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Abstract

The Polycomb group (PcG) protein Enhancer of Zeste Homolog 2 (EZH2) is one of the three 

core subunits of the Polycomb Repressive Complex 2 (PRC2). It harbors histone methyltransferase 

activity (MTase) that specifically catalyze histone 3 lysine 27 (H3K27) methylation on target 

gene promoters. As such, PRC2 are epigenetic silencers that play important roles in cellular 

identity and embryonic stem cell maintenance. In the past two decades, mounting evidence 

supports EZH2 mutations and/or over-expression in a wide array of hematological cancers and 

solid tumors, including prostate cancer. Further, EZH2 is among the most up-regulated genes in 

neuroendocrine prostate cancers, which become abundant due to the clinical use of high-affinity 

androgen receptor pathway inhibitors. While numerous studies have reported epigenetic functions 

of EZH2 that inhibit tumor suppressor genes and promote tumorigenesis, discordance between 

EZH2 and H3K27 methylation has been reported. Further, enzymatic EZH2 inhibitors have 

shown limited efficacy in prostate cancer, warranting a more comprehensive understanding of 

EZH2 functions. Here we first review how canonical functions of EZH2 as a histone MTase are 

regulated and describe the various mechanisms of PRC2 recruitment to the chromatin. We further 

outline non-histone substrates of EZH2 and discuss post-translational modifications to EZH2 itself 

that may affect substrate preference. Lastly, we summarize non-canonical functions of EZH2, 

beyond its MTase activity and/or PRC2, as a transcriptional cofactor and discuss prospects of its 

therapeutic targeting in prostate cancer.
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INTRODUCTION

Polycomb Group (PcG) proteins are an important family of epigenetic regulators that 

modify histones for epigenetic silencing of gene transcription. PcG proteins were originally 

discovered in Drosophila melanogaster where they function as negative regulators of 

homeotic gene expression during development [1]. In mammals, PcG proteins form 

two major multiprotein complexes termed Polycomb Repressive Complex 1 (PRC1) and 

Polycomb Repressive Complex 2 (PRC2) [2–4], the latter of which is the focus of this 

present review. Enhancer of Zeste Homolog 2 (EZH2), the catalytic subunit of PRC2 that 

mediates histone H3 lysine 27 trimethylation (H3K27me3), has been shown to be frequently 

mutated in hematological cancers but overexpressed in human solid tumors, where its 

expression and activity correlate with disease progression [5]. The initial discovery of EZH2 

overexpression in prostate cancer (PCa) has fueled a plethora of studies on the roles of 

PRC2-dependent gene silencing in driving cancer progression, which we have previously 

reviewed [6]. EZH2 has thus become an attractive target for cancer therapy and a number of 

small molecule inhibitors have been developed to block its enzymatic activity [5]. However, 

while these enzymatic inhibitors of EZH2 have proven particularly effective in lymphoma 

[5], they have shown limited efficacy in PCa. Increasing evidence suggest that EZH2 may 

harbor context-dependent multifunctionalities beyond H3K27me3, introducing complexity 

into our current understanding of its role in cancer progression. The purpose of this review 

is to provide a general discussion of the canonical and non-canonical functions of EZH2 and 

then focus on the diverse roles of EZH2 specifically in PCa and outline strategies to target 

EZH2 and combat PCa progression.

I. CANONICAL FUNCTION OF EZH2 AS A HISTONE 

METHYLTRANSFERASE

Regulation of EZH2 histone methyltransferase activity

PcG proteins EZH2, Suppressor of Zeste 12 Protein Homolog (SUZ12), and Embryonic 

Ectoderm Development (EED), along with histone-binding protein RBBP4/7, are core 

subunits of the PRC2 [7]. EZH2 contains a C-terminal SET domain, a conserved feature 

of histone methyltransferases (HMTase), and carries out the catalytic activities of PRC2 

specifically towards H3K27, leading to chromatin compaction and epigenetic silencing of 

target genes [7–11]. A large portion of the genome is methylated on H3K27 by PRC2 in a 

step-wise process involving the transfer of a methyl group to form mono- (me1), di- (me2), 

and ultimately trimethylated H3K27 (H3K27me3) [12, 13]. Of these methylated H3, roughly 

20% harbor H3K27me1, 50% harbor H3K27me2, and 10%–20% harbor H3K27me3 in 

embryonic stem cells (ESC) [14, 15]. Though EZH2 contains a SET domain that possesses 

HMTase activity, EZH2 protein by itself has low HMTase activity, at least when probed 
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in vitro [9, 11]. Multiple studies in Drosophila melanogaster and mammalian systems have 

focused on delineating the functions of other PRC2 subunits in facilitating EZH2 HMTase 

activity. EZH2 catalytic SET domain adapts an auto-inhibitory conformation, which is 

relieved upon EZH2 binding with EED and SUZ12 [16, 17]. Initial H3K27me3 deposition 

generates a feedforward loop by binding to the aromatic cage of EED, resulting in allosteric 

activation of the PRC2 complex, which further leads to additional H3K27me3 deposition 

and propagation of repressive chromatin domains (Fig. 1A) [18–21]. Moreover, SUZ12 is 

indispensable for protein stability and catalytic activity of the PRC2 complex (Fig. 1B) [7, 

22, 23]. Mechanistically, the C-terminal VEFS domain of SUZ12 forms a stable complex 

with EZH2 and EED that is catalytically competent to establish normal global H3K27 

methylation in vivo [15]. In addition, PRC2 core subunits RBBP4 and RBBP7 are required 

for PRC2 binding to unmodified nucleosomes and are necessary for full HMTase activity [7, 

24].

