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Abstract

Enhancer of zeste homolog 2 (EZH2), as a main component of Polycomb Repressive Complex 2, catalyzes histone
H3K27me3 to silence its target gene expression. EZH2 upregulation results in cancer development and poor progno-
sis of cancer patients. Post-translational modifications (PTMs) are important biological events in cancer progression.
PTMs regulate protein conformation and diversity functions. Recently, mounting studies have demonstrated that
EZH2 stability, histone methyltransferase activity, localization, and binding partners can be regulated by PTMs, includ-
ing phosphorylation, O-GlcNAcylation, acetylation, methylation and ubiquitination. However, the detailed molecular
mechanisms of the EZH2-PTMs and whether other types of PTMs occur in EZH2 remain largely unclear. This review
presents an overview of different roles of EZH2 modification and EZH2-PTMs crosstalk during tumorigenesis and can-
cer metastasis. We also discussed the therapeutic potential of targeting EZH2 modifications for cancer therapy.
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Introduction

Dynamic regulation of histone modifications has a criti-
cal role in the modulation of gene expression [1]. Recent
studies on cancer progression have observed aberrant
expression of chromatin regulators that modify histones
[2-7]. Previous studies have demonstrated the correla-
tion between the chromatin modifier Enhancer of Zeste
Homolog 2 (EZH2) and cancer tumorigenesis and metas-
tasis [8-10]. EZH2, a key histone methyltransferase
(HMTase), is the enzymatic subunit of Polycomb Repres-
sive Complex 2 (PRC2), which catalyzes the trimethyla-
tion of lysine 27 of histone H3 (H3K27me3) leading to
transcriptional silencing [11-14]. Since its discovery in
1996 [15, 16], only now has EZH2 been thought as an
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important histone methyltransferase in cancer progres-
sion [4, 17].

EZH?2 reportedly promotes cancer development and
metastasis [9, 17, 18]. EZH2 can regulate many cellular
processes, such as migration, cell cycle, proliferation,
DNA repair, apoptosis, and senescence, to facilitate cell
survival or promote the malignant transformation of cells
[8, 19-27]. For instance, EZH2 can promote the invasion
and metastasis by suppressing E-cadherin transcriptional
expression [28, 29]; EZH2 can also increase tumorigen-
esis by silencing tumor suppressors [9, 20, 25].

The functional regulation of EZH2 is important
because of its several crucial roles in cancer progression.
Many types of mechanisms regulate EZH2 functions, in
particular with its expression, stability, and enzymatic
activity [29-31]. For example, SOX4, Rb (retinoblas-
toma), and miR-101 can regulate EZH2 expression at the
transcriptional or post-transcriptional level [32—34]. Evi-
dence also indicates that the post-translational modifica-
tions (PTMs) of EZH2 are crucial for its protein stability,
enzymatic activity, and its function in cancer develop-
ment [18]. Among these diverse mechanisms, PTMs of
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EZH2 represent the most extensive and complicated
types. The amino acids sequence of EZH2 protein makes
it suitable for covalent modifications, including phos-
phorylation, acetylation, O-GlcNAcylation, methylation,
ubiquitination, and sumoylation.

Recently, many reports have concentrated on the role
of EZH2 modifications involved in phosphorylation,
acetylation, methylation, ubiquitylation, O-GlcNAcyla-
tion, and sumoylation [31, 34-39]. Nevertheless, the
amount of EZH2-PTMs studies is largely limited, and the
mechanism by which different PTMs interplay in EZH2
remains unclear. Further studies in this aspect are still
needed, and an overview of EZH2 PTMs in cancer devel-
opment might help researchers fill in this research gap.

In the current review, we show an overview of the
molecular mechanisms and biological functions of EZH2
modifications in cancer progression (Fig. 1 and Table 1).
First, we introduced several typical examples of every
kind of EZH2-PTMs. Then, the crosstalks or interplays
between EZH2 PTMs were emphasized. Finally, the ther-
apeutic potential of targeting EZH2 modifications also
have been discussed.

Phosphorylation of EZH2 in cancer development

Phosphorylation, as the best studied PTM, is an essential
regulatory mechanism in several proteins [40]. Phospho-
rylation, which usually occurs on serine (S), threonine
(T), and tyrosine (T) residues of substrates, induces a
conformational change in many proteins, causing them
to be activated or suppressed and consequently creating
different biological functions [41]. On the EZH2 protein,
numerous serine (S)/threonine (T) sites can be phospho-
rylated. This present review summarizes several main
phosphorylation sites of EZH2 according to previous
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studies and related influence to their functions in cancer
progression.

Phosphorylation is the earliest modification type iden-
tified on EZH2. As early as 2005, Cha et al. [31] showed
phosphorylation of EZH2 at S21 (pS21-EZH2) by PI3K/
AKT signaling in breast cancer cells. AKT-mediated
pS21-EZH2 inhibits its methyltransferase activity by
attenuating EZH2 associated with histone H3, which
attenuates H3K27me3 level, increases EZH2 target genes
expression, and facilitates breast cancer tumorigenesis.
Although AKT-mediated-EZH2-S21 phosphorylation
reduces its affinity toward histone H3, it does not change
its subcellular localization or its interaction with Poly-
comb group protein SUZ12 and EED subunits. Cha et al.
reported that the phosphorylated-EZH2 complex may
promote oncogenesis by targeting other crucial nonhis-
tone substrates in various cancers.

Instead of transcriptional repression EZH2 target gene
expression, pS21-EZH?2 serves as a transcriptional co-
activator in castration-resistant prostate cancer through
PI3K/AKT signaling [42]. They found that either knock-
down of PRC2 components EED or SUZ12 or decreasing
H3K27me3 exerts no functions on EZH2-activated tar-
get genes. It means that EZH2 can activate gene expres-
sion and oncogenesis without being dependent on its
methyltransferase activity. Moreover, Bredfeldt et al. [43]
showed that the membrane-activated estrogen recep-
tor (ER) signaling pathway by diethylstilbestrol results in
PI3K/AKT-mediated pS21-EZH2 increasing and decreas-
ing H3K27me3 level in breast cancer MCEF7 cells. This
finding suggests that rapid ER signaling provides a direct
linkage between xenoestrogen-induced nuclear hor-
mone receptor signaling and modulation of epigenetic
machinery during tissue development. Furthermore,
Kim et al. [33] found that AKT-induced pS21-EZH2
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Table 1 Functions of EZH2-PTMs
Type of PTMs Site Catalyzing enzyme Biological functions Cancer connection Refs
Phosphorylation  S21 AKT Promote tumorigenesis Breast cancer, prostate cancer,  [31,33,42]
GBM
Y244 JAK3 Promote cells proliferation NKTL [45]
S363 GSK3pB Decrease cells proliferation Breast cancer [46]
T350 in human T345 in mouse CDK1 Inhibit tumorigenesis Breast cancer, lung cancer, [37,74]
and metastasis
T492 in human CDK1 Inhibit tumorigenesis Breast cancer, lung cancer, [37,74]
T487 in mouse and metastasis
Y646 in human JAK2 Inhibit tumorigenesis Lymphoma [48]
Y641in mouse
T261 CDK5 Inhibit metastasis Pancreatic cancer [50]
5220 MELK Promote cells proliferation NKTL [51]
T367 p38 Promote metastasis Breast cancer [52]
T416 CDK2 Promote tumorigenesis Breast cancer [53, 54]
T311 AMPK Inhibit tumorigenesis Breast cancer, ovarian cancer [55]
O-GIcNAcylation  S73,584,587,T313and S729  OGT Regulates the stability and Breast cancer [36, 59]
enzymatic activity of EZH2
Acetylation K348 PCAF Promote cell migration and Lung cancer [37]
invasion
Methylation K307 SMYD2 Promote tumorigenesis and Breast cancer [39]
metastasis
K735 SETD2 Inhibit metastasis Prostate cancer [73]
K342 PRMT1 Promote metastasis Breast cancer [74,75]
Ubiquitination - Prajal Inhibit metastasis Breast cancer [38]
K421 Smurf2 Inhibit metastasis Prostate cancer [85]
- B-TrCP Inhibit tumorigenesis Lymphoma [48]
- TRAF6 Inhibit tumorigenesis and Prostate cancer, breast cancer  [74, 84]
metastasis
- FBW7 Inhibit cell migration and Pancreatic cancer [50]
invasion
- CHIP Inhibit tumorigenesis Head and neck cancer [83]
Deubiquitination - ZRANB1 Promote tumorigenesis and Breast cancer [99]
metastasis
- USP7 Promote tumorigenesis and Colon cancer prostate cancer [101,102]
metastasis
- USP1 Promote tumorigenesis Glioma [103]
K222 USP36 Promote cells proliferation NKTL [51]

elevates EZH2-mediated STAT3 methylation by increas-
ing EZH2-STAT3 interaction in glioblastoma multi-
forme (GBM) stem-like cells. This report suggests that
the AKT-pS21-EZH2-STAT3 signal pathway may have a
great effect on regulating GBM tumorigenesis. Another
study demonstrated that arsenic (As3+) stimulates AKT-
mediated EZH2-521 phosphorylation by regulating the
JNK-STAT3-AKT signaling pathway [44]. This study
discovered a new molecular mechanism about As3+ or
other metal carcinogens induce tumorigenesis. Interest-
ingly, arsenic-induced pS21-EZH2 is mainly cytoplasmic
localization. This is different from the classical concept
that EZH2 is mostly located in the nucleus. Reports on

AKT-mediated pS21-EZH2 support the presumption
that pS21-EZH2 mediated by AKT results in EZH2 pro-
moting oncogenesis by several novel functions, which is
independent on PRC2-mediated target gene transcrip-
tional silencing.

