 on Histone H1.4 (H1.4K26), a linker histone [29]. Kinetic analysis
revealed that H1.4K26 is a comparable substrate for KDM4A as H3K9me3 and is a better substrate than
H3K36me3 [29]. Side chain residues proximal to the catalytic site are key determinants of specificity [27].
While single-gene knockouts of Kdm4a, Kdm4b, and Kdm4c and double gene knockouts of Kdm4a/b and
Kdm4b/c are viable, a triple knockout of Kdm4a/b/c is embryonic lethal [30,31] indicative of functional redun-
dancies within the KDM4 family.

Catalytic domains of KDM4A

KDM4A demethylation activity is achieved similar to other members of the JmjC family. The JmjC domain is
located near the N-terminus at residues 142-308 and is accompanied by a JmjN domain (residues 14-56)
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Figure 1. KDM4 structural/functional domains.

(A) Schematic showing the functional and structural domains of KDM4A-F proteins. JmjN-domain residues, JmjC-domain
residues, PHD domain residues (PHD1 and PHD2), Tudor domain residues (Tudor1 and Tudor2). (B) Table showing the

enzymatic histone substrates of each of the KDM4 family members.
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(Figure 1A) that complements and completes the active site. A single point mutation of histidine 188 (His188)
within the JmjC domain completely abolishes demethylase activity on chromatin [32]. In the demethylation
process Fe(II)-dependent dioxygenases consume 2-oxoglutarate and oxygen to produce carbon dioxide, succin-
ate and formaldehyde. The JmjC-domain chelates an Fe(II) ion to form a catalytic center. Three amino acid
side chains maintain contact with the iron (His188, Glul90, and His276). The iron center co-ordinates oxygen
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and 2-oxoglutarate and serves as an electron donor and acceptor to achieve its dioxygenase function. The
resulting single oxygen atom is then used to oxidize the methyl carbon, ultimately liberating the methyl carbon
from the lysine e-Nitrogen as formaldehyde. In the process 2-oxoglutarate is also cleaved into succinate and
carbon dioxide. A new 2-oxoglutarate molecule is used to complete the redox cycle and regenerate Fe(II) in the
active site.

An often overlooked but important byproduct of this reaction is the production of highly reactive formalde-
hyde. Formaldehyde readily forms a variety of intermolecular cross-links, including cross-links between DNA
and proteins, and thus has the potential to directly perturb genomic stability [33]. However, dedicated cellular
metabolic pathways further oxidize and eliminate this endogenous formaldehyde. Aldehyde dehydrogenase 2
(ALDH2) and alcohol dehydrogenase 3 (ADH3) initiate oxidation of either formaldehyde or formaldehyde-
glutathione to formate. Complete oxidation and elimination of formate is a tetrahydrofolate dependent process
and connects into the one carbon metabolic pathway, including purine synthesis and indirectly SAM
(S-adenosine methionine), which serves as the methyl donor during histone methylation by chromatin methyl-
transferases [34].

KDM4A demethylates both H3K9me2/3 and H3K36me2/3, although the meaning of H3K36 methylation is
less clear than H3K9 methylation. The generally recognized function of H3K9me3, and less clearly H3K9me2,
is transcriptional repression. This function is realized in part through recognition by HP1 (heterochromatin
protein 1) and downstream processes. H3K36me2/3 is associated with active transcription, although not neces-
sarily as a promoter of transcription, but as a repressor of spurious initiation of transcription [35]. Thus,
demethylation of these two distinct marks by KDM4A reflects functions that are somewhat divergent. The
coupling of these demethylase functions in KDM4A likely arises from a synergy or antagonism of these signals
as part of the histone code with additional nuances than are currently unclear. Despite their nominally opposite
meaning, the co-occurrence of H3K9me2/3 and H3K36me2/3 on the same molecule of histone H3 is not
uncommon [36]. Although the meaning of this combination remains a mystery, one rational speculation is that
the repressive function of H3K36me2/3 is dominant in this configuration. Thus, the dual demethylase activity
of KDM4A would be wholly activating. Alternatively, these may function antagonistically to form a bivalent or
poised state, wherein KDM4A may reset this poised state and allow transition into a new epigenetic state.
Although H3K9me2/3 and H3K36me2/3 marks are directly demethylated by KDM4A, Kl4ac [37], and K23ac
[36] are often commonly found on the same histone [8,36,38,39], and although the precise meaning of these
marks remains an enigma, these co-occurring PTMs could ultimately modulate KDM4A activity. For example,
H3 threonine 11 phosphorylation (H3T11ph) on the same molecule as H3K9me3 blocks demethylase activity
[40]. These combinatorial effects are an essential but often ignored aspect of in vivo chromatin function.