Recent studies have further stratified PRC2 into two subcomplexes, namely PRC2.1 and 

PRC2.2, each with distinct non-core PRC2 subunits. PRC2.1 contains Polycomb-like 

(PCL) proteins (PCL1/PHF1, PCL2/MTF2, and PCL3/PHF19), EPOP, and PALI1, whereas 

PRC2.2 utilizes accessory proteins JARID2 and AEBP2 [25, 26]. Although all of these 

PRC2 accessory proteins have been shown to stimulate PRC2 HMTase activity in in vitro 
assays [7, 27–31], some discrepancies have been observed in vivo. PCL family member 

PCL1/PHF1 was first reported to enhance H3K27me3, but not H3K27me1 or H3K27me2 

[27, 28]. However, PCL1 was also shown to bind to H3K36me3 through its Tudor domain 

and inhibit PRC2 HMTase activity [32, 33]. PCL3, on the other hand, represses gene 

transcription by recruiting the H3K36me3 demethylase NO66 [34]. EPOP is another 

important accessory protein of PRC2.1. In mouse embryonic stem cells (mESCs), both 

PRC2 recruitment and H3K27me3 were increased in EPOP-targeted regions upon EPOP 

knockout, indicating that EPOP may inhibit PRC2 methyltransferase activity in vivo (Fig. 

1C) [35, 36]. The exact mechanism by which EPOP suppresses PRC2 catalytic activity 

warrants further investigation. PALI1 is the most recently characterized PRC2 non-core 

subunit. Although PALI1 has been consistently identified as part of the PRC2.1 complex 

using mass spectrometry analyses [31, 37], its presence in PRC2.1 is mutually exclusive 

with EPOP. PALI1 was also shown to compete with AEBP2 at similar genomic targets 

during mESCs differentiation, which is essential for balancing the activities of both PRC2.1 

and PRC2.2 during developmental processes [31].

As a PRC2.2 sub-unit, JARID2 enhances PRC2 activity through two distinct mechanisms. 

First, PRC2 trimethylates JARID2 at lysine 116, which is recognized by the aromatic 

cage of EED, and subsequently leads to allosteric activation of PRC2, reminiscent of 

allosteric activation of PRC2 by H3K27me3 [17, 38]. Second, JARID2 was shown to exhibit 

nucleosome-binding ability, which stimulates PRC2 activity through tethering PRC2 to 

nucleosome substrate [39]. On the contrary, AEBP2, another accessory member of PRC2.2, 

stimulates PRC2 through a mechanism distinct from allosteric activation by the methylated 

substrate. The KR-motif within AEBP2 binds to nucleosome, and both nucleosome binding 

by AEBP2 and PRC2 interaction with AEBP2 are required to enhance PRC2 activity [19].
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Mechanisms of PRC2 recruitment to the chromatin

Although EZH2 is a major chromatin regulator, it is not a DNA-binding protein. Therefore, 

its recruitment to target genomic loci is largely dependent on multiple cofactors and 

chromatin features, which are reviewed in this section.

1) Histone Modifiers—Polycomb Repressive Complex 1 (PRC1) is the other one of 

the two classes of PRCs that are essential for polycomb-mediated gene silencing and 

epigenetic inheritance of cell fate [40]. The core subunits of PRC1 include a RING1 protein 

(RING1A or RING1B) and one of the six polycomb group ring finger proteins (PCGF1–6), 

corresponding to PRC1.1–1.6 sub-complex, respectively. Out of these, PRC1.2 and PRC1.4 

complexes are named as canonical PRC1 (cPRC1) due to the presence of CBX subunits 

that bind H3K27me3. In contrast, PRC1.1, PRC1.3, PRC1.5, and PRC1.6 are defined as 

variant PRC1 (vPRC1) that exclusively associate with RYBP, RING1, and yin yang 1 (YY1) 

binding proteins, proteins that do not recognize H3K27me3. Through RING1 proteins, 

PRC1 catalyzes the mono-ubiquitination of histone H2A at lysine 119 (H2AK119ub1) [41–

43], which is recognized by JARID2 for subsequent recruitment of PRC2 to the chromatin 

(Fig. 1D) [43–45]. To substantiate these findings, two recent studies reported that it is 

the DNA-binding vPRC1 that catalyzes H2AK119ub1, which serves as an upstream signal 

to stabilize PRC2.2 recruitment through JARID2 binding for subsequent methylation of 

H3K27. Accumulation of H3K27me3 eventually recruits cPRC1 through CBX proteins, 

which serve to amplify H3K27me3 over large genomic regions for epigenetic silencing [46, 

47]. Interestingly, in addition to RING1A/B, multiple other E3 ubiquitin ligases, such as 

MDM2, TRIM37, and CRL4B, have also been shown to modify H2AK119ub1 and interact 

with PRC2, thereby further enhancing H3K27me3 modifications (Fig. 1E) [48–50]. Thus, 

PRC2-interacting E3 ligases provide effective means to regulate dynamic PRC2 recruitment 

to specific genomic regions [8, 51–53].

2) Site-specific DNA-binding proteins—Specific genetic information stored in DNA 

sequences is another important signal for PRC2 recruitment to the chromatin. This is 

mediated by EZH2-interacting transcription factors that recognize DNA sequence motifs 

and subsequently recruit PRC2. For example, PRC2 accessory proteins AEBP2 and JARID2 

contain a DNA-binding Zinc-finger domain and A/T-rich interaction domain (ARID) that 

bind to specific DNA regions [54, 55] (Fig. 1F). Other transcription factors that have been 

shown to regulate PRC2 recruitment to specific DNA sequences include hypermethylated 

in cancer 1 (HIC1), circadian clock gene Period2 (PER2), runt-related transcription factor 

3 (RUNX3), CCCTC-binding factor (CTCF), PML-RARα, scaffold attachment factor B1 

(SAFB1), and YY1 [56–63]. In PCa, the chromatin scaffold protein SAFB1 has been shown 

to repress AR transcriptional activity [62]. This is achieved by SAFB1 forming a complex 

with EZH2 at AR-interacting chromatin sites, such as PSA enhancers, in association with 

other PRC2 proteins to catalyze H3K27me3 and epigenetic silencing.