Moreover, another study demonstrated that JAK3-
mediated EZH2 tyrosine (Y) Y244 phosphorylation,
which suppresses PRC2 complex formation, resulting in
EZH2 oncogenic function independent of its HMTase
activity in natural killer/T-cell lymphoma (NKTL) [45].
This report also showed a novel model of EZH2 onco-
genic effect through JAK3-mediated Y244-EZH2 phos-
phorylation, which leads to EZH2 function from a gene
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repressor to a gene activator in NKTL cells [45]. Simi-
larly, Hung and his colleagues discovered that GSK3p
phosphorylating S363-EZH2 reduces H3K27me3 and
attenuates breast cancer oncogenic function [46].

Chen et al. [35] reported that the phosphorylation of
T350 in human (T345 in mouse) EZH2 (pT350-EZH2
or pT'345-EZH?2) is catalyzed by CDK1 or CDK2 in pros-
tate cancer cells. They found that pT350-EZH2 is neces-
sary for EZH2-mediated H3K27me3 modifications. They
showed that pT350-EZH2 strengthens EZH2 target gene
transcriptional silencing without affecting its histone
methyltransferase activity or PRC2 complex aggregation.
They also disclosed that pT350-EZH2 can elevate EZH2-
mediated cell proliferation and migration. Moreover,
another study revealed that CDK1 catylazes EZH2-T487
residue phosphorylation in mouse EZH2 (the counter-
part of pT492-EZH2 in human) [47]. Although T487 and
T345 are phosphorylated by CDKI1, researchers found
that the function of pT487-EZH2 is completely different
from that of pT345-EZH2. They found that pT487-EZH2
inhibits H3K27me3 by decreasing EZH2 methyltrans-
ferase activity and attenuating EZH2 associated with
other PRC2 subunits, thereby derepressing EZH2 target
gene transcriptional silencing and inhibiting cells inva-
sion and metastasis in breast cancer cells and human
mesenchymal stem cells.

However, a report that also focused on CDK1-mediated
EZH?2 phosphorylation indicated that pT345-EZH2 and
pT487-EZH2 are not indispensable for H3K27me3 for-
mation [30]. They showed that pT345-EZH2 and pT487-
EZH2 have no effect on EZH2 methyltransferase activity
and can'’t repress its binding with other PRC2 compo-
nents. They found that pT345-EZH2 and pT487-EZH2
facilitate EZH2 ubiquitination and hence its degrada-
tion by the proteasome pathway in human cervical can-
cer cells [30]. Our recent study has also confirmed that
CDK1-mediated pT345-EZH2 and pT487-EZH2 facili-
tate EZH2 ubiquitination and subsequent degradation in
breast cancer [28]. We indicated that the phosphorylation
of T345-EZH2 and T487-EZH2 attenuates oncogenesis
and metastasis in breast carcinoma by decreasing EZH2
stability. It’s very interesting that these mentioned studies
showed different biological functions of CDK1-mediated
phosphorylation of EZH2-T345 and EZH2-T487 sites. It
suggest that CDK1-mediated EZH2 phosphorylation may
have different functions in different knids of cell lines.

A study demonstrated that the phosphorylation of
EZH2 at Y646 residue in human (Y641 in mouse) by
JAK2 promotes the B-TrCP-mediated EZH2 degrada-
tion and consequent regulation of H3K27me3 [48]. They
also found that JAK2-mediated pY641-EZH2 suppresses
lymphoma pathogenesis. Besides, EZH2-Y646 single site
mutation have been reported in cutaneous melanoma,
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follicular lymphoma, diffuse large B-cell lymphomas [48,
49]. For instance, about 28% of EZH2-Y646-mutation
has been found in follicular lymphomas, which increases
lymphoma cells H3K27me3 level and lymphoma patho-
genesis [49]. Another recent study has reported that
CDK5-mediated T261-EZH2 phosphorylation facili-
tates FBW7-mediated EZH2 ubiquitination and protea-
some degradation in pancreatic cancer cells [50]. While,
Li et al. [51] disclosed that MELK-mediated EZH2-5S220
phoshoorylation attenulates EZH2 K222 ubiquitination
in NKTL cells.

Talha et al. [52] revealed that p38 phosphorylated
EZH?2 at T367 site facilitating its cytoplasmic localiza-
tion and interacting with vinculin and other cytoskel-
etal regulators of cell migration and invasion. Their study
also revealed that pT367-EZH2 is essential for EZH2
cytoplasmic localization in breast cancer patients. This
finding suggests that EZH2 can promote breast cancer
metastasis through novel functions in cytoplasm. Inter-
estingly, Hung et al. found that CDK2 phosphorylates
EZH2 T416 sitee enhancing triple-negative breast can-
cer (TNBC) cell motility in vivo and in vitro. They also
showed that CDK2-mediated pT416-EZH2 drives tumo-
rigenesis [53, 54].

In 2018, Li et al. [55] demonstrated that AMPK phos-
phorylates EZH2 at T311 residue to inhibit EZH2 binding
with SUZ12, thereby attenuating the PRC2-dependent
methylation of H3K27 and enhancing PRC2 target genes
translation in ovarian and breast cancers. Their data also
showed that AMPK-mediated pT311-EZH2 represses
the cells proliferation in ovarian and breast cancers. This
report suggests that energy stresses such as glucose dep-
rivation or glycolysis blockade activates AMPK kinase
and subsequently relieves EZH2-mediated target gene
silencing, which inhibits cancer cell proliferation. This is
an example of AMPK as a critical pivot to connect cel-
lular energy state and pathological development through
the regulation of EZH2 phosphorylation in ovarian can-
cer and breast cancer cells.

In sum, phosphorylation of EZH2 is important for
oncogenesis and metastasis in numerous cancer types.
When phosphorylation of EZH2 occurs and what effects
phosphorylation has on EZH2 are very changeable in dif-
ferent kinds of pathological conditions or different kinds
of cancers.

GlcNACc, acetylation, and methylation of EZH2 in cancer
progression

Protein glycosylation with [-N-acetyl-p-glucosamine
(O-GlcNAcylation, GIcNAc) is a reversible and dynamic
PTM process ubiquitous in thousands of protein sub-
strates [56, 57]. O-linked N-acetylglucosamine trans-
ferase (OGT) is the only known enzyme that catalyzes
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the O-GlcNAcylation of substrates at the side chain
hydroxyl group of S or T residue [58]. Professor Wong’s
team first provided convincing evidence on OGT-medi-
ated EZH2 O-GlcNAcylation at S75 in breast cancer
[36]. This report also found that OGT-mediated O-Glc-
NAcylation at S75 stabilizes EZH2 and subsequently
facilitates the formation of H3K27me3 on PRC2 target
genes. They confirmed that the OGT-EZH2 axis inhibits
tumor suppression by repressing the expression of several
key tumor suppression genes in breast carcinoma. Inter-
estingly, Wong et al. [59] also identified O-GIlcNAcylation
at the S73, S84, S87, T313, and S729 residues of EZH2 in
2018. Their data showed that these identified GlcNAcyla-
tion sites of EZH2 have different biological functions.
On the one hand, they showed that single mutants of
EZH2 at S73, S84, S87, T313, and S729 residues reduce
protein stability compared with the wild-type EZH2 and
that the O-GlcNAcylation of EZH2 on the five sites does
not affect its association with the PRC2 complex subunits
(SUZ12, EED, and RBBP4/7). Conversely, they revealed
that O-GlcNAcylation at S729 in the EZH2 SET domain
strengthens the methyltransferase activity and promotes
the formation of H3K27me2/3 on EZH2 target gene. It
means that OGT-mediated EZH2-GIcNAcylation have
several different functions in breast cancer progres-
sion. Acetylation is a reversible and important PTM that
regulates a series of cellular processes, including prolif-
eration, apoptosis, migration, and metabolism, in can-
cer cells; it is achieved through the modulation of core
histones or non-histone proteins by histone acetyltrans-
ferases (HATs) or histone deacetylases (HDACs) [60-66].
Recently, Wan et al. [37] have elucidated that EZH2-K348
residue is acetylated by acetyltransferase P300/CBP-asso-
ciated factor (PCAF) and is deacetylated by deacetylase
SIRT1 in lung cancer cells. They discovered that PCAEF-
mediated EZH2-K348 increases EZH2 stability, facili-
tates its capacity in repression of its target genes, and
strengthens lung cancer cell migration and invasion. Just
as this study showed, all the study of EZH2-K348 acetyla-
tion functions is dependent on in vitro lung cancer cell
lines experiments. Whether EZH2-K348 acetylation has
the similar functions in mouse model in vivo experiment,
which is still unknown.

