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Abstract: Post-translational modifications (PTMs) are critical molecular events which alter protein conformation
after their synthesis and diversity protein properties by modulating their stability, localization, interacting partners
or the activity of their substrates, consequently exerting pivotal roles in regulating the functions of many important
eukaryotic proteins. It has been well acknowledged that PTMs are of great importance in a broad range of biological
processes such as gene regulation, cell proliferation, differentiation and apoptosis, tissue development, diseases,
tumor progression and drug resistance. As the core and contributing catalytic subunit of Polycomb repressive com-
plex 2(PRC2), Enhancer of zeste homolog 2 (EZH2) is a master epigenetic regulator, often serving as a highly
conserved histone methyltransferase (HMTase) to induce histone H3 lysine 27 trimethylation (H3K27me3) and
repress gene transcription and expression. Dysregulated EZH2 expression is frequently associated with cancer de-
velopment and poor prognosis in a wide variety of cancers. Considered its essential role in carcinogenesis, EZH2 is
a potential candidate for cancer targeted therapy. Remarkably, mounting evidence highlights that EZH2 expression,
activity and stability can be regulated by PTMs including phosphorylation, acetylation, ubiquitination, sumoylation
and GlcNAcylation aside from its well-validated modifications in transcriptional and post-transcriptional levels. How-
ever, the precise regulatory mechanisms underlying EZH2 PTMs and whether other types of PTMs orchestrate in
EZH2 remain largely unclear. In this review, we summarize current advances in the understanding of EZH2 regula-
tion by PTMs and their associated biological functions during tumorigenesis.

Keywords: Post-translational modifications (PTMs), polycomb group (PcG), polycomb repressive complex 2(PRC2),
enhancer of zeste homolog 2 (EZH2), histone H3 lysine 27 trimethylation (H3K27me3)

Introduction

To the best of our knowledge, there are two
major mechanisms responsible for the diversity
of proteome, resulting in the number of pro-
teins far exceeds that is estimated by DNA cod-
ing capacities: one is mRNA splicing, the other
is PTMs [1]. PTMs, which occur after the com-
pletion of protein translation, regulate protein
structures and functions by covalent addition
of functional groups, peptides or other complex
molecules reversibly or irreversibly, leading to
extend and diversify protein properties and
enhance the ability of modulating protein sta-

bility, localization and activity themselves or
their interacting proteins [2, 3]. To date, more
than 300 types of PTMs are identified to occur
physiologically, of which the major and common
ones are methylation, acetylation, phosphoryla-
tion, ubiquitination, glycosylation and sumoyl-
ation [4, 5]. PTMs are closely associated with
many important biological processes involved
in cellular proliferation and differentiation [6],
organismal development [7] and human dis-
ease disorders including neurodegeneration
[8], cardiovascular diseases [9] and cancer
[10]. In recent years, PTMs have gradually
emerged as one of available and diverse strate-
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gies for the fine-tuned modification of some
essential regulators in the development of can-
cer, such as EZH2. Therefore, it is pivotal to
explore the diversity of PTMs and clarify their
complex mechanisms functioning in cellular
regulation, homeostasis maintenance and
carcinogenesis.

Epigenetic abnormalities represent key players
in the initiation and progression of cancer [11].
PcG proteins are important epigenetic regula-
tors that have been recognized as transcrip-
tional repressors and key regulators of cell fate
in cancer development [12]. Consisting of two
complexes Polycomb Repressive Complex 1
and 2 (PRC1 and PRC2) [13], PcG proteins were
originally identified as essential factors in
genetic screens for homeotic transformations
to regulate body segmentation during Droso-
phila melanogaster embryogenesis [14, 15].
Among the subunits of PRC2, EZH2 is a highly
conserved HMTase, functioning to trigger H3-
K27me3 and silence transcription and expres-
sion of target genes associated with numerous
crucial biological processes including cell cycle
regulation, cell fate decision, senescence, cell
proliferation, differentiation, apoptosis and tu-
morigenesis [12, 16]. Being a core epigenetic
regulator, aberrant EZH2 expression is widely
implicated in a broad array of aggressive and
metastatic malignancies with poor prognosis
[17-22]. It has been widely accepted that EZH2
can be regulated in a wide variety of human
cancers at both transcriptional and post-tran-
scriptional levels [23]. For example, E2Fs can
bind to the promoter of EZH2 and transactivate
its expression at transcriptional level [24]. At
post-transcriptional level, EZH2 transcript can
be regulated by a large number of micro-RNAs,
such as miR-26a, miR-32, miR-101, miR-137,
miR-138 and miR-506 [25-30]. Besides, accu-
mulating evidence currently supports that
EZH2 can also be modulated by PTMs in the
development of cancer. Recent studies have
focused on the functional importance of some
EZH2 PTMs in particular involved in phosphory-
lation [31], acetylation [32], ubiquitylation [33],
sumoylation [34] and O-GIcNAcylation [35].
However, the amount of relevant reports is
largely limited and it remains obscure that how
different kinds of PTMs orchestrate in EZH2
and whether other unknown types of EZH2
PTMs are also implicated in, indicating that
research in this aspect is still in its early incep-
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tion. In this review, we provide a current over-
view of the molecular mechanisms and biologi-
cal functions of EZH2 PTMs in cancer devel-
opment.

Overview of polycomb group (PcG) proteins
and EZH2 in cancer

Initially verified in Drosophila as crucial epigen-
etic regulators, PcG and Trithorax Group (TrxG)
proteins act antagonistically to control body
segmentation by silencing or activating the
expression patterns of homeotic genes (HOX
genes) throughout development, respectively
[36, 37]. Later, both of these two types of pro-
teins have been shown to be highly conserved
from Drosophila to mammals and exert their
efforts in many essential epigenetic regulatory
processes implicated in embryogenesis, X ch-
romosome inactivation, chromatin modifica-
tion, stem cell development and tumor progres-
sion [38]. PcG proteins usually serve as a set of
transcriptional repressors to regulate gene
silencing related to cellular development, cell
cycle and cell fate decision, whereas their coun-
terparts TrxG proteins principally act in opposi-
tion to sustain a status of transcriptional acti-
vation [13]. Taken together, they corporately
maintain a delicate balance and fine tuning of
HOX gene activity and expression in the pro-
cess of embryogenesis and development.