3) RNA molecules—Several long noncoding RNAs (lnRNAs) have also been shown to 

mediate the recruitment of PRC2. XIST RNA was implicated in tethering PRC2 complex 

to the X chromosome during X chromosome inactivation [64]. The lncRNA HOTAIR, 

transcribed from HOX gene loci, interacts with PRC2 for its local chromatin recruitment and 
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transcriptional silencing of neighboring HOX genes [65]. In PCa cells, EZH2 was shown 

to bind to MALAT1, a lncRNA that is overexpressed in castration-resistant PCa (CRPC). 

MALAT1 plays a vital role in recruiting EZH2 to target genomic loci for tumor suppressor 

gene repression and in mediating EZH2-driven PCa cell migration and invasion [66]. 

Further, a recent study addressed the mechanisms underlying the requirement of RNA for 

PRC2 localization in human induced pluripotent stem cells. The authors demonstrated that 

genome-wide PRC2 occupancy on the chromatin is abolished by either RNA degradation, 

inhibitors of transcription, or EZH2 mutants defective in RNA binding, suggesting the 

importance of RNA-EZH2 interaction for chromatin recruitment of PRC2 [67]. However, 

other studies have shown that the interaction of PRC2 with RNA antagonizes its binding to 

the chromatin through a competitive mechanism. It has been suggested that RNA prevents 

PRC2 recruitment to actively transcribed genes, underlying the global pattern of PRC2 

association with compact chromatin [68, 69]. Despite these controversies, it is clear that 

EZH2 is an RNA-binding protein and that RNA is a critical regulator of genome-wide 

localization of EZH2 and PRC2.

4) CpG-Islands (CGIs)—CGIs are stretches of DNA sequences of several hundred 

base pairs that have a high frequency of CpG dinucleotides. The human genome contains 

approximately 30,000 CGIs, many of which are located at gene promoters. They are 

target genomic regions for DNA methylation, which mediates transcriptional silencing of 

corresponding genes [70]. PRC2 mainly enriches in CGI-containing promoters of the non

transcribed, inactive genes [70, 71]. Evolutionary hyper-conserved CpG domains largely 

coincide with PRC2 occupancy in human ESCs, indicating a role of distinct sequence 

properties in PRC2 recruitment. In addition, studies have shown that a high density of 

unmethylated CpG dinucleotides is sufficient to recruit PRC2, which subsequently deposits 

H3K27me3 and ultimately leads to DNA methylation through interaction with DNMTs 

[72–75]. This recruitment is obstructed by DNA methylation and transcriptional activity. 

Accordingly, inhibition of transcription induced global recruitment of PRC2 to bona fide 

PRC2 targets [76]. Mechanistically, several PRC2-associated proteins have been shown 

to regulate the recruitment of PRC2 to CGIs. For instance, PCL1 and MTF2 have been 

shown to bind to the unmethylated CpG motif through an N-terminal winged-helix structure, 

which is essential for efficient recruitment of PRC2 to CGI-containing promoters [77–79]. 

In contrast, PRC2.1 accessory protein EPOP has been shown to repress PRC2 binding to 

CGIs [63]. In mouse ESCs, EPOP occupies most CGIs and depletion of EPOP at PRC2

rich CGIs increases chromatin binding of SUZ12, consequently elevating H3K27me3, and 

repressing target genes. Ten-eleven translocation 1 (TET1) is another PRC2-binding protein 

frequently found in CGIs [80, 81]. TET1 mediates DNA demethylation by converting 

5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC). TET1 and PRC2 have been 

shown to recruit each other to CGIs through direct interaction. Contrary to PRC2, TET1 

reduces DNA methylation levels at CGIs, leading to increased transcription of nearby 

genes [80]. Therefore, there is a strong coordinated regulation of DNA methylation and 

H3K27me3 mediated by specific properties of CGIs through interacting with and recruiting 

PRC2.
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II. NON-HISTONE SUBSTRATES OF EZH2

Scientists have known for more than a half a century that proteins can be methylated [82]; 

however, it was not until the discoveries of histone methyltransferase and demethylase 

that biological functions of protein methylation started to emerge [83, 84]. Subsequent 

characterizations of the regulation of protein lysine methylation have suggested that it is 

a reversible process that controls multiple aspects of biological processes [85]. In the last 

decade, evidence of methylation on non-histone protein substrates is rapidly accumulating, 

along with their potential roles in human cancers [86–88]. Here, we summarize EZH2

mediated methylation of non-histone protein substrates, mostly through PRC2-dependent but 

sometimes PRC2-independent mechanisms, with varying consequences (Table 1 & Fig. 2).