Additional functional domains of KDM4A

In addition to the catalytic JmjC domain, KDM4A contains ancillary structural domains (Figure 1A). It
harbors two Tudor domains near the C-terminus at residues 897-954 and residues 955-1011. This arrange-
ment of tandem Tudor domains is a common theme in chromatin-binding proteins and these domains gener-
ally function in concert. The Tudor domains are essential in the recognition and binding of methylated
histones, including H3K4me2/3 [41] and H4K20me2/3 [26,42-44]. They have also been reported to bind
H3K23me3 in vitro [26]. Although H4K20me2 binding is undoubtedly more common [38,45] than binding to
H3K4me3 [36,46], the relative abundance of these marks underplays functional importance [36,38,45], and as
such the binding of H3K4me3, while infrequent may direct genome localization more strongly to elicit a more
consequential effect. For example, the recruitment of KDM4A to H3K4me3 loci would effectively remove the
repressive H3K9 methylation and enable the writing of the strongly active mark H3K9ac to establish or main-
tain persistent transcriptional activity [19].

KDM4A also contains two PHD (plant homeodomain)-type zinc fingers at residues 709-767 and residues
828-885 and one C2HC pre-PHD-type zinc finger (residues 772-805) (Figure 1A). The function of these
domains remains unclear; however, PHD domains frequently function to bind methylated lysine residues in a
sequence-specific manner. For instance, the homologous domains in KDM7A have been reported to read
H3K4me3 [47]. These regions are thus likely involved in chromatin targeting of KDM4A. Thus far, efforts have
exclusively focused on the functional characterization of these domains in the context of direct
chromatin-associated enzymatic activity; however, these double PHD domains in KDM4A could effectively
bind methyl marks on non-histone proteins or promote protein-protein interactions. For instance, KDM4A
has been shown to interact with the N-terminal region of N-CoR (nuclear receptor corepressor) through a
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small NID (N-CoR interaction domain) at residues 597-638 [48]. However, KDM4A is not generally consid-
ered a catalytic member of this complex [49,50]. Thus, efforts need to be directed at understanding the precise
role of these PHD domains in regulating chromatin and non-chromatin functions of KDM4A.