In mammals, PcG proteins are known to per-
form their repressive functions by forming two
different protein multimeric complexes named
PRC1 and PRC2 [13]. PRC1 composition is
often variable and the mammalian core PRC1
consists of Bmil, RING1 proteins (RING1A and
RING1B), CBX, PH1, PH2, NSPC1 (Pcgfl) and
MEL18 (Pcgf2) proteins. The RING1 proteins
have the E3 ligase activity to specifically cata-
lyze the monoubiquitylation of histone H2A at
lysine119 (H2AK119ub), leading to a repres-
sive chromatin structure with gene silencing
[39]. Notably, RING1B-mediated chromatin co-
mpaction also functions to repress gene tran-
scription and expression independent on its
histone ubiquitination activity [40]. In addition,
unlike previously published that PRC1-mediated
blockage of chromatin remodeling is controlled
by SWI/SNF complex [41], it has been reported
that activation of SWI/SNF activity displaces
PRCZ1-induced chromatin silencing in malignant
rhabdoid tumor(MRT) cells [42]. Other relevant

Am J Cancer Res 2016;6(12):2737-2754



PTMs of EZH2 in cancer development

mechanism about dissociation of RNA poly-
merase |l preinitiation complexes (PICs) by PR-
C1 also participates in PRC1-induced transcrip-
tional silencing [43]. Altogether, these findings
highlight that it remains poorly understood
about PRC1-dependent transcriptional regul-
ation.

The core subunits of mammalian PRC2 are gen-
erally composed of EZH2 or EZH1, EED, SUZ12
and RbAp46/48. Other components accessory
to regulate PRC2 enzymatic activity and func-
tion include AEBP2, PCLs and JARID2 [14].
EZH2, as the human homolog 2 of Drosophila
protein Enhancer of Zeste (E(z)), is a HMTase
and the core catalytic subunit of PRC2 which
catalyzes H3K27me3 via a conserved SET
domain to initiate transcriptional repression of
PcG target genes [44]. Currently, it has been
well-identified that EZH2-mediated H3K27me3
might serve as a docking site for PRC1 chromo-
domain containing protein CBX and facilitate
the initial recruitment of PRC1 that catalyzes
H2AK119ub to keep a repressed state of target
genes [39, 45-47], indicating a common and
classic regulatory model that PRC1 functions
downstream of PRC2. However, it was chal-
lenged by the findings that some genes are tar-
geted by PRC2 without PRC1-mediated H2AK-
119ub [48] and others are triggered by PRC1 in
a PRC2-independent manner [49, 50]. Addi-
tionally, histone deacetylation is also beneficial
to reinforce PcG-directed gene repression [51-
53]. Thus, further explorations will be neces-
sary to shed light on the relationship between
PRC1, PRC2 and other factors in the mainte-
nance of transcriptional regulation in different
context-specific situations.

Epigenetic alternation leads to abnormal gene
expressions that may result in dysregulated
physiological functions in human diseases su-
ch as cancers. As a master epigenetic player,
accumulated evidence confirm that overexpres-
sion of EZH2 is widely implicated in a broad
array of aggressive and metastatic malignan-
cies especially first recognized prostate and
breast cancer [17, 18]. Later, a large amount of
human cancers such as hepatocellular carci-
noma, gastric cancer, non-small-cell lung can-
cer and hematopoietic malignancies are dete-
cted with EZH2 alteration [19-22]. Furthermore,
high EZH2 expression is frequently associated
with tumor progression, metastasis and poor
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prognosis [54-57]. In addition, EZH2 overex-
pression is also involved in malfunction of
some key signaling pathways in cancers, includ-
ing Wnt/B-catenin signaling [22, 58], Ras and
NF-kB signaling pathways [59], PI3K/AKT path-
way [60], B-adrenergic receptor signaling [61],
bone morphogenetic protein [62] and Notch
signaling pathways [63]. Given these findings
above, EZH2 was supposed to act as an
oncogene.

It is widely acknowledged that EZH2 can be
regulated in a broad spectrum of tumors at
both transcriptional and post-transcriptional
levels. For example, transcriptional factors
E2Fs can bind to the promoter of EZH2 and
transactivate its expression, essential for EZ-
H2-mediated cell proliferation in cancers [24].
Remarkably, ANCCA, as AAA+ ATPase-contain-
ing nuclear coactivator for the estrogen and
androgen receptors, is critical for E2F-induced
EZH2 transcription in both triple negative/bas-
al-like cancer and prostate cancer cells [64,
65]. Moreover, Myc oncoprotein either directly
interacts with EZH2 promoter and activates
its transcription, or increases EZH2 expression
by inhibition of miR-26a and miR-26b in pros-
tate cancer cells [24]. Additionally, EWS-FLI1
fusion oncoprotein and several well-known
transcription factors including SOX4, NF-Y,
STAT3 and ETS are also demonstrated to direct-
ly regulate EZH2 transcription and expression
in Ewing tumors, epithelial breast, ovarian,
colorectal, and prostate cancer cells, respec-
tively [66-70].