1) EZH2 substrates that regulate global transcription

As described earlier, PRC2 accessory protein JARID2 itself is a non-histone substrate 

of EZH2 [38]. JARID2 methylation by EZH2 elevates PRC2 HMTase activity especially 

at genomic loci devoid of H3K27me3 (Fig. 2A). Methylation of JARID2 increases its 

interaction with the aromatic cage of EED, a domain that is originally shown to promote 

PRC2 enzymatic activity through its interaction with H3K27me3. Studies show that 

methylated JARID2 and H3K27me3 compete for the aromatic cage of EED to stimulate 

PRC2 HMTase activity. Through this feedback loop, JARID2 methylation by PRC2 fine

tunes PRC2 activity depending on the chromatin context. Aside from epigenetic silencing of 

target genes, PRC2 has also been shown to impose global transcriptional repression through 

a new non-histone substrate, Elongin A [89]. Elongin A is a general transcription elongation 

factor that augments the catalytic rate of transcription elongation by Pol II [89]. EZH2 

methylation of Elongin A is suggested to impede transcriptional regulation of many target 

genes, whereas methyl-defective Elongin A mutation allows higher expression of those 

target genes [89].

2) EZH2 methylation of specific transcription factors

Besides general epigenetic and transcriptional regulation, EZH2 also controls several 

specific transcription factors. In a study comparing CRPC cell line abl with its androgen

dependent counterpart LNCaP, EZH2 has been shown to activate transcription of a 

subset of genes that may be key for androgen-independent growth [90]. The study 

initially identified EZH2-stimulated genes that are highly expressed in CRPC cells. ChIP

sequencing (ChIP-seq) analysis revealed that a portion of the EZH2 binding sites in the 

abl cell line surprisingly lacks H3K27me3, but rather is significantly enriched with AR 

binding motifs. Furthermore, the authors found that EZH2 interacts with AR protein to 

activate AR transcriptional activities. Mechanistically, this is dependent on EZH2 protein 

phosphorylation at serine 21 (pS21) and requires an intact EZH2 methyltransferase domain 

that appears to modulate AR-associated lysine methylation. Surprisingly, this function of 

EZH2 does not require other PRC2 subunits, thus being polycomb-independent. How EZH2 

methylates AR independently of PRC2 and why EZH2 is able to act as a co-activator of 

methylated AR needs further clarification.
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EZH2 is highly expressed in glioblastoma multiforme and has been shown to mediate 

glioblastoma stem-like cell maintenance [91]. One study indicated that this is mediated by 

EZH2 binding to and methylating STAT3, which leads to STAT3 activation and increased 

transcription of STAT3-target genes (Fig. 2A) [92]. As in the case of AR, this regulation 

also requires EZH2 phosphorylation at S21. However, unlike AR, STAT3 also interacts with 

the PRC2 core subunit SUZ12, suggesting a polycomb-dependent mechanism. Considering 

that STAT3 has also been linked to glioblastoma stem-like cell survival [93], targeting EZH2 

and STAT3 signaling pathways may offer an attractive therapeutic option in glioblastoma. 

Indeed, 3-Deazaneplanocin A (DZNep), a global histone methylation inhibitor that also 

induces EZH2 protein depletion, decreases STAT3 methylation and suppresses STAT3 

signaling [92]. This suggests that pharmacological disruption of EZH2 may also suppress 

some of its non-histone substrates, albeit more selective EZH2 inhibitors are yet to be tested.

In another case, EZH2 methylation was shown to repress the activity of a transcription 

factor. EZH2 interacts with the cardiac transcription factor GATA4 to directly methylate 

GATA4 at lysine 299 [94]. Furthermore, GATA4 interacts with SUZ12 and EED and their 

expression is required for EZH2-mediated methylation of GATA4, suggesting a polycomb

dependent mechanism. Earlier studies have reported that the histone acetyltransferase p300 

elevates GATA4 transcriptional activity by acetylating lysine residues [95]. Specifically, 

the studies found that EZH2-mediated methylation of GATA4 reduced its interaction with 

and acetylation by p300, thereby inhibiting GATA4 transcriptional activity (Fig. 2A). This 

finding is further bolstered by upregulation of GATA4 target gene, Myh6, upon DZNep

mediated inhibition of EZH2 function. Therefore, this study reveals a crosstalk between 

PRC2-mediated protein methylation and other post-translational modifications on the same 

non-histone substrate, indirectly regulating downstream signaling, and it presents important 

lines of evidence for future investigation of cancers including PCa.

3) EZH2 regulation of protein stability

In addition to regulating transcriptional activities of substrate proteins, EZH2-catalyzed 

methylation has also been shown to play a crucial role in substrate ubiquitination and 

protein degradation. EZH2 methylation of orphan nuclear receptor RORα has been shown 

to promote its ubiquitin-dependent degradation [96]. The study first reported that EZH2 

knockout in mouse embryonic fibroblasts resulted in higher RORα protein levels without 

altering RORα mRNA levels. Moreover, DZNep blocks the EZH2-mediated degradation of 

RORα in the same cells. Mechanistically, the authors found that EZH2 methylates RORα 
at an “R-K-S” sequence located within its N-terminal domain, which is highly similar to 

the region in H3K27 that is methylated by EZH2. Methylated RORα is recognized by a 

methyl-binding protein DCAF1, which subsequently recruits DDB1/CUL4B E3 ubiquitin 

ligase complex for RORα ubiquitination and degradation (Fig. 2B). More recently, we 

reported that EZH2 methylates FOXA1, a transcription factor essential for prostate epithelial 

differentiation and androgen-dependent PCa growth [97]. Methylation on FOXA1 induces 

interaction with a WD40 repeat protein BUB3, which recruits USP7, a deubiquitinase, to 

remove FOXA1 ubiquitination and enhance FOXA1 protein stability.
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The Natural Killer T (NKT) cell lineage-defining transcription factor promyelocytic 

leukemia zin finger (PLZF) is another substrate whose methylation by EZH2 leads to its 

ubiquitination and protein degradation [98]. Since PLZF promotes NKT cell growth and 

differentiation [99], T-cell-specific depletion of Ezh2 induces a pronounced expansion of 

NKT cells without altering H3K27me3. Interestingly, depletion of Suz12 or Eed, on the 

other hand, ablates NKT cell development, likely through de-stabilizing canonical PRC2 

function. This suggests that EZH2-mediated PLZF methylation is independent of PRC2. 