Post-translational modifications on KDM4A

Large scale proteomic screens identified a variety of putative KDM4A PTMs [51]; however, few have been care-
fully validated or functionally characterized. KDM4A appears to be N-terminally acetylated [52], which is typic-
ally a constitutive co-translational modification of fundamental structural and functional importance rather
than a variable modification with regulatory potential [53]. In contrast with acetylation, phosphorylation [54]
on tyrosine 547 (Y547), first identified in phospho-proteomic analysis [55], modulates KDM4A activity serving
as a critical switch to promote autophagy in mammalian cells [54]. Ubiquitination, a PTM most often corre-
lated to protein degradation, is regulated by multiple ubiquitin ligases on KDM4A including the F-box ubiqui-
tin ligases FBX022 [56] and FBXL4 [57] as well as the RING-finger ubiquitin ligases RNF8 and RNF168 [42].
Although the exact function of ubiquitination by FBX022 is not completely understood, ubiquitination by
FBXL4 mediates degradation of KDM4A which is directly associated with its regulation of cell cycle [57]
whereas RNF8 and RNF168 regulate KDM4A ubiquitination and degradation in response to DNA damage con-
trolling the recruitment of 53BP1 to sites of damage [42]. In addition to ubiquitination, the deubiquitinase
USP1 stabilized KDM4A and promoted prostate cancer proliferation [58]. Another PTM on KDM4A is sumoy-
lation on lysine residue 471 (K471) by a viral Sumo2/3-specific ligase, which stabilizes chromatin association
and gene transactivation by KDM4A [59]. Thus, there is growing evidence, that this demethylase is likely
tightly regulated at the protein level, with KDM4A undoubtedly having additional PTMs that regulate its
diverse biological activity.

KDMA4A inhibitors

Several small molecules have been developed that inhibit KDM4A demethylase activity while typically also inhi-
biting multiple related demethylases (reviewed in-depth [60]). Briefly, 8-Hydroxyquinoline derivatives and
pyridine-based inhibitors showed promise as clinically relevant KDM inhibitors but failed to discriminate
between KDMs [60,61]. Currently, QC6352 a cell-permeable KDM4 family-specific inhibitor exhibited antipro-
liferative effects but was unable to discriminate within the KDM4s [62]. Despite the limitations, these inhibitors
remain useful as basic research probes and are clinically promising even if the mechanisms of action are obfus-
cated by the lack of selectivity. One such example is a widely available pan-KDM inhibitor n-Octyl-I0X1
which is 30-fold more effective than its earlier version, with IC50s in the low micromolar range [63]. Jib-04 is
yet another useful, commercially available inhibitor, which inhibits multiple KDMs; however, it does so with
IC50s in the hundreds of nanomolar range [64].

Role of KDM4A in genomic instability

KDMJ4A associated copy-number variations in cancer

Genomic instability, a hallmark of cancer, is often linked to copy-number alterations which include amplifica-
tion or deletion of genomic regions as large as the chromosome arms or small, focused areas such as genomic
fragments [65-67]. Methylation state alterations can dictate the predilection of a region to amplify. Analysis of
1770 primary tumor samples from the TCGA database revealed amplification and overexpression of KDM4A
in 20% of cancers including uterine, ovarian, bladder, lung, and breast cancers [67]. In addition to genomic
amplification, microRNAs such as hsa-mir-23a/b-3p and hsa-mir-137 also regulate KDM4A expression with
loss/deletion of these microRNAs resulting in elevated KDM4A [68]. KDM4A overexpression directly correlates
to re-replication and copy gains of specific chromosomal regions in multiple cancers, with ovarian cancers
showing the most significant correlation between elevated KDM4A levels and copy-number gains [69].

The copy-number variations in cancers with overexpressed KDM4A are attributed to methylation changes
(H3K9me3/H3K36me3) on chromatin which lead to the displacement of HP1 and recruitment of the replica-
tion machinery at these specific genomic regions resulting in re-replication [69]. Depletion of an alternate
member of the same subfamily of demethylases, KDM5A (lysine demethylase for the H3K4me3 mark on his-
tones), resulted in elevated H3K4 methylation and increased KDM4A occupancy at specific chromosomal
regions [70], which was further speculated to result in unlicensed replication via bypassing the need for an
origin of replication. Intriguingly, the KDM4A-dependent copy-number gains were extra-chromosomal and
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transient consisting of regions re-replicated during S-phase but lost prior to the end of G2. These copy gains
were not integrated or inherited, although the cells retained their ability to re-replicate the same regions during
subsequent cell divisions [69,71]. In the case of ovarian cancers, increased KDM4A levels associated directly
with co-amplification of chromosomal region 1q12-21. Similarly, the interplay between elevated KDM4A and
chromatin methylation status regulated oncogene EGFR copy gains in lung cancer cell lines and in cultured
cells overexpressing KDM4A [72]. Similar observations were reported in breast cancer stem-like cells [73].
Stabilization of KDM4A by hypoxia contributed to transient site-specific gains in zebrafish and human cells
[74]. Thus, amplification of KDM4A in cancers contributes to genomic instability arising via re-replication and
copy-number alterations of genomic loci and is consistent with poor prognosis [75]. Pharmacologic inhibition
of demethylase activity in vitro was efficacious in rescuing copy-number gains [74], and currently, concerted
efforts are being made in identifying demethylase inhibitors with high specificity for KDM4A.