In addition to transcriptional regulation, a large
amount of miRNAs such as miR-26a, miR-32,
miR-101, miR-137, miR-138 and miR-506 [25-
30] have recently been reported to be implicat-
ed in the regulation of EZH2 expression directly
in cancers at post-transcriptional level. What’s
more, tumor microenvironment, hypoxia for
instance, can effectively enhance HIF-a-me-
diated transactivation of EZH2 in the expansion
of breast tumor initiating cell (BTIC) and breast
cancer progression [71]. However, by compari-
son, research on PTMs associated with modu-
lation of EZH2 itself is still less widely
concerned.

PTMs of EZH2

Although an increasingly number of studies
have been focused on the role of EZH2 in can-
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Table 1. Regulation of EZH2 through PTMs and their functions

. Modifyin . . . .
Type of PTMs Condition ying Site Biological Functions Ref.
enzyme
Phosphorylation IGF-induced AKT S21 Decreases H3K27me3 level, releases EZH2 silenced target genes and promotes tumor development. [31]
Non-genomic ER AKT S21 Reduces the activity of H3K27me3 and HMTase. [77]
signaling
Tat AKT S21 Decreases H3K27me3 level and increases EZH2 cytoplasmic translocation, activating HIV-1 transactivation. [80, 81]
As®* AKT S21 Enhances Akt activation by upregulation of negative Akt regulator miR-21 via STAT3 S27 phosphorylation, [82, 83]
contributing to pS21 EZH2 and oncogenesis.
GSCs AKT S21 Promotes EZH2-mediated STAT3 methylation, enhances EZH2-STAT3 interaction and STAT3 activity [84]
- CDK1 and CDK2 T350in human Enhances the silencing of target genes without affecting intrinsic HMTase activity or core PRC2 complex forma- [86]
tion, promotes EZH2-mediated cell proliferation and migration.
- CDK1 T345 in Mouse Increases Ezh2 interaction with HOTAIR and the 5’end of Xist, further mediating PRC2 recruitment to its target [87]
loci and tumor progression.
- CDK1 T492 in human 1. Inhibit HMTase activity, disrupt binding to other PRC2 components [87,91, 92]
(T487 in Mouse) 2. Promote ubiquitination and degradation by proteasome pathway
- CDK1 T487 in Human Suppresses EZH2 HMTase activity and disassociates EZH2 from other PRC2 complex components, finally [91]
inhibiting cancer cell migration and invasion and promoting human mesenchymal stem cells differentiation into
osteoblasts.
MKKG or TNFax p38a Kinase T372in Mouse Enhances interaction of YY1 and PRC2, represses Pax7 expression and impair satellite cell proliferation [96]
Acetylation - PCAF K348 Enhances EZH2 stability, promotes lung cancer cell migration and invasion [32]
Ubiquitination - Smurf2 L421 Upregulates target gene PPARYy, essential for neuron differentiation of hMSCs and functional regeneration of [33]
CNS repair after ischaemic stroke
Jak2-induced pY461 B-TrCP - Reduces EZH2 protein stability and H3K27me3 activity [110]
EZH2
YC-1, PKA and Src-Raf- c-Chl T731and T774 Leads to Src and ERK activation, resulting in formation of c-Cbl-ERK-EZH2 complex and enhancement of EZH2 [111]
1-MEK-ERK pathways uniquitination and degradation.
DZNep treatment PRAJAL - Ub-mediated proteasomal degradation of individual PRC2 subunits including EZH2, SUZ12 and EED [112]
FOXP3 PRAJAL - Facilitates EZH2 protein degradation through K48-linkage polyubiquitination and decreases cell proliferation, [113]
migration and formation in breast cancer cells
- w-3 PUFAs - Decreases EZH2 expression and H3K27me3 level, upregulates EZH2 downstream target genes E-cadherin and [114]
IGFBP3, leading to suppression of tumor invasion and metastasis.
Sumoylation - - - EZH2 are sumoylated in vitro and vivo, but the biological functions remain unknown. [34]
0O-GIcNAcylation OGT-dependent - S75 Maintains EZH2 protein stability H3K27me3 activity, eventually contributing to tumorigenesis [35]
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Figure 1. The general process of protein phosphorylation and dephosphory-

lation.

cer pathogenesis, few have been devoted to
investigation of its regulation at post-transla-
tional level. Recently it has been reported that
EZH2 is modulated by multiple PTMs including
phosphorylation, acetylation, ubiquitination, su-
moylation and O-GlcNAcylation. Herein, we
reviewed these dominant EZH2 PTMs and their
relevant biological consequences in carcino-
genesis. The effects of PTMs on EZH2 func-
tions are summarized in Table 1.

Phosphorylation

As one of the best studied PTMs, phosphoryla-
tion of proteins is an essential regulatory mech-
anism that occurs in both prokaryotic and
eukaryotic organisms. It is a reversible regula-
tory network which can potentially be regulated
by more than 500 human protein kinases and
at least 150 phosphatases [72, 73]. Phosphor-
ylation usually occurs when protein kinases
add phosphate groups in an ATP-dependent
manner to serine (Ser), threonine (Thr), tyrosine
(Tyr) and histidine (His) residues of substrates
[74] (Figure 1), which finally results in a confor-
mational change in the structure of many pro-
teins, causing them to be activated or deacti-
vated and consequently creating differences in
the biological properties of their targets and
binding affinities [75]. Of note, there are multi-
ple distinct phosphorylation sites on a given
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protein and phosphorylation
on any site can probably ch-
ange the function or localiza-
tion of that protein. The total
known phosphorylation sites
of EZH2 at present are illus-
trated in Figure 2. Here we
summarize several main ph-
osphorylation sites at EZH2
according to available data
and relevant influence to their
biological functions.