Similar to the role of EZH2 in T-cell function and immune responses, cytosolic EZH2

containing PRC2 complex has been reported to regulate actin polymerization and control 

antigen receptor signaling in T cells [100]. Further studies showed that cytosolic EZH2 

methylates Talin, which plays a pivotal role in integrin-mediated cell migration [101]. EZH2 

methylation of Talin promotes its calpain-mediated cleavage by interfering with the binding 

of Talin to F-actin. Thus, leukocyte migration is compromised upon EZH2 loss, restricting 

some disease progression. Further examination of the precise roles of cytoplasmic EZH2 

will be important priority for future studies.

III. POST-TRANSLATIONAL MODIFICATIONS AS MOLECULAR SWITCHES 

OF EZH2 FUNCTIONS

Post-translational modifications including ubiquitination, acetylation, O-GlcNAclation, and 

sumoylation have been shown to dynamically alter EZH2 protein functions (reviewed in 

[102]). Here, we highlight EZH2 phosphorylation, methylation, and PARylation in their 

regulation of EZH2 functions.

1) EZH2 phosphorylation

The phosphoinositide 3-kinase (PI3K)-AKT signaling pathway is one of the most frequently 

altered pathways in primary and metastatic PCa, with alteration frequencies of 42% and 

100%, respectively [103]. It was first discovered in breast cancer that AKT1 directly 

interacts with and phosphorylates EZH2 at S21 to reduce its affinity for canonical substrate 

histone H3 without changing either EZH2 subcellular localization or its interaction with 

SUZ12 and EED [104]. Subsequent studies have shown that pS21 changes EZH2 substrate 

preference from histone to non-histone substrates. Xu et al. specifically identified some 

EZH2-associated genomic sites that lack H3K27me3 but contain active epigenetic marks, 

such as H3K4me2/3 and Pol II in CRPC cells [90]. Further investigation showed a molecular 

switch of EZH2 methyltransferase (MTase) preference from histone H3 toward a non

histone protein such as AR, which is dependent on EZH2 pS21 executed by hyper-activated 

PI3K-AKT signaling in CRPC cells. Immunohistochemistry analysis of tissue microarrays 

comparing neoadjuvant-treated prostate tumors versus CRPC showed significantly increased 

levels of EZH2 and pS21 in CRPC, whereas H3K27me3 levels were surprisingly decreased, 

supporting a disconnect between EZH2 and H3K27me3 in CRPC. Similar observations 

were made in glioblastoma multiforme and non-small cell lung carcinoma where EZH2 

S21 phosphorylation changes its MTase preference from histone H3 to STAT3 [105, 106]. 

Hence, pS21 enhances STAT3 methylation and activates STAT3 signaling for subsequent 

tumorigenesis independently of H3K27me3. Interestingly, a positive feedback loop has been 

described in which STAT3 induces AKT1 activation and EZH2 S21 phosphorylation [107]. 
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More precise crystallographic analysis and mass spectrometry-based assays are necessary to 

elucidate how post-translational modification of EZH2 shifts its specificity between histone 

substrate and non-histone protein substrates. Further, a recent study indicates that AKT

dependent pS21 may induce cytosolic localization of EZH2 [107]. Although the underlying 

mechanism remains unclear, phosphorylation-dependent translocation of EZH2 could be one 

of the potential ways to promote oncogenic roles of EZH2 outside of the nucleus.

Besides AKT1, mitogen-activated protein kinase 14 (MAPK14, also called p38α), when 

activated by TNF, has been shown to phosphorylate EZH2 at threonine 372 (T372), which 

promotes PRC2 interaction with YY1, leading to the formation of repressive chromatin 

on the Pax7 promoter. Thus, PRC2 represses the expression of Pax7 and expansion of 

muscle stem cells [108]. Moreover, cyclin-dependent kinase 1 (CDK1) and 2 (CDK2) have 

also been shown to phosphorylate EZH2 at different regions [109, 110]. CDK-mediated 

phosphorylation at T350 of EZH2 showed no effect on its histone methyltransferase activity, 

PRC2 complex formation, and the half-life of the EZH2 protein. However, it increased 

EZH2 binding with ncRNAs HOTAIR and Xist, and this binding is important for the 

recruitment of EZH2 and maintenance of H3K27me3 levels at EZH2-target genomic loci 

[109, 110]. In contrast, phosphorylation of EZH2 at T487 does not affect its binding to 

HOTAIR but disrupts EZH2 interaction with other PRC2 core subunits SUZ12 and EED, 

thereby inhibiting EZH2 MTase activity [110, 111]. Furthermore, phosphorylation at T492 

has been shown to promote dissociation of EZH2 from SUZ12 and EED and suppress EZH2 

HMTase activity. It would be interesting to identify EZH2 phosphorylation in PCa cells and 

investigate its roles in regulating PCa progression.