Similar to acetylation, methylation is also a reversible
and critical epigenetic marker at the lysine or arginine of
histones or non-histone proteins [67-72]. In 2019, Zeng
et al. [39] found that SET and MYND domain containing
2 (SMYD2)-mediated EZH2 di-methylation at lysine 307
(K307) enhances its stability, which can be demethylated
by the histone H3K4 demethylase lysine-specific demeth-
ylase 1 (LSD1) in breast cancer. This study indicated that
EZH2-K307 di-methylation promotes the proliferation
and invasion of breast cancer cells through facilitating
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the recruitment of EZH2 to chromatin and the subse-
quent transcriptional repression of EZH?2 target genes.

In 2020, Yuan et al. [73] reported that SETD2 methyl-
ates EZH2 at K735 promoting EZH2 degradation and
impeding prostate cancer metastasis. Mechanically, they
demonstrated that SETD2-mediated EZH2-K735mel
facilitates E3 ligase Smurf binding with EZH2 and degra-
dation of EZH2. In addition, our newest study found that
PRMT1-mediated R342-EZH2 asymmetric di-methyla-
tion (ADMA) strengthens EZH2 stability and promotes
breast cancer metastasis. We showed that R342-EZH2
methylation inhibits TRAF6-mediated EZH2 ubiquit-
ination [74]. We also demonstrated that tumor-associ-
ated maceophages (TAMs) facilitate PRMT1-mediated
R342-EZH2 ADMA methylation by secreting IL-6, which
strengthens EZH2 protein stability and enhances breast
cancer cells motility [75].

Ubiquitination, sumoylation, and deubiquitination of EZH2
in tumorigenesis and cancer metastasis

Ubiquitin (Ub), including 76 amino acid residues, is an
evolutionarily highly conserved protein dedicated to tag-
ging target proteins for post-translational degradation.
Ubiquitination is a well-known PTM process that cova-
lently adds Ub to the modified protein substrates and
regulates their stability, biological functions, and locali-
zations [76-79]. Ubiquitination is involved in multiple
functions and diseases, especially in tumorigenesis and
cancer metastasis [77, 78, 80—82]. It occurs by a well-
organized cascade of enzymatic reactions dependent on
three indispensable enzymes—an E1 ubiquitin activat-
ing enzyme, an E2 ubiquitin-conjugating enzyme, and
an E3 ubiquitin-ligating enzyme. Up to now, several E3
ligases have been identified mediating the degradation of
EZH2 through the ubiquitin—proteasome pathway; these
ligases include Prajal, Smad ubiquitination regulatory
factor-2 (Smurf2), B-TrCP (also called FBXW1), TRAF6,
Casitas B-lineage lymphoma (c-Cbl), Fbw7 and CHIP
(COOH terminus of Hsp70-interacting protein) [38, 48,
50, 83-89].

The first research of EZH2 ubiquitination was from
the Aaron lab’s work in 2011 [88]. They found that
Ub E3 ligase Prajal mediates EZH2 protein degrada-
tion through the ubiquitination-proteasome pathway
in MCF7 cells (breast cancer cell line). Aaron and his
colleagues illustrated that Prajal promotes EZH2 deg-
radation through K48-linkage polyubiquitination and
suppresses cells growth and migration in breast cancer
[87]. They also showed that FOXP3 can promote the
degradation of the EZH2 ubiquitination—proteasome
pathway by accelerating the transcriptional expression
of Prajal directly. Recently, a report has confirmed that
Prajal degrades EZH2 during skeletal myogenesis [38].
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This finding disclosed that Prajal-mediated EZH2 degra-
dation is required for muscle satellite cells differentiation.

Aside from Prajal, other E3 ligases target EZH2. A
study revealed that Smurf2 can interact with EZH2 and
mediate EZH2 ubiquitination-proteasome degradation.
This study also found that lysine 421 of EZH2 plays a
key part in Smurf2-mediated EZH2 degradation [85]. A
recent report has shown that YC-1 stimulates E3 ligase
c-Cbl-mediated EZH2 ubiquitination and proteasomal
degradation in breast cancer [86]. Mechanistically, YC-1
treatment promotes c-Cbl phosphorylation at T731 and
T774, which results in c-Cbl-induced Src and ERK acti-
vation, leading to the formation of the c-Cbl-ERK-EZH?2
complex and the consequent accumulation of EZH2
ubiquitination and proteasomal degradation. Further-
more, SCF E3 ubiquitin ligase B-TrCP reduces EZH2
stability and H3K27me3 occupation through mediating
EZH2 ubiquitination-proteasome degradation in breast
cancer cells [48]. Lu et al. [84] discovered that TRAF6
catalyzes the K63-linked polyubiquitination of EZH2,
thus decreasing EZH2 and H3K27me3 levels in prostate
cancer cells and prostate patients. Moreover, Jin et al. [50]
revealed that FBW7 decreases EZH2 activity and attenu-
ates the motility of pancreatic cancer cells by mediating
the degradation of the EZH2 ubiquitin proteasome path-
way. Moreover, researchers demonstrated that E3 ligase
CHIP can mediate EZH2 ubiquitination degradation and
subsequently derepress EZH2-silenced tumor suppres-
sor genes by attenuating the H3K27me3 level in head and
neck cancer cells [83].

Like ubiquitylation, there is also a ubiquitin-like pro-
teins, small ubiquitin-like modifier (SUMO) [90]. The
process is called sumoylation. Sumoylation is a highly
conserved enzymatic cascade in whichSUMO proteins
are conjugated to certain lysine residues via a similar
mechanism to ubiquitination [91]. A study showed that
sumoylation of EZH2 is associated with EZH2 activity
in U20S cell (osteosarcoma cell line) [34]. Nevertheless,
they did not figure out the EZH2 specific sumoylation
residue and the molecular mechanism of how EZH2 is
involved in sumoylation.

Ubiquitination mediates targeted protein degrada-
tion, whereas deubiquitinases (DUBs, also called deu-
biquitylases) can remove ubiquitin molecules from
ubiquitin-labeled proteins or from polyubiquitin chains
to strengthen the stability of targeted proteins [92, 93].
DUBs play a critical part in cancer metastasis and tumo-
rigenesis [94—98]. Zhang et al. [99] identified ZRANB1
(also named Trabid) as an EZH2 DUB. They demon-
strated that ZRANBI1 can bind, deubiquitinate, and stabi-
lize EZH2, which enhances breast cancer tumorigenesis
and metastasis. Ubiquitin-specific protease 7 (USP7),
also known as herpesvirus-associated ubiquitin-specific
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protease, is a deubiquitinating enzyme that can deubiq-
uitinate EZH2 [100—102]. Gagarina et al. [101] found that
USP7 can stabilize EZH2 and facilitate EZH2-mediated
H3K27me3 levels in HCT116 colon carcinoma cells.
Moreover, another research illustrated that USP7 elevates
EZH2 stability by mediating EZH2 deubiquitination in
prostate cancer cells [102]. They also demonstrated that
USP7-mediated EZH2-deubiquitination increases the
cells ability of growth and motility and the tumorigenesis
and metastatic invasive activity in vivo of prostate can-
cer cells. Besides, Ma and his colleagues found that Ubiq-
uitin-specific protease 1 (USP1) directly interacts with
and deubiquitinates EZH2. USP1-mediated stabilization
of EZH2 enhances the accumulation of H3K27me3 and
decreases its target gene expression, which drives the
proliferation and tumorigenesis of glioma cells [103].
Recently, Chng et al. [51] demonstrated that Ubiquitin-
specific protease 36 (USP36) deubiquitinates EZH2 at
K222 site to strengthen EZH2 stability in NKTL. Taken
together, these reports suggest that ZRANB1, USP7,
USP1 and USP36 can promote cancer development via
the stabilization of EZH2 by deubiquitination.