Phosphorylation of EZH2 at
Ser21 (pS21 EZH2)

Several recent studies have
identified that EZH2 Ser21 is
known to be phosphorylated
under different conditions.
Cha et al. (2005) [31] firstly
reported phosphorylation of
EZH2 at Ser21 (pS21 EZH2)
by insulin-like growth factor

(IGF)-induced activation of Akt in breast can-
cer cells. Akt suppresses EZH2 HMTase activi-
ty by disrupting the affinity for histone H3 rath-
er than changing its subcellular localization or
its interaction with other PcG proteins Suz12
and Eed, eventually leading to a decreased
H3K27me3 level, release of EZH2 silenced tar-
get genes and promote tumor development.
Notably, Akt-mediated pS21 EZH2 did not com-
promise PRC complex composition, suggesting
that phosphorylated-EZH2 complex may con-
tribute to tumorigenicity by targeting other cru-
cial non-histone substrates. Instead of tran-
scriptional repressive role of EZH2, pS21 EZH2
by PIBK/AKT signaling has recently been con-
firmed to perform as a transcriptional coactiva-
tor in castration-resistant prostate cancer
(CRPC) [76], Intriguingly, either silencing of
PRC2 subunits SUZ12 or EED or lack of
H3K27me3 has no effects on EZH2-activated
genes, implying a positive role of EZH2 for both
gene activation and androgen-independent
tumor growth without relying on PRC2-mediated
methyltransferase activity. Moreover, Akt
dependent pS21 EZH2 can also be observed in
MCF-7 breast cancer cells by non-genomic
estrogen receptor (ER)-mediated signaling in
response to both 17B-estradiol (E2) and the
xenoestrogen diethylstilbestrol (DES), resulting
in the reduction of H3K27me3 and HMTase
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Figure 2. Schematic representation of the currently total known phosphorylation sites at human EZH2 (from www.

phosphosite.org).

activity [77]. Activation of non-genomic ER sig-
naling gave rise to reprogramming of the ex-
pression profile of estrogen-responsive genes
in uterine myometrial cells, indicating a novel
regulatory mechanism that nuclear hormone
receptor signaling-related epigenetically modu-
lation of chromatin structure during tissue de-
velopment. Remarkably, previous reports have
revealed that the association of DES exposure
with poor reproductive outcome and neoplasia,
indicating the increased risk of tumorigenesis
when exposure with estrogen [78, 79]. However,
it remains to be further elucidated the progres-
sive or suppressive role of ER-mediated pS21
EZH2 in cancer development. Additionally, the
HIV-1 transactivator of transcription (Tat) pro-
tein [80]-mediated pS21 EZH2 by ROS/Akt sig-
naling pathway may lead to decreased levels of
H3K27me3 and increased EZH2 cytoplasmic
translocation, acting as a potential activator for
HIV-1 transactivation [81].

Besides IGF or estrogen-induced Akt activa-
tion, another recent report [82, 83] has demon-
strated that arsenic (As®') is responsible for
triggering Akt-dependent pS21 EZH2 through
activation of JNK-STAT3-Akt signaling axis in
human bronchial epithelial cells, revealing a
novel mechanism underlying arsenic and other
related metal carcinogens-induced carcinogen-
esis. Mechanistically, As®-mediated growth-
promoting role of JNK pathways can be achi-
eved by STAT3 S27 phosphorylation, which in
turns enhanced Akt activation by upregulation
of negative Akt regulator miR-21, eventually
contributing to pS21 EZH2 and oncogenesis.
Interestingly, As®*-induced S21-phosphorylated
EZH2 is largely localized in the cytoplasm,
which is opposite from our traditional notion
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that EZH2 is predominantly a nuclear protein.
This discrepancy possibly indicates that pS21
EZH2 by As®* induction may have the ability to
dissociation of the PRC2 complex from chroma-
tin and translocation of EZH2 protein from the
nucleus to the cytoplasm, where they can exert
novel functions by interacting with other cyto-
plasmic proteins.

Furthermore, Akt-induced pS21 EZH2 can facil-
itate EZH2-STAT3 interaction, promote EZH2-
mediated STAT3 methylation and enhance
STAT3 activity in Gliblastoma multiforme stem-
like cells (GSCs), suggesting that Akt-pS21
EZH2-STAT3 signaling axis is a potential regula-
tor for GSCs tumor malignancy and a promising
cancer therapeutic target for Gliblastoma multi-
forme [84].

Phosphorylation of EZH2 by CDKs

Emerging evidence suggests that the activities
of specific cyclin-dependent kinases (CDKs) are
required for proliferation of tumor cells [85],
while elevated EZH2 expression is highly asso-
ciated with tumor initiation and progression,
implying a closed relationship between EZH2
functions and CDKs.

Phosphorylation of EZH2 at Thr350 (Thr345 in
mouse): Consistent with the hypothesis above,
Chen et al. (2010) reported that EZH2 indeed
harbored one perfectly matched (Thr350) and
two imperfectly matched (Thr421 and Thr492)
CDKs phosphorylation motifs (K(R)S(T)PXK(R)
which are highly evolutionally conserved from
fruit flies to humans [86]. By in vitro protein-
kinase assays, they confirmed that mutation of
Thr350 to alanine (T350A) resulted in approxi-
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mately 60% reduction in CDK1-mediated EZH2
phosphorylation, whereas only about 30% or no
reduction in phosphorylation was observed in
T421A and T492A mutants, highlighting that
Thr350 is a major CDKs-mediated phosphory-
lation site. Furthermore, they further illustrated
that phosphorylation of Thr350 in human EZH2
(pT350 EZH2) can be mediated by CDK1 and
CDK2 under physiological conditions, which is
essential for recruitment of EZH2 and mainte-
nance of H3K27me3 level at EZH2 target loci
in cells. pT350 EZH2 significantly enhances its
strength for silencing of target genes without
affecting intrinsic HMTase activity or core PRC2
complex formation, but probably affects effec-
tively recruitment of other PRC2 components to
its target loci. Moreover, pT350 EZH2 is also
responsible for promoting EZH2-mediated cell
proliferation and migration. Blockage of its
phosphorylation attenuates EZH2 oncogenic
activity and its genome-wide repression of
gene transcription [86]. Taken together, these
data imply that CDK-induced phosphorylation
plays a key role in governing EZH2 function and
it links cell-cycle regulatory mechanism to epi-
genetic gene silencing.