KDMA4A as a regulator of the cell cycle in cancer

KDM4A increases chromatin accessibility and thereby regulates cell cycle progression. KDM4A demethylates
H3K9me3 and displaces HP1, which normally binds this methyl mark to maintain a closed conformation, to
inhibit firing of replication origins [76]. Overexpression of KDM4A alters replication timing in cells, promotes
faster S-phase progression [77] and ultimately results in increased cellular proliferation as observed in bladder
[78], prostate [79], colon [80] and human gastric cancers [81] to name a few. Corroborating these data,
KDM4A protein levels peak at G1/S, although KDM4A mRNA transcript levels remained steady over the cell
cycle [77]. KDM4A directly associates with pRb (phospho-retinoblastoma) and HDACs to mediate transcrip-
tional repression of E2F-responsive promoters, directly linking KDM4A to cellular proliferation [82]. E2F1 in a
complex with multiple HDACs negatively regulates ARHI (Aplasia Ras homolog member I) promoter activity
[83]. ARHI is a Ras-related small G-protein repressed in breast and ovarian cancers wherein it functions as a
tumor suppressor [84-86] to regulate cellular proliferation. In addition to binding pRb, KDM4A was found to
interact with the E2F-HDAC complex and transcriptionally repress the ARHI tumor suppressor [87]. In this
case, KDM4A acts to recruit co-regulators to the ARHI promoter as opposed to directly modulating promoter
methylation status. More recently, the demethylase activity of KDM4A was found to be essential for KDM4A’s
role as a co-activator of E2F1. In contrast with its role as a recruiter of proteins to the pRb-HDAC complex,
the enzymatic activity of KDM4A promoted E2F1 transcriptional activity thereby directly modulating the tran-
scriptional profile of prostate cancer cell proliferation and survival [88].

KDMA4A as a modulator of gene transcription

KDMA4A in a context-specific fashion results in either transcriptional repression or activation of genes pro-
moted by either KDM4A’s role as a demethylase or its role as a recruiter of chromatin factors. In the case of
human lung carcinoma, wherein KDM4A expression is elevated, KDM4A repressed the tumor suppressor
CHDS5 (chromodomain helicase DNA-binding domain 5) which led to reduced activity of p53 [89] and its
binding CTCF and recruitment to the first intron of CHD5 reduced CHD5 gene transcription in breast cancer
[90]. As part of the N-CoR (nuclear receptor corepressor) complex KDM4A represses the ASCL2 (human
achaete scute-like homolog) gene which functions as a transcription factor although this occurs independent of
KDM4A’s demethylase function and can be attributed to its role as a recruiter of chromatin factors [48]. In
addition to its histone substrates, KDM4A demethylated lysine containing peptides from WIZ (Wiz protein),
CDYL1 (Chromodomain Y-like protein), CSB (DNA excision repair protein ERCC-6), and G9a (EHMT2,
histone lysine methyltransferase) proteins, all constituents of transcription repression complexes [91].