Crosstalk between phosphorylation of EZH2 and ncRNAs
Recently, Xist et al. have confirmed that numerous long
noncoding RNAs (IncRNAs), such as ANCR (also known
as DANCR) and HOTAIR, interact with EZH2 [28,
104-106]. Most of those EZH2-binding IncRNAs play
a key part in cancer development. Surprisingly, a report
discovered that pT345-EZH2 plays an important part in
IncRNA binding with EZH2 [107]. Because their study
indicated that the EZH2-T345D mutant shows stronger
ability of association with HOTAIR and Xist IncRNAs
than the wild-type and T345A mutant version of EZH2.
In addition, they identified a ncRNA-binding domain
(ncRBD1) from R342 residue to T370 in full-length
EZH2, containing the T345 phosphorylation site. Their
study demonstrated that the phosphorylation of EZH2
influences IncRNAs-EZH?2 interaction.

Our recent research has illustrated that ANCR, a type
of IncRNAs, promotes EZH2-T345 phosphorylation by
associating with EZH2 [28]. We disclosed that ANCR-
EZH2 interaction enhances CDK1 binding with EZH2
and increases the amount of pT345-EZH2, which results
in EZH2 degradation and subsequently suppressing the
oncogenesis and distant metastasis in breast cancer. We
speculate that ANCR-EZH2 association may change the
conformation of EZH2, which probably facilitates the
recognition and binding of CDK1 on EZH2 to phospho-
rylate its T345 residue.

Sun et al. found that circ-ADD3, as a circular RNA,
inhibits hepatocellular carcinoma (HCC) metasta-
sis through facilitating EZH2 degradation through
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CDK1-mediated EZH2 ubiquitination [108]. They con-
firmed that circ-:ADD3 binding with EZH2 facilitates
CDK1-mediated EZH2 phosphorylation on T345 and
T487, which results in EZH2 ubiquitination degradation
in HCC cells.

Taken together, these studies demonstrated that a
crosstalk occurs between the phosphorylation of EZH2
and ncRNAs. We speculate that other underlying inter-
actions occur between the phosphorylation of EZH2
and ncRNAs. Understanding the underlying functions
and mechanisms of the crosstalk between the phospho-
rylation of EZH2 and ncRNAs will break a new path for
further clarification of EZH2 functions in PRC2 complex-
involved epigenetic regulation.

Crosstalk between PTMs of EZH2

As mentioned above, a series of residues in EZH2 can
undergo various PTMs, thereby rising a question about
the significance of a single-site modification in EZH2
function modulation. In fact, in most cases, dependence
on a single residue PTM is hardly decisive. Compre-
hensive crosstalk occurs among PTMs of EZH2 (Fig. 2).
According to the EZH2-PTM effect of promotion or inhi-
bition to each other, we can classify them as cooperative
modification crosstalk (one modification promotes or
enhances the effect of another) vs. antagonistic modifica-
tion crosstalk (one modification antagonizes the effect of
another).

Most the cases for EZH2-PTMs crosstalk is that
some amino acids in EZH2 can be modified, thereby
affecting its ubiquitination. For instance, CDK1-medi-
ated pT345-EZH2 and pT487-EZH2 facilitate EZH2
ubiquitination degradation in breast cancer cell, cer-
vical cancer cell and lung cancer cell [28, 30, 108];
JAK2 phosphorylates Y641-EZH?2, leading to E3 ligase
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B-TrCP-mediated EZH2 degradation in lymphoma cell
[48]; and CDKS5 phosphorylation of EZH2 at T261 resi-
due results in the E3 ubiquitin ligase FBW7-mediated
degradation of EZH2 in pancreatic cancer cell [50].
Silvia et al. [38] revealed that p38a promotes E3 ligase
Prajal-mediated EZH2 degradation through the phos-
phorylation of T372-EZH2 (T367-EZH2 in mouse).
SETD2-mediated mono-methylation of EZH2-K735
promotes EZH2 ubiquitination in prostate cancer [73].
All of these studies show a cooperative modification
crosstalk of EZH2.

By contrast, many studies found an antagonistic
modification crosstalk on EZH2 PTMs. OGT-medi-
ated O-GlcNAcylation of EZH2 attenuates EZH2
ubiquitination in breast cancer cell [36, 59]; PCAF-
mediated EZH2-K348 acetylation inhibits CDK1 cata-
lyzing pT345-EZH2 and pT487-EZH2 and increases
EZH2 stability in lung cancer [37]. Nuclear inhibitor
of PP1 (NIPP1) dephosphorylates the CDKI-medi-
ated pT345-EZH2 and pT487-EZH2 residues, thereby
strengthening the stabilization of EZH2 [109]. MELK
phosphorylating EZH2-S220 prevents EZH2-K222-me-
diated ubiquitination in NKTL cells [51]. Moreover,
a recent report has revealed that SYDM2 catalyzes
EZH2-K307 di-methylation attenuating EZH2-ubiquit-
ination degradation in breast cancer [39]. In addition,
our recently studies discovered that PRMT1-mediated
EZH2-R342 methylation attenuates CDK1-mediated
EZH2-T345 and EZH2-T487 phosphorylation, which
strengthens EZH2 stability [74, 75].

In conclusion, the crosstalks of EZH2 PTMs are vari-
able and complicated. In fact, the majority of those cross-
talks have not been totally illustrated, suggesting that
further investigations are needed to explore other cross-
talks of EZH2-PTMs.
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Targeting the EZH2-PTM pathway for cancer therapy
EZH2 is overexpressed in many kinds of cancers [9].
Inhibiting the biological function of EZH2 is a new focus
in drug discovery [10, 103, 110]. The expression, stabil-
ity, localization, and activity of EZH2 can be disrupted
through different mechanisms in patients with cancer. As
shown above, EZH2 PTMs can influence EZH2 functions
in several aspects, making it an attractive therapeutic
target to prevent EZH2 functions in cancer. Widespread
studies have focused on targeting the modifications of
EZH2 function (Fig. 3).

As we discussed, the PTM of the EZH2-ubiquitination
pathway is an important negative regulator of EZH2. A
series of small molecules have been shown to facilitate
EZH2-ubiquitination ~ degradation. = YC-1(Lificiguat),
3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole, is an
allosteric activator of soluble guanylyl cyclase. YC-1 can
attenuate platelet accumulation and prevent vascular
contraction [111]. Previous reports demonstrated the
potent anticancer activity of YC-1 in many cancer cells
[112-114]. A study reported that YC-1 decreases EZH2
expression and inhibits breast cancer cell proliferation via
activation of its ubiquitination and proteasome degrada-
tion [86]. Mechanically, they elucidated that YC-1 facili-
tates E3-ligase c¢-Cbl phosphorylation at T731 and T774,
leading to the activation of c-Cbl and complex formation
with EZH2, and then EZH?2 ubiquitination degradation.
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Sorafenib, as a multikinase inhibitor, is a phase III
clinical trial drug in advanced hepatocellular carcinoma
patients [115, 116]. A recent research has disclosed that
sorafenib can prevent EZH2 expression by accelerating
its ubiquitination-proteasome degradation in hepatoma
cells [117]. Moreover, NSC745885, as a small molecular,
is derived from natural anthraquinone emodin, which
can downregulate EZH2 via proteasome-mediated deg-
radation [22]. NSC745885 shows potent selective toxic-
ity against various cancer cell lines but not normal cells.
The researchers also demonstrated that NSC745885 sup-
presses bladder tumorigenesis and downregulates EZH2
in vivo. It means that NSC745885 has potent anti-cancer
effects through facilitating EZH2 ubiquitination-protea-
some degradation. Therefore, NSC745885 is a hopeful
therapeutic target in bladder cancer patients.

Luminespib (AUY-922, NVP-AUY922), as a highly
potent HSP90 inhibitor [118], can destabilize T-cell
EZH2 protein by inhibiting HSP90 function [119].
A study found that NIMA-related kinase 2 (NEK2)
strengthens EZH2 protein stability to promote GBM
tumorigenesis [120]. Subsequently, the researchers
designed a highly specific NEK2 inhibitor, CMP3a, which
can promote EZH2 ubiquitination degradation and
inhibit GBM tumor growth. Interestingly, small-molecule
GNAO002, as a gambogenic acid (GNA) derivative, was
identified as a potentially stronger EZH2 inhibitor [83].
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and EZH2 ubiquitination modifications. Arrows indicate positive effects, and perpendicular bars indicate negative effects




Li et al. Cell Biosci (2020) 10:143

Researchers indicated that GNA002 can specific bind to
Cys668 within the EZH2-SET domain, stimulating EZH2
degradation through the COOH terminus of CHIP-
mediated ubiquitination. Their discovery indicated that
GNAO002-mediated ubiquitination-degradation of EZH2
may become a promising treatment strategy for head
and neck carcinoma patients. CDK2 inhibitor dinaci-
clib renders the high-grade serous ovarian carcinoma
(HGSOC) cells sensitive to hormonal therapy (tamox-
ifen) by increasing ERa expression [121]. It means that
CDK?2 inhibitor combining with tamoxifen is a promising
therapeutic strategy of HGSOC in the future. In addition,
our recently study showed that PRMT1 specific inhibitor
AMI-1 inhibits breast cancer cell invasion and migration
through facilitate EZH2 degradation [74]. Our study sug-
gest that PRMT1 inhibitor is a promising clinical drug to
decreasing breast cancer patients metastasis.