Indeed, Thr345 residue in mouse Ezh2, a
homologue site of Thr350 in human EZH2, can
also be phosphorylated by CDK1 in a cell-cycle
dependent manner in vitro and in vivo [87]. The
amount of phosphorylation of Thr345 residue
in mouse Ezh2 (pT345 Ezh2) was limited in only
1%. Its level was increased in G2/M phase,
then was declined to a basal G1 phase level,
consistent with the characteristics of CDK1
activity which is a G2/M specific kinase [85,
88]. Similar to the role of pT350 EZH2, pT345
Ezh2 carries out its program neither affects
HMTase activity nor disrupts PRC2 complex for-
mation, nevertheless it increases Ezh2 interac-
tion with noncoding RNAs (ncRNAs) HOTAIR and
the 5’end of Xist (X-inactive specific transcript)
which further mediate PRC2 recruitment to its
target loci [87]. It is suggested that there is a
closed correlation between ncRNA and EZH2
phosphorylation, opening a brand new avenue
for exploring the role of ncRNA in PRC2-
mediated regulation. In conclusion, both pT350
EZH2 and its counterpart pT345 Ezh2 function
by affecting PRC2 components to its target loci,
further demonstrating that this phosphoryla-
tion site is critical and highly conserved.
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Phosphorylation of EZH2 at Thr492 (Thr487 in
mouse) and Thr487: In addition to pT350 EZH2,
phosphorylation of EZH2 Thr492 (pT492 EZH2)
can also be mediated by CDK1 in a cell-cycle
regulatory manner which was identified by sta-
ble isotope labeling along with phosphorpep-
tide enrichment and high mass accuracy mass
spectrometry [89]. Importantly, the same phos-
phorpeptide by CDK1-cyclinB1 complex is also
demonstrated in vitro by GST-fusion assay [86],
implying that Thr492 in human EZH2 is indeed
phosphorylated by CDK1. In contrast, pT492
EZH2 disassociates EZH2 from other PRC2
subunits SUZ12 and EED and consequently
reduces the activity of EZH2 HMTase [90].
Thrd87 in mouse Ezh2, the counterpart of
pT492 EZH2, can also be phosphorylated in
CDK1-involved cell-cycle regulation [87, 91].
Given that Thrd87 and Thr345 have common
phosphorylation kinase and function in the
same manner, we hypothesized that there are
some similarities between phosphorylation of
these two sites. However, different from pT345
Ezh2, phosphorylation of Thr487 in mouse
Ezh2 (pT487 Ezh2) suppresses trimethylation
of H3K27 through inhibiting EZH2 HMTase
activity as well as disrupting the interaction of
EZH2 to other PRC2 complex components
SUZ12 and EED, which finally reduces the abili-
ty of EZH2 to silence target genes and inhibits
cancer cell migration and invasion. Hence,
pT487 Ezh2 prefers to perform tumor suppres-
sive function.

Nevertheless, a similar discovery about CDK1-
dependent phosphorylation of EZH2 but at a
different residue Thrd87 (pT487 EZH2) [91]
arrives at a completely distinct conclusion that
pT487 EZH2 by CDK1 has a negative impact on
its HMTase activity-suppresses trimethylation
of H3K27 through inhibiting EZH2 HMTase
activity as well as disrupting the interaction of
EZH2 to other PRC2 complex components,
SUZ12 and EED, which in turn reduces the abil-
ity of EZH2 to silence target genes and finally
inhibits cancer cell migration and invasion and
promote human mesenchymal stem cells dif-
ferentiation into osteoblasts.

In addition, another investigation [92] which
also focuses on CDK1-mediated phosphoryla-
tion of EZH2 reveals that pT345 Ezh2 in mouse
(pT350 EZH2 in human) and pT487 Ezh2 in
mouse (pT492 EZH2 in human) are not very
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indispensable for global levels of H3K27me3,
because they neither affect intrinsic HMTase
activity nor disrupt interaction of EZH2 with
other PRC2 complex subunits but promote
EZH2 ubiquitination and subsequent degrada-
tion by proteasome pathway.

Several recent studies regarding closed corre-
lation between ncRNAs and EZH2 has opened
a brand new avenue for modulation of EZH2
with ncRNAs [93-95]. Remarkably, Kaneko et
al. stated that phosphorylation of Ezh2 facili-
tates its binding with ncRNA in a cell-cycle
dependent manner, of which the amount is lim-
ited even in G2/M phase [87]. Mechanistically,
pT345 Ezh2 (pT350 EZH2 in human) enhances
the recruitment of PRC2 other components to
Polycomb target genes mainly through reinforc-
ing EZH2 interaction with ncRNAs including
HOTAIR and the 5’end of Xist, and ncRNA-bind-
ing domain(ncRBD1) is considered as critical
motif for EZH2-ncRNAs interaction. Whereas
pT487 Ezh2 was ineffectual for the association
with EZH2 and ncRNAs, probably owing to the
reason that Thrd87 residue is located inside
the SUZ12 recognition motif of EZH2 [88].
pT487 Ezh2 in mouse (pT490 EZH2 in human)
blocks Ezh2 activity and deposes H3K27 tri-
methylation by potentially interfering with PRC2
complex formation, which might suppresses
carcinogenesis. Taken together, these seem-
ingly controversial but plausible explanations
about the consequences of phosphorylation of
EZH2 at different residues might indicate that
further studies should be undertaken to under-
stand subtle differences of their functions
between phosphorylation of EZH2 different
residues in the exquisite and specific regulation
of their downstream target genes and their
completely relevant biological mechanisms.