In contrast with repressing gene expression, there are several reports of KDM4A stimulating gene transcrip-
tion. The first report of KDM4A’s role in activating gene expression was identified in prostate cancer where it
was established to be a cofactor of androgen receptor (AR) and stimulated AR-dependent transcription of pro-
liferative and survival genes [92] including prostate-specific antigen (PSA) [93] and c-myc [58] via its demethy-
lase activity on H3K9me3. Similarly, KDM4A can form a complex with estrogen receptor alpha (ERo) and
coactivate ERa-mediated transcription in breast cancer [94]. In the case of squamous cell carcinoma (SCC)
KDM4A contributed to the activation of AP-1 (activator protein-1) by promoting the binding of AP-1 to the
promoters of JUN and FOSLI to maintain a positive feedback loop that activates AP-1 [95]. More recently,
KDM4A overexpressed in nasopharyngeal carcinoma (NPC) positively correlated to lactate dehydrogenase
(LDHA) levels, which it regulated at the transcriptional level to regulate aerobic glycolysis thereby contributing
to NPC progression [96]. In summary, changes in gene expression (repression or activation) arising from
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epigenetic modulation of chromatin or recruitment of chromatin factors by KDM4A affect key cellular pro-
cesses tipping the balance in favor of genomic instability and tumor progression.

KDMA4A as a regulator of apoptosis

Apoptosis, a mechanism of programmed cell death, is vital to maintaining cellular homeostasis and exerts its
protective function by promoting the clearance of defective cells. In cancer, vulnerabilities in either extrinsic or
intrinsic apoptotic pathways help tumor cells evade induction of apoptosis, in many cases contributing to the
resistance to therapeutic interventions [97,98]. Histone modifications serve a well-established role in modulating
apoptosis. KDM4A overexpressed in multiple cancers including human gastric cancer [81], non-small lung cell
carcinoma (NSCLC) [99,100] and in glioma cells [101], is associated with poor prognosis in all cases. In the
case of gastric cancer, KDM4A knockdown lead to increased cellular apoptosis, arising from up-regulation of
pro-apoptotic proteins such as Bax and cleaved caspase 3, and a down-regulation of anti-apoptotic protein
Bcl-2 [81]. In addition, KDM4A modulated expression of the pro-apoptotic microRNA miR-34a [81].
Conversely, overexpression of KDM4A in NSCLC cell lines resulted in inhibition of apoptosis [99], highlighting
the potential of KDM4A inhibitors to promote apoptosis in a clinical setting. In the case of colon cancer,
where KDM4A is amplified, KDM4A directly interacts with p53 [80] to protect cells from apoptosis upon
DNA damage [80]. The original report establishing the reversal of histone lysine tri-methylation by the KDM4
family of demethylases was also the first to determine changes in meiotic germ cell apoptosis in Caenorhabditis
elegans arising from defects in p53 binding to double-strand breaks (DSBs) dictated by demethylation of
H3K9/36me3 by KDM4A [102]. Depletion of KDM4A in C. elegans resulted in slowed DNA replication and
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Demethylation of H3K9me2/3 or H3K36me3 and enzymatic activity independent recruitment of chromatin factors to methylated
genomic loci to which KDM4A are bound can affect processes that maintain genomic stability. Alterations to these functions
(usually by over amplification of KDM4A) results in loss of chromatin integrity and contributes to tumor progression. Additional
studies focused on non-nuclear targets of KDM4A could reveal additional as yet unknown modes to generate genomic instability.
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increased ATR/p53-dependent apoptosis [77]. In addition to these intrinsic pathways, KDM4A silenced the
TNF-related apoptosis-inducing ligand (TRAIL) pathway further highlighting how inhibition of this demethy-
lase may have therapeutic potential in TRAIL-resistant cancers [103]. Importantly, KDM4A amplification and
the correlated evasion of apoptosis could lead to persistent replication and/or the induction of replication
errors in cells that fail to repair damage resulting in genomic and microsatellite instability.