2) PRC2 automethylation

Many post-translational modification enzymes self-regulate their own activities. Protein 

kinases are particularly prominent in self-regulating their activity by auto-phosphorylating 

a specific site in the domain called the activation loop [112]. Similarly, methyltransferases 

including PRC2 have also been shown to have auto-methylation activities. As described 

earlier, PRC2 accessory protein JARID2 is methylated by PRC2 and this modification is 

recognized by EED, a core subunit of PRC2, leading to allosteric activation of PRC2’s 

enzymatic activity, forming a feedforward loop [38]. Further, PRC2 auto-methylates EZH2 

and SUZ12 in the presence or absence of nucleosomal substrates [113]. Methylation on both 

EZH2 and SUZ12 can be enhanced by the addition of H3K27me3-peptide, an allosteric 

activator of PRC2 activity, and tightly regulated by PRC2 accessory proteins such as AEBP2 

and JARID2. Auto-methylation of EZH2 occurs on three lysine residues (K510, K514, 

K515) on a disordered but highly conserved loop between its SANT2L and CXC domains 

[113, 114]. Such modifications were shown to increase HTMase activity of PRC2, promote 

PRC2 accessibility to the histone tail, and are required for attaining proper H3K27me3 

levels. These studies demonstrate a self-regulatory loop of PRC2 in modulating its own 

HMTase activity through auto-methylation. EZH2 auto-methylation is drastically reduced 

in diffuse intrinsic pontine glioma with H3K27M mutation. PRC2 auto-methylation and its 

aberrant regulation in other cancer types have not been reported and will be an interesting 

area for future investigation.
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3) EZH2 PARylation

Whole exome and transcriptome sequencing have identified relatively higher frequency 

of aberrations in the DNA repair pathway (22.7%) in CRPC patient samples compare to 

primary prostate cancer [115]. Alterations in DNA repair genes such as BRCA2, BRCA1, 

and ATM suggest the potential value for targeting DNA repair pathways in PCa. Notably, 

a recent Phase II clinical trial tested efficacy of the poly (ADP-ribose) polymerase (PARP) 

inhibitor Olaparib in a subset (33%) of CRPC patients with DNA-repair gene mutations and 

concluded that 88% of patients responded to Olaparib, including all 7 patients with BRCA2 

loss [116]. Of note, the use of PARP inhibitors has been shown to induce the expression 

of EZH2 and increase global levels of H3K27me3 [117]. Further, EZH2 is a direct target 

of PARP1-mediated PARylation. PARylation of EZH2 leads to PRC2 complex dissociation, 

inhibits PRC2 HMTase activity, and reduces H3K27me3 at EZH2-target genes [118, 119]. 

PARP1 inhibition, on the other hand, increases EZH2 expression and HMTase activity, and 

promotes cancer stem cell properties [119]. Accordingly, EZH2 inhibitors were shown to 

further sensitize BRCA-mutant breast and ovarian cancer cells to PARP inhibitors. It is 

unclear whether such synergy between these two inhibitors will occur in PCa with DNA

repair gene mutations. Moreover, there is at least one study arguing against combinatorial 

use of these inhibitors, as low EZH2 expression was shown to predict chemoresistance and 

poor survival in patients with BRAC2-mutated tumors [120]. Using murine Brca2−/− breast 

tumor models, the authors further demonstrated that inhibition of Ezh2 is associated with 

stabilization of the replication fork and acquired resistance to PARP inhibitors. Therefore, 

these studies suggest novel roles of PRC2 in DNA damage response and repair, which may 

provide novel opportunities for cancer treatment, warranting further investigation.

IV. DIVERSE FUNCTIONAL ROLES OF EZH2 IN PROSTATE CANCER

EZH2 is highly upregulated in aggressive PCa and plays important roles in promoting 

PCa progression. EZH2 depletion has been shown to induce G2/M cell cycle arrest, 

abolish cell proliferation and invasion in vitro, and quench tumor growth in vivo, while 

EZH2 overexpression has been shown to promote oncogenic behaviors [121–125]. Much 

of these activities have been associated with EZH2-mediated epigenetic silencing of tumor 

suppressor genes [6, 126] (Fig. 3A). In addition to its epigenetic targets, our recent studies 

revealed FOXA1 as a non-histone substrate of EZH2 [97]. EZH2 methylates FOXA1, 

which recruits deubiquitinase to block FOXA1 degradation, thereby increasing its protein 

levels (Fig. 3B). EZH2 and FOXA1 co-regulated genes are largely involved in cell cycle 

processes and their elevated expression levels were associated with poor prognoses. Further, 

PCa cells with high FOXA1 expression are more sensitive to inhibitors of EZH2 MTase 

activities that lead to FOXA1 protein degradation. Re-expression of FOXA1 can rescue the 

growth-inhibitory effects of these enzymatic EZH2 inhibitors. Nevertheless, the efficacy of 

these enzymatic EZH2 inhibitors in PCa is in general much lower than that in hematologic 

cancers, suggesting the existence of crucial EZH2 target genes that are insensitive to PRC2 

MTase activity.

In CRPC cells, EZH2 has been shown to exhibit an oncogenic function that is polycomb

independent and instead involves the ability of EZH2 to act as a coactivator of AR [90] 
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(Fig. 3C). This activating function of EZH2 is dependent on EZH2 protein phosphorylation 

and also requires its intact methyltransferase domain. Further, we recently found that EZH2 

induces the expression of AR by direct binding to AR promoter for transcriptional activation 

(Fig. 3D). EZH2 activates AR transcription in both primary PCa and CRPC cell lines, 

enhancing AR signaling, and rendering resistance to enzymatic EZH2 inhibitors. This 

function of EZH2 is independent of both its methyltransferase activities and the PRC2 

complex [127]. Structural analysis of EZH2 revealed a partially disordered domain that 

resembled transcriptional activation domain of p53, which might mediate potential gene 

activation function by EZH2 [128].