Phosphorylation of Ezh2 at T372 in mouse
(pT372 Ezh2): Using mass spectrometry (MS)
for biological analysis, T372 in a peptide (363-
LPN NSS RPS TPT INV LES K-381) of human
EZH2 is detected to be phosphorylated in cells
synchronized at the mitotic phase of the cell
cycle [89, 90]. More recently, a novel finding
regarding the epigenetic control of muscle
regeneration uncovers that activation of mito-
gen-activated protein kinase p38a by its
upstream activator MKK6 or the inflammation
cytokine tumor necrosis factora (TNFa) can
induce T372 phosphorylation of Ezh2 (pT372
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Ezh2) in mouse C2C12 myoblasts [96].
Mechanistically, TNF-activated p38a kinase
promotes the interaction between EHZ2 and
Yin Yang 1 (YY1) through pT372 Ezh2, leading
to the formation of repressive chromatin on
Pax7 promoter and consequently repressed
expression of Pax7, a gene essential for muscle
stem (satellite) cell proliferation and impaired
satellite cell proliferation. Therefore, this report
provides a mechanism which links inflamma-
tion to the epigenetic control of muscle regen-
eration and establishes the biological relation-
ship between p38/PRC2 signaling to Pax7 and
muscle satellite cell decision to proliferate or
differentiate [90, 96].

Phosphorylation of EZH2 at other sites

Besides functional phosphorylation sites de-
scribed above, phospho-proteomic analyses
[97] (The PhosphoSitePlus database (www.ph-
osphosite.org) is a curated collection of phos-
phorylation sites with 13,000 human sites
from the literature) in both human EZH2 and
mouse Ezh2 have identified many other phos-
phorylated residues. However, most of those
functions have not been fully elucidated, sug-
gesting that further studies are extremely
urgent to explore other biological functions of
EZH2 phosphorylation.

Phosphorylation of Akt-1 at Ser473 and
BRCA1 at Ser1423 by EZH2

In addition to be phosphorylated substrate by
different kinases, EZH2 can also function as a
kinase to enhance phosphorylation level of its
substrates. It has been presently confirmed
that overexpression of EZH2 protein is highly
associated with increased Akt-isoform 1 phos-
phorylation at Ser473 and decreased nuclear
localization of phospho-BRCA1 tumor suppres-
sor protein at Ser1423 in 39% human invasive
breast carcinomas [98]. Collectively, these find-
ings add a novel dimension to understand the
functions of EZH2 in breast tumorigenesis:
EZH2 control BRCAL intracellular localization
and genomic stability mediated by PI3K/Akt-1
pathway.

Acetylation

Acetylation is a reversible and important form
of PTMs, playing a key role in regulating gene
expression mainly through the modulation of
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core histone tails by histone acetyltransferases
(HATs) or histone deacetylase s(HDACs) [99,
100] and controlling a series of cellular pro-
cesses including proliferation, apoptosis, dif-
ferentiation, metabolism and transcriptional
regulation [101-103]. It has been well-recog-
nized that besides histones, other non-histones
such as nuclear, cytoplasmic, mitochondrial pr-
oteins and a large number of transcription fac-
tors have also been reported to be targeted
and modulated by acetylation [104-106]. How-
ever, whether and how EZH2 can be regulated
by acetylation remains largely unclear. It was
not until recently that Wan and colleagues [32]
firstly provided convincing evidence that EZH2
is acetylated by acetyltransferase P300/CBP-
associated factor (PCAF) and is deacetylated
by deacetylase SIRT1. Mechanistically, PCAF
can interact with EZH2 and lead to EZH2 acety-
lation mainly at lysine348 (K348), which dec-
reases EZH2 phosphorylation at T345 and
T487 and enhances EZH2 stability without
either changing its interaction with other PRC2
complex members SUZ12 and EED or affecting
its location and HMTase activity. Functionally,
increased EZH2-K48 acetylation enhances its
suppressive effects on the target genes by rein-
forcing H3K27me3 binding capacity to the tar-
get gene promoters, which promotes lung can-
cer cell migration and invasion and eventually
results in a poor prognosis in lung adenocarci-
noma patients. Strikingly, EZH2-K48 acetyla-
tion gives rise to lower phosphorylation level of
T345 and/or T487 at EZH2 may be attributed
to the restricted access of CDK1 by a local con-
formational change, but not vice versa. More-
over, it seems to be difficulty to understand
how EZH2-K48 acetylation enhances its stabil-
ity without influencing its ubiquitination. There-
fore, further investigations will be urgent to
shed light upon the roles of EZH2 acetylation at
other sites and how they orchestrate their
crosstalk relationship with other PTMs.