Role of KDM4A in DNA damage response and repair

DNA damage, especially DSBs, poses unique challenges in terms of accessibility and recruitment of repair
factors to sites of damage, with failure to repair giving rise to lethal lesions and mis-repair resulting in genomic
instability [104]. Two mechanisms have evolved to protect cells against DSBs —homologous recombination
(HR) and non-homologous end-joining (NHE]). Recently, methylation by SETD2 was implicated in error-free
double-strand break repair (DSBR) with H3K36me3 decorating chromatin to recruit key proteins involved in
HR [105]. These data predicted that overexpression of KDM4A could drive genomic instability through loss of
H3K36me3-mediated HR repair. Importantly, chromatin-associated KDM4A levels dramatically decrease after
DNA damage, due in part to RNF8-RNF168-mediated ubiquitination and degradation of KDM4A [42].
Degradation of KDM4A was required to expose the H4K20me2 mark for recruitment of 53BP1, a DNA
damage repair protein to sites of DNA damage [42]. Unwarranted binding of KDM4A to H4K20me2 in cells
overexpressing this demethylase would presumably preclude DNA-damage repair by impairing binding of
p53BP1 and result in genomic instability. Drosophila, dKDM4A (most analogous to human KDM4D) localized
to heterochromatin and regulated DNA repair by altering the mobility of DSBs to the heterochromatin periph-
ery and modulating H3K56me3 levels to facilitate repair [106,107]. In addition to DSB repair, H3K36me3 is
also involved in DNA mismatch repair (MMR) as it provides a binding site for the MMR protein MSH6 and
enables MSH6 foci formation during S-phase [108]. KDM4A overexpression impaired the integrity of MMR
and lead to microsatellite instability (MSI) and increased the incidence of spontaneous mutations [109].

Beyond KDM4A nuclear functions

An interesting direction of KDM4A research lies outside the nucleus. Recently, lysine methylation has emerged
on several non-histone targets [110] with localization of epigenetic regulators outside the nucleus. For example,
KDM4A localizes to the cytoplasm, and interacts with translation initiation factors of polysomes to directly
impact protein synthesis [111]. More recently, methyltransferase SETD2 was reported to methylate STAT1
[112], o-tubulin [113], and EZH2 [114]. In addition, the SMYD2 methyltransferase also methylated o-tubulin
[115]. Importantly, the identification of these novel non-nuclear targets of chromatin methyltransferases offer
exciting possibilities directed at identifying demethylases of these substrates, especially intriguing for KDM4A,
the cognate demethylase for the histone mark laid down by SETD2.

Perspective

e The interplay between genetics and epigenetics in the onset and progression of human
tumors has clearly emerged over the last decade. Whole-genome sequencing efforts have
established alterations in several key epigenetic modulators, including methyltransferases and
demethylases across multiple cancers establishing the unequivocal role of these epigenetic
regulators in tumor pathogenesis. The chromatin demethylase KDM4A is overexpressed in
20% of cancers and is correlated with poor prognosis [67].

e KDM4A enzymatic activity-dependent changes in H3K9 and H3K36 methylation or the recruit-
ment or eviction of epigenetic regulators to marks bound by KDM4A (enzymatic activity inde-
pendent), co-ordinate cellular processes that maintain genomic stability. Mechanistically,
KDM4A driven alterations in the expression of genes regulating cell cycle, recruitment of the
replication machinery to permit aberrant initiation of replication, evasion of apoptosis and a
failure to correct DNA damage all contribute to genomic instability (Figure 2).
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e Coordination of signals affecting cytoskeletal and other cytosolic processes with transcription
and gene expression seems evolutionarily advantageous. This hypothesis also suggests
potential wider cellular coordination during the cell cycle and genome stability processes. It
would be fascinating to establish mechanisms by which the non-nuclear functions of KDM4A
contribute to genomic instability. Currently, accumulating evidence of the pre-clinical efficacy
of several KDM inhibitors suggest that targeting this particular demethylase has potential as
co-therapy to suppress genomic alterations in cancer.
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