In addition to PRC2-independent EZH2 in activating AR, we also noted a small 

fraction of PRC2 binding at the AR promoter, which exerts its canonical function in 

epigenetic silencing. This is consistent with the conventional role of EZH2 in suppressing 

developmental regulators and promoting cell stemness [6, 126] (Fig. 3A). Consequently, 

enzymatic EZH2 inhibitors have been shown to slightly increase AR levels in PCa 

cells [127]. However, upon EZH2 knockdown, we observed a decrease of total AR 

protein, suggesting that EZH2-mediated transcriptional activation of AR dominates over 

its epigenetic role at the AR promoter. These results warrant the development of EZH2

degrading compounds that will not only abolish the epigenetic function of EZH2 but also its 

PRC2-independent role in activating AR.

Due to the increased use of high-affinity AR pathway inhibitors (ARPI), such as 

enzalutamide, approximately 20% of end-stage PCa patients develop treatment-induced 

neuroendocrine PCa (NEPC), most of which no longer express AR, and NEPC is essentially 

incurable [129]. NEPC tumors are resistant to all hormonal treatments and exhibit features 

of neuroendocrine differentiation (NED), commonly labeled with multiple neuroendocrine 

markers, including synaptophysin, CD56, neuron-specific enolase (NSE), and chromogranin 

A [130]. NEPC patients have a median overall survival of less than a year after diagnosis 

and a 5-year cancer-specific survival rate of only 17.95% [131, 132]. NEPC patients have 

poor clinical outcomes likely attributed to increased expression of genes involved in cellular 

proliferation and cell cycle and mitosis [133]. RNA-Seq comparing 30 localized PCa with 

7 NEPC tumors showed that EZH2 is among the most highly overexpressed genes in 

NEPC compared to CRPC [134]. Further analyses of patient-derived xenografts revealed 

several key genetic differences between parental PCa and relapsed NEPC models. Tumor 

suppressor retinoblastoma (Rb) is absent in the majority of NEPC patient samples [135]. 

Loss of Rb1 and p53 induces the pathogenesis of NEPC in transgenic mouse models 

[136]. MYCN gene encoding the N-Myc protein was amplified in 40% of NEPC tumors, 

compared to 5% of prostate adenocarcinoma tumors [134]. Accordingly, much higher levels 

of MYCN were detected in NEPC compared with CRPC in clinical specimens, and N-Myc 

overexpression in engineered mouse model leads to the development of NEPC tumors [137]. 

Numerous chromatin regulators, including EZH2, were found differentially expressed in 

NEPC as compared to CRPC, suggesting the epigenetic nature of NED [138]. Moreover, 

genes that were silenced in NEPC models were preferentially enriched with PRC2 target 

genes and associated with poor outcomes, suggesting a functional significance of EZH2 

overexpression. In the MYCN-driven NEPC models, epigenetic targets of EZH2/PRC2 are 

significantly enriched in the N-Myc-downregulated genes. N-Myc was shown to interact 

Park et al. Page 11

Oncogene. Author manuscript; available in PMC 2022 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with EZH2 and SUZ12 proteins to redirect PRC2 activity for the repression of AR signaling, 

thereby contributing to NED. Interestingly, upregulation of EZH2 expression has been 

observed in tumors derived from prostate basal cells overexpressing N-Myc and myrAKT1 

[139]. Further, increased EZH2 expression in NEPC tumors was validated in a larger cohort 

of patient tumors as well as organoids derived from needle biopsies of metastatic lesions 

from end-stage PCa patients [140].

Multiple studies have attempted to understand the molecular functions of EZH2 in NEPC 

tumors. Importantly, elevated expression of EZH2 in NEPC tumors was found to be 

accompanied by concomitant increase in H3K27me3, supporting the epigenetic role of 

EZH2 in NEPC [140]. One of the direct targets of EZH2-mediated epigenetic silencing 

during NEPC is Thrombospondin 1 (TSP1), an inhibitor of angiogenesis [141]. TSP1 

expression is negatively correlated with EZH2 and NED markers in clinical samples. 

Enzymatic EZH2 inhibitors have demonstrated much better efficacy in NEPC models 

than CRPC tumors [140]. However, treatment still requires high doses of the inhibitors 

(approximately 5μM) in order to achieve 50% growth inhibition, suggesting a role for 

methylation-independent PRC2 functions. Interestingly, several studies have found that AR 

is also a direct target of EZH2-mediated epigenetic silencing in AR-negative NEPC cells 

and that EZH2 inhibitors restore AR expression [136, 142]. Both EZH2 depletion and 

enzymatic EZH2 inhibitors were found to increase AR levels in NEPC cells, in contrast 

to their opposing effects in AR-positive cells [127]. It is likely that the AR-activating role 

of EZH2 is lost as PCa progresses to NEPC, which may contribute to the AR-negative 

nature of most NEPC cells, expressing high levels of EZH2. Nevertheless, such results 

suggest that EZH2 inhibitors might re-sensitize NEPC cells to ARPI, supporting their 

combinatorial use. Indeed, combination of GSK503 and Enzalutamide showed synergistic 

effects in suppressing the growth of post-castration DKO (with Pten and Rb1 loss) tumors. 

As the field continues to see an increased incidence of NEPC tumors, there is an urgent 

need for improved therapeutics, and with EZH2 being overexpressed in these NEPC tumors, 

these improved therapeutics can be expeditiously translated into the clinic. Whereas most 

studies have suggested a primary role of the epigenetic function of EZH2 in NEPC, at 

least one study has demonstrated that EZH2 function can be switched from H3K27 to non

histone substrate STAT3, wherein its methylation promotes NED in enzalutamide-induced 

NEPC [143]. These divergent mechanistic findings warrant further characterization of EZH2 

functions, specifically defining non-histone substrates and interacting partners, in NEPC, 

which will further guide the use of existing EZH2 inhibitors in combination therapies and 

further support the development of novel PRC2 inhibitors to fully block all EZH2 functions.