Ubiquitination

Ubiquitin (Ub), consisting of 76 amino acid resi-
dues, is an evolutionarily conserved protein
dedicated to tagging target proteins for degra-
dation post-translationally [107]. Ubiquitination
is a well-recognized PTM process, which cova-
lently attaches Ub to the modified proteins and
regulates their stability, functions and localiza-
tions involved in multiple cell functions and dis-
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eases, especially in cancer development [108,
109]. It occurs by activating a cascade of enzy-
matic reactions dependent on three indispens-
able enzymes: ubiquitin activating enzyme (E1),
ubiquitin conjugating enzyme (E2) and ubiquitin
ligase (E3). Recently several studies have iden-
tified that Smad ubiquitination regulatory fac-
tor-2 (Smurf2) [33], B-TrCP(FBXW1) [110], Casi-
tas B-lineage lymphoma (c-Cbl) protein [111]
and PRAJA1[112, 113] serve as dynamic EZH2
ubiquitin E3 ligases. Smurf2 interacts with
EZH2 and contributes to the ubiquitination and
proteasome-mediated degradation of EZH2 at
lysine 421 and consequently upregulates its
target gene PPARYy, which are essential for neu-
ron differentiation of human mesenchymal
stem cells (hMSCs) and functional regeneration
of central nervous system (CNS) repair after
ischaemic stroke [33]. It indicates that EZH2
ubiquitination is important for its protein stabil-
ity and subsequent functions and is probably
an attractive approach for clinical use in treat-
ment of neurodegenerative diseases. Moreover,
EZH2 has recently been demonstrated as a
novel substrate of Skp/cullin/F-box protein
(SCF) E3 ubiquitin ligase B-TrCP (FBXW1). EZH2
specially interacts with B-TrCP and undergoes
B-TrCP-mediated EZH2 ubiquitination [110].
Remarkably, Jak2-induced phosphorylation at
EZH2 Y641 (pYA61 EZH2) promotes EZH2-B3-
TrCP interaction and subsequent B-TrCP-medi-
ated EZH2 ubiquitination and proteasomal deg-
radation and leads to the reduced EZH2 protein
stability and H3K27me3 hypoactivity, suggest-
ing a phosphorylation-dependent EZH2 ubig-
uitination. Considered the findings that EZH2
mutation at Y641 abrogates B-TrCP-mediated
degradation and phosphorylation of EZH2 at
Y641 promotes B-TrCP-mediated EZH2 ubiquiti-
nation, we raise a question that whether EZH2
Y641 is a regulatory site with both phosphoryla-
tion and ubiquitination, and if that is the case,
what is the sequence. Other possibility include
that Jak2-mediated phosphorylation of EZH2
Y641 may cause conformational changes in
EZH2, which results in either disruption of
PRC2 complex and/or exposure of recognizable
site for B-TrCP-mediated degradation. Further-
more, YC-1 promotes EZH2 uniquitination and
proteasomal degradation through the PKA and
Src-Raf-1-MEK-ERK pathways in triple-negative
breast cancer cells without changing H3K27-
me3 level, eventually inhibiting cell proliferation
and inducing cell apoptosis [111]. Of note, YC-1
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induces the activation of c-Cbl, a known EGFR
E3 Ub ligase that may function as a novel EZH2
ubiquitin E3 ligase. Rapid phosphorylation of
c-Cbl at T731 and T774 leads to Src and ERK
activation, resulting in formation of c-Cbl-ERK-
EZH2 complex and consequently enhancement
of EZH2 uniquitination and degradation. These
findings indicate that YC-1 is a potential and
promising drug candidate for in triple-negative
breast cancer therapy.

In addition, two recent studies reported that Ub
E3 ligase PRAJA1 plays key roles in ubiquitina-
tion-proteasome pathway-mediated EZH2 pro-
tein degradation. PRAJA1, induced by the pro-
tein-methylation inhibitor 3-deazaneplanocin A
(DZNep) treatment, has been reported for
Ub-mediated proteasomal degradation of indi-
vidual PRC2 subunits including EZH2, SUZ12
and EED in a RING finger-dependent manner
[112]. It has been shown a negative feedback
loop that PRC2 inhibition by DZNep induces the
expression of Ub ligase, which in turn leads to
the degradation of PRC2 proteins. Strikingly,
PRAJA1 targets individual PRC2 subunits ins-
tead of PRC2 complex, underlying that it is
mainly required for degradation of excess but
not endogenous PRC2 components as a quality
control. Another report has shown that nuclear
localization of transcription factor FOXP3 dir-
ectly interacted with the promoter of PRAJAL
and promoted its mRNA transcription, which
facilitated EZH2 protein degradation through
K48-linkage polyubiquitination and decreased
cell proliferation, migration and formation in
breast cancer cells [113]. This finding provides
new evidence for FOXP3 as a tumor suppressor
gene in breast cancer. Intriguingly, knockdown
of PRAJA1 by shRNA cannot reverse EZH2 pro-
tein level and attenuate its ubiquitination, high-
lighting that other unknown E3 ligases and
other PTMs are involved in EZH2 ubiquitin-
ation.

Besides definite Ub E3 ligase implicated in
EZH2 ubiquitination, chemopreventive agents
such as omega-3 (w-3) polyunsaturated fatty
acids (PUFAs) has been discovered to execute
its anti-cancer functions by decreasing EZH2
expression through induction of EZH2 ubiquiti-
nation via proteasome-mediated degradation
in breast cancer cells [114]. It also results in
reduced H3K27me3 level and upregulation of
EZH2 downstream target genes E-cadherin and
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IGFBP3, leading to suppression of tumor inva-
sion and metastasis.

Taken together, an increasing number of regula-
tors have been recognized as Ub E3 ligases to
play pivotal roles in EZH2 ubiquitination and
subsequently proteasome-mediated degrada-
tion, raising some pending problems that
whether different Ub E3 ligases are fine tuned
to carry out their functions dependent on can-
cer cell-specific microenvironment and diverse
initiating signals, or various kinds of PTMs with
mutual competitions or a series of cascade
reactions are implicated in EZH2 regulation and
at last it displays a final pattern of PTM that we
can detect. Thus, future investigations will be
urgent to explore other ubiquitination sites and
their crosstalk and mutual regulation with other
EZH2 PTMs.