Aside from these small molecules, certain inhibitors
may also be used as potential anti-cancer strategies to
inhibit EZH2 HMTase activity or protein stability. For
instance, AKT-mediated pS21-EZH2 can promote breast
cancer tumorigenesis [31, 42]. Thus, AKT specific inhibi-
tors are possible targets for many cancers. OGT catalyz-
ing O-GlcNAcylation of EZH2-S75 strengthens EZH2
stability, which means that OGT inhibitors (such as
OSMI-1) are possible therapeutic targets for breast can-
cers [36, 58]. Moreover, PCAF acetylates EZH2 at the
K348 site promoting lung cancer tumorigenesis via sta-
bilizing EZH2 [37]. PCAF inhibitors may develop into
an anti-cancer target. In addition, p38 catalyzing EZH2
phosphorylation at T367 residue elevates its localized
to cytoplasm and promotes breast cancer cells distant
metastasis [52]. We speculated that targeting p38-medi-
ated pT367-EZH2 by p38 inhibitor may develop into a
potential therapeutic strategy to prevent breast cancer
distant metastasis.

Wei and his colleagues found that the AMPK-mediated
phosphorylation of EZH2 at T311 decreases its methyl-
transferase activity to relieve the EZH2-dependent epi-
genetic silencing of its target genes and subsequently
suppresses ovarian cancer tumorigenesis [55]. This study
also elucidated that AMPK-mediated pT311-EZH2 cor-
relates with high survival rate in patients with ovarian
cancer. This finding clearly suggests that AMPK agonists
may become promising sensitizers of EZH2-targeting
drugs in cancer patients [55]. Among currently avail-
able AMPK agonists, metformin, as a first-line drug
for type II diabetes mellitus patients, has already been
widely used in pre-clinical studies to investigate the
effect of energy restriction on cancer cells. Interestingly,
most studies support an anti-cancer function of met-
formin, which is consistent with this study’s conclusion
[122]. Thus, metformin can serve as an anti-cancer drug
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for EZH2-overexpressing solid tumors in the future. In
addition, another study reported that SMYD2-mediated
EZH2-K307 di-methylation protects EZH2 from ubiqui-
tination degradation. They also illustrated that SMYD2
together with EZH2 promotes the oncogenesis and
metastasis of breast cancer cells, suggesting that SMYD2
inhibitor may become a novel underlying target for anti-
breast cancer treatment [39].

Conclusions and future directions

EZH2, as an important component of PRC2, is a critical
player in the epigenetic regulation of gene expression.
The last 25 years’ comprehensive study on EZH2 dem-
onstrates a splendid landscape that a histone methyl-
transferase is able to participate in numerous biological
processes, especially in oncogenesis and cancer distant
metastasis. Meanwhile, EZH2 expression is also regu-
lated by a lot of ways, among which post-translational
modification of EZH2 occupies a very important posi-
tion. So far, abundant data about various modification
residues, modification types, and interacting enzymes
have been shown, which improved understanding about
EZH2 functions, mechanisms, regulations, and thera-
peutic applications. However, several issues remain to be
discussed.

First, some modifying enzymes and precise residues of
EZH2-PTMs remain largely unknown. Second, whether
other types of PTMs, such as crotonylation, succinyla-
tion, and malonylation, also exist in EZH2 has yet to be
determined. Moreover, EZH2 modification is a highly
dynamic and context-dependent process, and crosstalks
among modifications enlarge the functional spectrum of
EZH2-PTMs. However, how these crosstalks of EZH2-
PTMs are precisely regulated in cancer progression has
yet to be elucidated.

A series of studies demonstrated that EZH2 can pro-
mote cancer tumorigenesis and metastasis independ-
ent on PRC2-mediated target gene silencing. Whether
EZH2 has other important novel functions warrants fur-
ther investigations. In future studies about EZH2-PTMs,
these new roles of EZH2 should be considered. Several
of the reports about EZH2-PTMs experiments were
performed in vitro. These findings dependent on experi-
ments in vitro could not be completely confirmed by the
following experiments in vivo according to the past stud-
ies. These results in vitro should be validated by experi-
ments in vivo in the future. This may explain why there
is not any successful clinical trial targeting EZH2-PTMs
for anti-cancer treatment to be carried out until now.
Therefore, further investigations are still needed before
the clinical application of anti-EZH2 PTMs in cancer
therapy.
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In conclusion, understanding the regulation of EZH2-
PTMs and their crosstalks in cancer progression and dem-
onstrating their molecular mechanisms in depth will open
a promising way for the development of novel cancer thera-
peutic strategies.

Abbreviations

EZH2: Enhancer of zeste homolog 2; PTMs: Post-translational modifications;
HMTase: Histone methyltransferase; PRC2: Polycomb Repressive Complex 2;
H3K27me3: Trimethylation of lysine 27 of histone H3; ER: Estrogen receptor;
GBM: Glioblastoma multiforme; GIcNAc: O-GIcNAcylation; OGT: O-Linked
N-acetylglucosamine transferase; HATs: Histone acetyltransferases; HDACs:
Histone deacetylases; LSD1: Lysine-specific demethylase 1; PCAF: P300/CBP-
associated factor; SMYD2: SET and MYND domain containing 2; Ub: Ubiquitin;
Smurf2: Smad ubiquitination regulatory factor-2; c-Cbl: Casitas B-lineage
lymphoma; CHIP: COOH terminus of Hsp70-interacting protein); SUMO:

Small ubiquitin-like modifier; DUBs: Deubiquitinases; USP7: Ubiquitin-specific
protease 7; INcCRNAs: Long noncoding RNAs; ncRBD1: NcRNA-binding domain;
ADMA: Asymmetric di-methylation; TAMs: Tumor-associated maceophages;
HCC: Hepatocellular carcinoma; NKTL: Natural killer/T-cell lymphoma; HGSOC:
High-grade serous ovarian carcinoma; NIPP1: Nuclear inhibitor of PP1; YC-1:
3-(5'-Hydroxymethyl-2'-furyl)-1-benzylindazole; NEK2: NIMA-related kinase 2;
GNA: Gambogenic acid.

Acknowledgements
Not applicable.

Authors’ contributions

ZL, ML and DW were major contributor in writing the manuscript. JZ and JB
revised and corrected the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the grants from the National Natural Science
Foundation of China (81802637 to ZL, 81672845 to JB, and 81872304 to

JB), the Natural Science Foundation of Jiangsu Province (BK20180989 to ZL,
BK20170266 to DC), the National Postdoctoral Research Funds (2019M651971
to ZL); the Xuzhou City Science and Technology Plan Project (KC19065 to
ZL); the Jiangsu Provincial Key Medical Discipline, the Project of Invigorating
Health Care through Science, Technology and Education (ZDXKA2016014 to
17).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None declared.

Author details

! Cancer Institute, Xuzhou Medical University, 84 West Huaihai Road,

Xuzhou 221002, Jiangsu Province, China. 2 Center of Clinical Oncology, Affili-
ated Hospital of Xuzhou Medical University, Xuzhou 221002, Jiangsu Province,
China.

Received: 15 June 2020 Accepted: 27 November 2020
Published online: 11 December 2020

Page 10 of 13

References

1. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifi-
cations. Cell Res. 2011;21:381-95.

2. Rodriguez-Paredes M, Esteller M. Cancer epigenetics reaches main-
stream oncology. Nat Med. 2011;17:330-9.

3. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to
therapy. Cell. 2012;150:12-27.

4. Esteller M. Cancer epigenomics: DNA methylomes and histone-modifi-
cation maps. Nat Rev Genet. 2007,8:286-98.

5. You JS, Jones PA. Cancer genetics and epigenetics: two sides of the
same coin? Cancer Cell. 2012;22:9-20.

6. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease
and prospects for epigenetic therapy. Nature. 2004,429:457-63.

7. Kouzarides T. Chromatin modifications and their function. Cell.
2007;128:693-705.

8. Kleer CG, Cao Q,Varambally S, Shen R, Ota |, Tomlins SA, et al. EZH2
is a marker of aggressive breast cancer and promotes neoplastic
transformation of breast epithelial cells. Proc Natl Acad Sci U S A.
2003;100:11606-11.

9. Chang CJ, Hung MC. The role of EZH2 in tumour progression. Br J
Cancer. 2012;106:243-7.

10.  Kim KH, Roberts CW. Targeting EZH2 in cancer. Nat Med.
2016;22:128-34.

11. Simon JA, Kingston RE. Mechanisms of polycomb gene silencing:
knowns and unknowns. Nat Rev Mol Cell Biol. 2009;10:697-708.

12. Holoch D, Margueron R. Mechanisms Regulating PRC2 Recruitment and
Enzymatic Activity. Trends Biochem Sci. 2017,42:531-42.

13.  Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in
life. Nature. 2011;469:343-9.

14. Blackledge NP, Rose NR, Klose RJ. Targeting Polycomb systems to regu-
late gene expression: modifications to a complex story. Nat Rev Mol
Cell Biol. 2015;16:643-9.

15. Chen H, Rossier C, Antonarakis SE. Cloning of a human homolog of the
Drosophila enhancer of zeste gene (EZH2) that maps to chromosome
21922.2. Genomics. 1996,38:30-7.

16. Laible G, Wolf A, Dorn R, Reuter G, Nislow C, Lebersorger A, et al.
Mammalian homologues of the Polycomb-group gene Enhancer of
zeste mediate gene silencing in Drosophila heterochromatin and at S.
cerevisiae telomeres. EMBO J. 1997;16:3219-32.

17. Simon JA, Lange CA. Roles of the EZH2 histone methyltransferase in
cancer epigenetics. Mutat Res. 2008;647:21-9.

18. LuH, LiG, Zhou C, Jin W, Qian X, Wang Z, et al. Regulation and role of
post-translational modifications of enhancer of zeste homologue 2 in
cancer development. Am J Cancer Res. 2016;6:2737-54.

19. Huang YF, Zhang Z, Zhang M, Chen YS, Song J, Hou PF, et al. CUL1
promotes breast cancer metastasis through regulating EZH2-induced
the autocrine expression of the cytokines CXCL8 and IL11. Cell Death
Dis. 2018;10:2.

20. Zingg D, Debbache J, Schaefer SM, Tuncer E, Frommel SC, Cheng P, et al.
The epigenetic modifier EZH2 controls melanoma growth and metas-
tasis through silencing of distinct tumour suppressors. Nat Commun.
2015;6:6051.

21. Chang CJ, Yang JY, Xia W, Chen CT, Xie X, Chao CH, et al. EZH2 promotes
expansion of breast tumor initiating cells through activation of RAF1-
beta-catenin signaling. Cancer Cell. 2011;19:86-100.

22. Tang SH, Huang HS, Wu HU, Tsai YT, Chuang MJ, Yu CP, et al. Pharmaco-
logic down-regulation of EZH2 suppresses bladder cancer in vitro and
in vivo. Oncotarget. 2014;5:10342-55.

23. LiC ChaiY,Wang L, Gao B, Chen H, Gao P, et al. Programmed cell senes-
cence in skeleton during late puberty. Nat Commun. 2017;8:1312.

24. 1toT,Teo YV, Evans SA, Neretti N, Sedivy JM. Regulation of Cellular
Senescence by Polycomb Chromatin Modifiers through Distinct DNA
Damage- and Histone Methylation-Dependent Pathways. Cell Rep.
2018;22:3480-92.

25. Smits M, van Rijn S, Hulleman E, Biesmans D, van Vuurden DG, Kool M,
et al. EZH2-regulated DAB2IP is a medulloblastoma tumor suppressor
and a positive marker for survival. Clin Cancer Res. 2012;18:4048-58.

26. TanJ,Yang X, Zhuang L, Jiang X, Chen W, Lee PL, et al. Pharmaco-
logic disruption of Polycomb-repressive complex 2-mediated gene
repression selectively induces apoptosis in cancer cells. Genes Dev.
2007;21:1050-63.



Li et al. Cell Biosci

27.

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2020) 10:143

Zhang Y, Lin CW, Liao GQ, Liu S, Ding J, Tang F, et al. MicroRNA-506 sup-
presses tumor proliferation and metastasis in colon cancer by directly
targeting the oncogene EZH2. Oncotarget. 2015;6:32586-601.

Li Z, Hou P, Fan D, Dong M, Ma M, Li H, et al. The degradation of EZH2
mediated by INcRNA ANCR attenuated the invasion and metastasis of
breast cancer. Cell Death Differ. 2017,24:59-71.

Tiwari N, Tiwari VK, Waldmeier L, Balwierz PJ, Arnold P, Pachkov M, et al.
Sox4 is a master regulator of epithelial-mesenchymal transition by
controlling Ezh2 expression and epigenetic reprogramming. Cancer
Cell. 2013;23:768-83.

Wu SC, Zhang Y. Cyclin-dependent kinase 1 (CDK1)-mediated phospho-
rylation of enhancer of zeste 2 (Ezh2) regulates its stability. J Biol Chem.
2011,286:28511-9.

ChaTL, Zhou BP, Xia W, Wu Y, Yang CC, Chen CT, et al. Akt-mediated
phosphorylation of EZH2 suppresses methylation of lysine 27 in histone
H3. Science. 2005;310:306-10.

Varambally S, Cao Q, Mani RS, Shankar S, Wang X, Ateeq B, et al.
Genomic loss of microRNA-101 leads to overexpression of histone
methyltransferase EZH2 in cancer. Science. 2008;322:1695-9.

Kim E, Kim M, Woo DH, Shin'Y, Shin J, Chang N, et al. Phosphoryla-

tion of EZH2 activates STAT3 signaling via STAT3 methylation and
promotes tumorigenicity of glioblastoma stem-like cells. Cancer Cell.
2013;23:839-52.

Riising EM, Boggio R, Chiocca S, Helin K, Pasini D. The polycomb repres-
sive complex 2 is a potential target of SUMO modifications. PLoS ONE.
2008;3:e2704.

Chen S, Bohrer LR, Rai AN, Pan Y, Gan L, Zhou X, et al. Cyclin-dependent
kinases regulate epigenetic gene silencing through phosphorylation of
EZH2. Nat Cell Biol. 2010;12:1108-14.

Chu CS, Lo PW, Yeh YH, Hsu PH, Peng SH, Teng YC, et al. O-GIcNAcylation
regulates EZH2 protein stability and function. Proc Natl Acad SciU S A.
2014;111:1355-60.

Wan J, Zhan J, Li S, Ma J, Xu W, Liu C, et al. PCAF-primed EZH2 acetyla-
tion regulates its stability and promotes lung adenocarcinoma progres-
sion. Nucleic Acids Res. 2015;43:3591-604.

Consalvi S, Brancaccio A, DallAgnese A, Puri PL, Palacios D. Prajal E3
ubiquitin ligase promotes skeletal myogenesis through degradation of
EZH2 upon p38alpha activation. Nat Commun. 2017;8:13956.

Zeng Y, Qiu R, Yang Y, Gao T, Zheng Y, Huang W, et al. Regulation of
EZH2 by SMYD2-Mediated Lysine Methylation Is Implicated in Tumori-
genesis. Cell Rep. 2019;29(1482-98):e4.

Beausoleil SA, Jedrychowski M, Schwartz D, Elias JE, Villen J, Li J, et al.
Large-scale characterization of Hela cell nuclear phosphoproteins. Proc
Natl Acad Sci U S A. 2004;101:12130-5.

Johnson SA, Hunter T. Kinomics: methods for deciphering the kinome.
Nat Methods. 2005;2:17-25.

Xu K, Wu ZJ, Groner AC, He HH, Cai C, Lis RT, et al. EZH2 oncogenic
activity in castration-resistant prostate cancer cells is Polycomb-inde-
pendent. Science. 2012;338:1465-9.

Bredfeldt TG, Greathouse KL, Safe SH, Hung MC, Bedford MT, Walker

CL. Xenoestrogen-induced regulation of EZH2 and histone methyla-
tion via estrogen receptor signaling to PI3K/AKT. Mol Endocrinol.
2010;24:993-1006.

Chen B, Liu J, Chang Q, Beezhold K, Lu Y, Chen F. JNK and STAT3 signal-
ing pathways converge on Akt-mediated phosphorylation of EZH2 in
bronchial epithelial cells induced by arsenic. Cell Cycle. 2013;12:112-21.
Yan JL, Li BH, Lin BH, Lee PT, Chung TH, Tan J, et al. EZH2 phosphoryla-
tion by JAK3 mediates a switch to noncanonical function in natural
killer/T-cell lymphoma. Blood. 2016;128:948-58.

Ko HW, Lee HH, Huo LF, Xia WY, Yang CC, Hsu JL, et al. GSK3 beta
inactivation promotes the oncogenic functions of EZH2 and

enhances methylation of H3K27 in human breast cancers. Oncotarget.
2016;7:57131-44.

WeiY, Chen YH, Li LY, Lang J, Yeh SP, Shi B, et al. CDK1-dependent phos-
phorylation of EZH2 suppresses methylation of H3K27 and promotes
osteogenic differentiation of human mesenchymal stem cells. Nat Cell
Biol. 2011;13:87-94.

Sahasrabuddhe AA, Chen X, Chung F, Velusamy T, Lim MS, Elenitoba-
Johnson KS. Oncogenic Y641 mutations in EZH2 prevent Jak2/beta-
TrCP-mediated degradation. Oncogene. 2015;34:445-54.

49.

50.