Sumoylation

Similar to ubiquitylation, sumoylation is a highly
conserved enzymatic cascade in which a small
ubiquitin-like modifier (SUMO) protein is enzy-
matically conjugated to the e-amino group of
certain lysine residues [115]. Different from
ubiquitin modification, SUMO modification is
primarily responsible for modifying their sub-
strates instead of directly targeting them for
degradation [116]. As another essential type of
PTMs, sumoylation also plays indispensable
roles in the regulation of various biological pro-
cesses and functions including in gene regula-
tion, cell differentiation, apoptosis, protein sta-
bility, tissue development and disease progre-
ssion [117-120]. Recently, sumoylation was
firstly validated to be associated with the regu-
lation of EZH2 activity [34]. Being two major
subunits of PRC2 complex, EZH2 and SUZ12
can be sumoylated both in vitro and in vivo.
However, other than SUZ12 containing a single
known sumoylation site at lysine 75 with defi-
nite E2-conjugating enzyme UBC9 and E3-liga-
se PIASXB, EZH2 performs multiple bands of
modifications both in western blot analysis and
in vitro sumoylation assay, indicating that EZH2
might have various SUMO-modified sites or dif-
ferent patterns of sumoylations on the same
site. Unfortunately, there is little research on
the field of EZH2 sumoylation in the last several
years, thus it remains to be further explored the
precise sumoylation site on EZH2 and the bio-
logical mechanism about how EZH2 is implicat-
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ed in sumoylation and its functional signifi-
cance. Taken together, understanding the
underlying mechanisms of sumoylation at exact
sites and other novel PTMs manipulated by
EZH2 will be necessary for further clarification
of EZH2 functions in the repression of down-
stream target genes, which will break a new
path for exploring the mechanisms involved in
PcG protein activity and the role of EZH2 in PcG
protein-involved epigenetic regulation.

O-GIcNAcylation

Protein glycosylation with B-N-acetyl-D-glucos-
amine, also referred as to O-GlcNAcylation, is a
reversible and dynamic PTM process ubiqui-
tously in both cytosol and nucleus which was
originally discovered in 1984 [121, 122].
0O-GlcNAcylation of proteins is catalyzed by the
only known enzyme O-linked N-acetylglucos-
amine (GIcNAc) transferase(OGT) at side chain
hydroxyl group of serine or threonine residue,
and de-O-GlcNAcylation is achieved by the gly-
cosidase 0-GIcNAcase(0GA) [123-125]. To da-
te, accumulating studies have illuminated that
O-GlcNAcylation exerts its functions in a wide
variety of fields including protein reorganization
[126], competition with phosphorylation [127],
modulation of protein-protein interaction [128],
protein recruitment [129] and regulation of pro-
tein stability [130]. Dysregulation of O-GIcNAcyl-
ation has been reported to be widely associat-
ed with carcinogenesis such as cervical cancer
[131], hepatocellular carcinoma [132], breast
cancer [133] and so on. More recently, it has
been firstly elucidated that EZH2 can be regu-
lated by O-GlcNAcylation in breast cancer cells.
EZH2 was identified to be physically interact
with OGT and OGT-dependent O-GIcNAcylation
of EZH2 at serine 75 (S75) is essential for the
maintenance of EZH2 protein stability and sub-
sequently the formation of H3K27me3, eventu-
ally contributing to tumorigenesis [35]. Intrigu-
ingly, it has been observed that OGT depletion
decreased not only EZH2 protein expression
but also the expression of all other PRC2 com-
plex components such as EED, SUZ12 and
RbAp46/48, consistent with previous studies
that disruption of a crucial subunit may result in
destabilization of the whole complex [24, 134,
135]. However, it remains poorly understood
how S75 O-GlcNAcylation regulates EZH2 pro-
tein stability. In consideration of the ability of
O-GlcNAcylation to compete with phosphoryla-
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tion mentioned above, it is hypothesized that
O-GlcNAcylation of EZH2 at serine75 prevents
phosphorylation at the same site required for
EZH2 degradation or protects EZH2 from other
modifications at other sites that are beneficial
for EZH2 degradation. Furthermore, it had been
previously reported the CDK1-triggered EZH2
phosphorylation at T345 and T487 is targeted
for ubiquitin-mediated degradation due to
reduced protein stability [92] and OCT expres-
sion can decrease CDK1 activity [136], we
speculate that EZH2 phosphorylation at T345
is inhibited by OCT-induced reduced CDK1
activity, which is conducive to its O-GIcNAcyla-
tion at S75. Collectively, better understanding
of the crosstalk regulatory network implicated
in OCT, CDK1 and EZH2 will be feasible for
exploration of other known and unknown EZH2
PTMs and their complicated relationship and
interaction.

Conclusions and perspectives

As the methyltransferase core subunit of PRC2,
EZH2 is one of the central players in the epigen-
etic regulation of gene expression during em-
bryogenesis, tissue regeneration and carcino-
genesis. EZH2 activity was often upregulated in
human cancers, thus targeting EZH2 was pro-
posed as one novel and feasible approach of
cancer treatment and prevention. The effects
of EZH2 on the expression of target genes are
influenced by its transcriptional and post-tran-
scriptional level as well as the PTMs that affect
the activity, stability, localization and protein-
protein interactions of EZH2. Our understand-
ing of the regulation of EZH2 PTMs in the devel-
opment of cancer has made significant prog-
ress in the past several years. So far, it has
been reported several PTMs of EZH2 mainly
including phosphorylation, acetylation, ubiquiti-
nation, sumoylation and O-GlcNAcylation, whi-
ch have been demonstrated in detail. However,
there are still a lot of puzzles need to be figured
out. Firstly, many modifying enzymes and pre-
cise sites of PTMs at EZH2 remain largely
unknown. Moreover, whether other rare types
of PTMs such as succinylation, malonylation,
crotonylation, propionylation and butyrylation
also exist in EZH2 remain mysterious and
require further investigations. More important-
ly, until now there are not any clinical trials tar-
geting EZH2 PTMs for cancer therapeutics to
be developed. Thus, there is a long way to go
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before clinical application of anti-EZH2 PTMs
relevant strategies for cancer therapy.

Collectively, better understanding of the regula-
tion of different types of PTMs on EZH2 and
their crosstalk modifications in carcinogenesis
and clarifying their intrinsic molecular mecha-
nisms will open a potential and promising ave-
nue for the development of novel cancer thera-
peutic intervention.
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