51

52.

53.

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 11 of 13

Ryan RJH, Nitta M, Borger D, Zukerberg LR, Ferry JA, Harris NL, et al.
EZH2 Codon 641 Mutations are Common in BCL2-Rearranged Germinal
Center B Cell Lymphomas. Plos One. 2011;6.

Jin X,Yang C, Fan P, Xiao J, Zhang W, Zhan S, et al. CDK5/FBW7-depend-
ent ubiquitination and degradation of EZH2 inhibits pancreatic cancer
cell migration and invasion. J Biol Chem. 2017;292:6269-80.

Li BH, Yan JL, Phyu T, Fan SY, Chung TH, Mustafa N, et al. MELK mediates
the stability of EZH2 through site-specific phosphorylation in extran-
odal natural killer/T-cell lymphoma. Blood. 2019;134:2046-58.

Anwar T, Arellano-Garcia C, Ropa J, Chen YC, Kim HS, Yoon E, et al.
p38-mediated phosphorylation at T367 induces EZH2 cytoplasmic
localization to promote breast cancer metastasis. Nat Commun.
2018;9:2801.

Nie L, Wei YK, Zhang F, Hsu YH, Chan LC, Xia WY, et al. CDK2-mediated
site-specific phosphorylation of EZH2 drives and maintains triple-
negative breast cancer. Nat Commun. 2019;10:5114.

Yang CC, LaBaff A, Wei YK, Nie L, Xia WY, Huo LF, et al. Phosphorylation
of EZH2 at T416 by CDK2 contributes to the malignancy of triple nega-
tive breast cancers. Am J Transl Res. 2015;7:1009-20.

Wan L, Xu K, WeiY, Zhang J, Han T, Fry C, et al. Phosphorylation of EZH2
by AMPK Suppresses PRC2 Methyltransferase Activity and Oncogenic
Function. Mol Cell. 2018;69(279-91):e5.

Holt GD, Hart GW. The subcellular distribution of terminal N-acetylglu-
cosamine moieties. Localization of a novel protein-saccharide linkage,
O-linked GIcNAc. J Biol Chem. 1986,261:8049-57.

Torres CR, Hart GW. Topography and polypeptide distribution of termi-
nal N-acetylglucosamine residues on the surfaces of intact lympho-
cytes. Evidence for O-linked GIcNAc. J Biol Chem. 1984;259:3308-17.
Vocadlo DJ. O-GIcNAc processing enzymes: catalytic mechanisms,
substrate specificity, and enzyme regulation. Curr Opin Chem Biol.
2012;16:488-97.

Lo PW, Shie JJ, Chen CH, Wu CY, Hsu TL, Wong CH. O-GIcNAcylation
regulates the stability and enzymatic activity of the histone methyl-
transferase EZH2. Proc Natl Acad Sci U S A. 2018;115:7302-7.

Chen S, Yao X, LiY, Saifudeen Z, Bachvarov D, El-Dahr SS. Histone
deacetylase 1 and 2 regulate Wnt and p53 pathways in the ureteric bud
epithelium. Development. 2015;142:1180-92.

Mortenson JB, Heppler LN, Banks CJ, Weerasekara VK, Whited MD, Pic-
colo SR, et al. Histone deacetylase 6 (HDAC6) promotes the pro-survival
activity of 14-3-3zeta via deacetylation of lysines within the 14-3-3zeta
binding pocket. J Biol Chem. 2015;290:12487-96.

Zhao D, Zou SW, Liu Y, Zhou X, Mo Y, Wang P, et al. Lysine-5 acetyla-
tion negatively regulates lactate dehydrogenase A and is decreased in
pancreatic cancer. Cancer Cell. 2013;23:464-76.

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC,

et al. Lysine acetylation targets protein complexes and co-regulates
major cellular functions. Science. 2009;325:834-40.

Yang XJ, Seto E. Lysine acetylation: codified crosstalk with other post-
translational modifications. Mol Cell. 2008,;31:449-61.

Wang Y, Mu'Y, Zhou XR, Ji HX, Gao X, Cai WW, et al. SIRT2-mediated
FOXO3a deacetylation drives its nuclear translocation triggering FasL-
induced cell apoptosis during renal ischemia reperfusion. Apoptosis.
2017,22:519-30.

Yao R, Han D, Sun X, Fu C, Wu Q, Yao Y, et al. Histone deacetylase
inhibitor NaBut suppresses cell proliferation and induces apoptosis by
targeting p21 in multiple myeloma. Am J Transl Res. 2017;9:4994-5002.
Biggar KK, Li SS. Non-histone protein methylation as a regulator of cel-
lular signalling and function. Nat Rev Mol Cell Biol. 2015;16:5-17.

Blanc RS, Richard S. Arginine Methylation: The Coming of Age. Mol Cell.
2017,65:8-24.

Poulard C, Corbo L, Le Romancer M. Protein arginine methylation/dem-
ethylation and cancer Oncotarget. 2016;7:67532-50.

Hyun K, Jeon J, Park K, Kim J. Writing, erasing and reading histone lysine
methylations. Exp Mol Med. 2017;49:e324.

Klose RJ, Zhang Y. Regulation of histone methylation by demethylimi-
nation and demethylation. Nat Rev Mol Cell Biol. 2007;8:307-18.

Yao RS, Wang YL, Han DY, Ma YH, Ma MS, Zhao YP, et al. Lysines 207
and 325 methylation of WDR5 catalyzed by SETD6 promotes breast
cancer cell proliferation and migration. Oncol Rep. 2018;40:3069-77.



Li et al. Cell Biosci

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

(2020) 10:143

Yuan H, HanY, Wang X, Li N, Liu Q, Yin Y, et al. SETD2 Restricts Prostate
Cancer Metastasis by Integrating EZH2 and AMPK Signaling Path-
ways. Cancer Cell. 2020;38(350-65):e7.

Li ZW, Wang DD, Lu J, Huang BQ, Wang YB, Dong MC, et al. Methyla-
tion of EZH2 by PRMT1 regulates its stability and promotes breast
cancer metastasis. Cell Death Differ. 2020,27:3226-42.

Li Z, Wang D, Wang W, Chen X, Tang A, Hou P, et al. Macrophages-
stimulated PRMT1-mediated EZH2 methylation promotes breast
cancer metastasis. Biochem Biophys Res Commun. 2020. https://doi.
org/10.1016/j.bbrc.2020.10.037.

Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Bio-
chem. 2001,70:503-33.

Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis
and treatment. Nat Med. 2014;20:1242-53.

Zhou MJ, Chen FZ, Chen HC. Ubiquitination involved enzymes and
cancer. Med Oncol. 2014;31:93.

Kovacev J, Wu K, Spratt DE, Chong RA, Lee C, Nayak J, et al. A
SnapShot of Ubiquitin Chain Elongation LYSINE 48-TETRA-UBIQUITIN
SLOWS DOWN UBIQUITINATION. J Biol Chem. 2014,289:7068-81.
Gallo LH, Ko J, Donoghue DJ. The importance of regulatory ubiquit-
ination in cancer and metastasis. Cell Cycle. 2017;16:634-48.

Sun C, Li HL, Shi ML, Liu QH, Bai J, Zheng JN. Diverse roles of C-termi-
nal Hsp70-interacting protein (CHIP) in tumorigenesis. J Cancer Res
Clin Oncol. 2014;140:189-97.

DiJ, Zhang Y, Zheng J. Reactivation of p53 by Inhibiting Mdm2 E3
Ligase: A Novel Antitumor Approach. Curr Cancer Drug Targets.
2011;11:987-94.

Wang X, Cao W, Zhang J, Yan M, Xu Q, Wu X, et al. A covalently bound
inhibitor triggers EZH2 degradation through CHIP-mediated ubiquit-
ination. EMBO J. 2017,36:1243-60.

LuW, Liu S, Li B, Xie Y, Izban MG, Ballard BR, et al. SKP2 loss destabi-
lizes EZH2 by promoting TRAF6-mediated ubiquitination to suppress
prostate cancer. Oncogene. 2017;36:1364-73.

Yu YL, Chou RH, Shyu WC, Hsieh SC, Wu CS, Chiang SY, et al. Smurf2-
mediated degradation of EZH2 enhances neuron differentiation and
improves functional recovery after ischaemic stroke. EMBO Mol Med.
2013;5:531-47.

Chang LG, Lin HY, Tsai MT, Chou RH, Lee FY, Teng CM, et al. YC-1
inhibits proliferation of breast cancer cells by down-regulating

EZH2 expression via activation of c-Cbl and ERK. Br J Pharmacol.
2014;171:4010-25.

Shen Z, Chen L, Yang X, Zhao Y, Pier E, Zhang X, et al. Downregula-
tion of Ezh2 methyltransferase by FOXP3: new insight of FOXP3 into
chromatin remodeling? Biochim Biophys Acta. 2013;1833:2190-200.
Zoabi M, Sadeh R, de Bie P, Marquez VE, Ciechanover A. PRAJAT is

a ubiquitin ligase for the polycomb repressive complex 2 proteins.
Biochem Biophys Res Commun. 2011;408:393-8.

Hu P, Nebreda AR, Hanenberg H, Kinnebrew GH, Ivan M, Yoder MC,
et al. P38alpha/JNK signaling restrains erythropoiesis by suppress-
ing Ezh2-mediated epigenetic silencing of Bim. Nat Commun.
2018;9:3518.

Chen JW, Luo YY,Wang S, Zhu H, Li DY. Roles and mechanisms of
SUMOylation on key proteins in myocardial ischemia/reperfusion injury.
J Mol Cell Cardiol. 2019;134:154-64.

Geiss-Friedlander R, Melchior F. Concepts in sumoylation: a decade on.
Nat Rev Mol Cell Biol. 2007,8:947-56.

Mevissen TET, Komander D. Mechanisms of Deubiquitinase Specificity
and Regulation. Annu Rev Biochem. 2017,86:159-92.

Clague MJ, Urbe S. Ubiquitin: same molecule, different degradation
pathways. Cell. 2010;143:682-5.

Mennerich D, Kubaichuk K, Kietzmann T. DUBs, Hypoxia, and Cancer.
Trends Cancer. 2019;5:632-53.

Xiao Z, Zhang P, Ma L. The role of deubiquitinases in breast cancer.
Cancer Metastasis Rev. 2016;35:589-600.

Lei H, Shan H, Wu Y. Targeting deubiquitinating enzymes in cancer stem
cells. Cancer Cell Int. 2017;17:101.

Liang J, Zhang XL, Xie S, Zhou XP, Shi Q, Hu JX, et al. Ubiquitin- specific
protease 22: a novel molecular biomarker in glioma prognosis and
therapeutics. Med Oncol. 2014;31:899.

100.

101.

102.

103.

105.

107.

111,

12

113.

114.

115.

116.

17.

118.

Page 12 of 13

Liu L, Yao D, Zhang PB, Ding WC, Zhang XZ, Zhang C, et al. Deubiquit-
inase USP9X promotes cell migration, invasion and inhibits apoptosis of
human pancreatic cancer. Oncol Rep. 2017;38:3531-7.

Zhang P, Xiao Z,Wang S, Zhang M, Wei Y, Hang Q, et al. ZRANB1 Is

an EZH2 Deubiquitinase and a Potential Therapeutic Target in Breast
Cancer. Cell Rep. 2018,;23:823-37.

Zhang MJ, Chen DS, Li H, Liu WW, Han GY, Han YF. Clinical significance
of USP7 and EZH2 in predicting prognosis of laryngeal squamous cell
carcinoma and their possible functional mechanism. Int J Clin Exp
Pathol. 2019;12:2184-94.

GagarinaV, Bojagora A, Lacdao IK, Luthra N, Pfoh R, Mohseni S, et al.
Structural Basis of the Interaction Between Ubiquitin Specific Protease 7
and Enhancer of Zeste Homolog 2. J Mol Biol. 2020;432:897-912.
Zheng N, Chu M, Lin M, He Y, Wang Z. USP7 stabilizes EZH2

and enhances cancer malignant progression. Am J Cancer Res.
2020;10:299-313.

Ma L, Lin K, Chang G, Chen Y, Yue C, Guo Q, et al. Aberrant Activation of
beta-Catenin Signaling Drives Glioma Tumorigenesis via USP1-Medi-
ated Stabilization of EZH2. Cancer Res. 2019;79:72-85.

Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, et al.
Functional demarcation of active and silent chromatin domains in
human HOX loci by noncoding RNAs. Cell. 2007;129:1311-23.

Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, et al.
Long noncoding RNA as modular scaffold of histone modification
complexes. Science. 2010;329:689-93.

Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT. Polycomb proteins tar-

geted by a short repeat RNA to the mouse X chromosome. Science.
2008;322:750-6.

Kaneko S, Li G, Son J, Xu CF, Margueron R, Neubert TA, et al. Phos-
phorylation of the PRC2 component Ezh2 is cell cycle-regulated and
up-regulates its binding to ncRNA. Genes Dev. 2010;24:2615-20.

Sun S, Wang W, Luo X, LiY, Liu B, Li X, et al. Circular RNA circ-ADD3
inhibits hepatocellular carcinoma metastasis through facilitating EZH2
degradation via CDK1-mediated ubiquitination. Am J Cancer Res.
2019;9:1695-707.

Ferreira M, Verbinnen |, Fardilha M, Van Eynde A, Bollen M. The deletion
of the protein phosphatase 1 regulator NIPP1 in testis causes hyper-
phosphorylation and degradation of the histone methyltransferase
EZH2. J Biol Chem. 2018;293:18031-9.

Jin B, Zhang P, Zou H, Ye H,Wang Y, Zhang J, et al. Verification of EZH2
as a druggable target in metastatic uveal melanoma. Mol Cancer.
2020;19:52.

Ko FN, Wu CC, Kuo SC, Lee FY, Teng CM. YC-1, a novel activator of plate-
let guanylate cyclase. Blood. 1994,84:4226-33.

Lee CS, Kim YJ, Kim W, Myung SC. Guanylate cyclase activator YC-1
enhances TRAIL-induced apoptosis in human epithelial ovarian
carcinoma cells via activation of apoptosis-related proteins. Basic Clin
Pharmacol Toxicol. 2011;109:283-91.

Wang SW, Pan SL, Guh JH, Chen HL, Huang DM, Chang YL, et al. YC-1
[3-(5"-Hydroxymethyl-2'-furyl)-1-benzyl Indazole] exhibits a novel
antiproliferative effect and arrests the cell cycle in GO-G1 in human
hepatocellular carcinoma cells. J Pharmacol Exp Ther. 2005;312:917-25.
Pan SL, Guh JH, Peng CY, Wang SW, Chang YL, Cheng FC, et al. YC-1
[3-(5™-hydroxymethyl-2"-furyl)-1-benzyl indazole] inhibits endothelial
cell functions induced by angiogenic factors in vitro and angiogenesis
in vivo models. J Pharmacol Exp Ther. 2005;314:35-42.

Cheng AL, Kang YK, Chen Z,Tsao CJ, Qin S, Kim JS, et al. Efficacy and
safety of sorafenib in patients in the Asia-Pacific region with advanced
hepatocellular carcinoma: a phase Il randomised, double-blind,
placebo-controlled trial. Lancet Oncol. 2009;10:25-34.

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al.
Sorafenib in advanced hepatocellular carcinoma. N Engl J Med.
2008;359:378-90.

Wang S, Zhu'Y, He H, Liu J, Xu L, Zhang H, et al. Sorafenib suppresses
growth and survival of hepatoma cells by accelerating degradation of
enhancer of zeste homolog 2. Cancer Sci. 2013;104:750-9.

Eccles SA, Massey A, Raynaud Fl, Sharp SY, Box G, Valenti M, et al.
NVP-AUY922: a novel heat shock protein 90 inhibitor active against
xenograft tumor growth, angiogenesis, and metastasis. Cancer Res.
2008;68:2850-60.


https://doi.org/10.1016/j.bbrc.2020.10.037
https://doi.org/10.1016/j.bbrc.2020.10.037

Li et al. Cell Biosci

119.

120.

121.

(2020) 10:143

Huang Q, He S, Tian Y, Gu Y, Chen P, Li C, et al. Hsp90 inhibition destabi-
lizes Ezh2 protein in alloreactive T cells and reduces graft-versus-host
disease in mice. Blood. 2017;129:2737-48.

Wang J, Cheng P, Pavlyukov MS, Yu H, Zhang Z, Kim SH, et al. Targeting
NEK2 attenuates glioblastoma growth and radioresistance by destabi-
lizing histone methyltransferase EZH2. J Clin Invest. 2017;127:3075-89.
Han'Y,Wei, Yao J, Chu YY, Li CW, Hsu JL, et al. Inhibition of CDK2
reduces EZH2 phosphorylation and reactivates ER alpha expres-

sion in high-grade serous ovarian carcinoma. Am J Cancer Res.
2020;10:1194-206.

Page 13 of 13

122. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from
mechanisms of action to therapies. Cell Metab. 2014;20:953-66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.




	Post-translational modifications of EZH2 in cancer
	Abstract 
	Introduction
	Phosphorylation of EZH2 in cancer development
	GlcNAc, acetylation, and methylation of EZH2 in cancer progression
	Ubiquitination, sumoylation, and deubiquitination of EZH2 in tumorigenesis and cancer metastasis
	Crosstalk between phosphorylation of EZH2 and ncRNAs
	Crosstalk between PTMs of EZH2
	Targeting the EZH2-PTM pathway for cancer therapy

	Conclusions and future directions
	Acknowledgements
	References