V. THERAPEUTIC TARGETING OF EZH2 IN PROSTATE CANCER

There has been intense interest in the development of new small molecule EZH2 inhibitors 

along with an emphasis on new therapeutic modalities such as EZH2 degradation [144]. 

The first orally bioavailable small-molecule inhibitor of EZH2 enzymatic activity to receive 

FDA approval is Tazemetostat, also known as EPZ-6438 [145–147]. This drug was approved 

in January 2020 for the treatment of epithelioid sarcoma and follicular lymphoma, where 

gain-of-function mutations of EZH2 are prevalent [148]. It is also currently being tested 

in clinical trials for other types of lymphomas and solid tumors. Valemetostat, known as 

Park et al. Page 12

Oncogene. Author manuscript; available in PMC 2022 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DS-3201 [149] by Daiichi Sankyo, is a highly specific orally bioavailable EZH1/2 dual 

inhibitor in Phase 1/2 clinical trials against a variety of hematologic and solid tumors. 

Jiangsu Hengrui Medicine Co., Ltd and Pfizer currently have EZH2 inhibitors SHR554 and 

PF-6821497 [150], respectively, in Phase 1 testing for safety and efficacy in lymphomas. 

Constellation Pharmaceuticals [151, 152] currently has its second-generation EZH2 inhibitor 

CPI-0209 in Phase 1 clinical trials as a potential treatment for solid and hematologic 

tumors. Constellation’s original EZH2 inhibitor (CPI-1205), which was in Phase 2 studies 

for metastatic castration-resistant prostate cancer (mCRPC), was discontinued in 2020 due 

to lack of efficacy. In addition to the EZH2 inhibitors in clinical development listed above, 

a significant number of other EZH2 inhibitor programs have shown promising pre-clinical 

activity and have been reviewed elsewhere [144]. Finally, Novartis is currently developing 

a small molecule EED inhibitor that blocks binding of EED to H3K27, and consequently 

prevents EZH2 activation. This compound, MAK683, is in Phase 1/2 trials for Diffuse Large 

B-cell Lymphoma (DLBCL).

Protein degradation has recently become a promising new avenue for therapeutics 

development [153–155]. There are currently at least two different proteolysis, targeting 

chimeras (PROTACs) in clinical development, both from Arvinas, for the treatment 

of prostate and breast cancer. As discussed above, EZH2 possesses histone and non

histone methylation activity, as well as methylation-independent functions that promote 

carcinogenesis and proliferation. Whereas inhibiting EZH2 will inhibit methylation activity 

(e.g., H3K27me3), non-canonical methylation-independent functions of EZH2 would be 

unaffected by enzymatic inhibitors. Thus, degradation of EZH2 could be a viable approach 

to target the non-canonical methylation-independent functions of EZH2 functions. To this 

end, the first targeted degrader of EZH2 was recently reported [156]. This compound, 

MS1943, was reported in 2020 and was shown to induce EZH2 degradation in various 

cancer cell lines, including the non-malignant prostate cancer cell line PNT2. It was 

found that MS1943 induced apoptosis partly by causing ER stress and strongly activating 

the unfolded protein response (UPR) pathway. Considering the lack of enzymatic EZH2 

inhibitors in PCa, EZH2-degrading compounds will be of great interest for further 

exploration.

VI. CONCLUSIONS/FUTURE DIRECTIONS

In the present review, we focus on the methyltransferase activities of EZH2, its histone vs 

non-histone substrates, and regulators of its activities. We also reviewed some studies on 

the non-catalytic activities of EZH2 that are either independent of its catalytic domain or 

the entire PRC2 complex, which have been more widely reported in other cancer types. In 

estrogen receptor (ER)-negative breast cancer, EZH2 has been shown to form a complex 

with RelA and RelB to activate canonical and non-canonical Nuclear Factor-kappaB (NF-

κB) signaling, independent of the MTase activity of EZH2 [157]. EZH2 has also been shown 

to act as a scaffold protein, bridging the estrogen and Wnt signaling pathways in breast 

cancer, specifically mediating an interaction between ERα and B-catenin at the c-Myc and 

cyclin D1 promoters [158]. It was speculated that EZH2-interacting mediator complex might 

enhance the transactivation activity at specific loci via regulation of RNA polymerase II. 

EZH2 has been shown to interact with TRIM28 and the chromatin-remodeling SWI/SNF 
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(SWItch/Sucrose Non-Fermentable) complex [159]. This novel EZH2/TRIM28/SWI/SNF 

complex coordinately activates target genes involved in breast cancer. This finding is 

particularly intriguing as growing evidence has indicated an epigenetic antagonism between 

PRC2 and SWI/SNF complexes [160]. Moreover, cancer cell lines with mutations in 

SWI/SNF complex were more dependent on EZH2, primarily on its non-catalytic roles 

in the stabilization of the PRC2 complex, further supporting that EZH2 enzymatic inhibitors 

may not fully suppress the oncogenic functions of EZH2 [161]. Of relevance, SWI/SNF 

complex was recently reported to be deregulated in NEPC and to play important roles in 

lineage plasticity [162].

In summary, EZH2 is an epigenetic regulator that is strongly and persistently upregulated 

in clinical samples and mouse models of aggressive PCa, such as CRPC and NEPC. EZH2 

was thought essential to epigenetic reprogramming and lineage plasticity of NEPC cells, and 

many PRC2-target genes are indeed deregulated in NEPC. However, enzymatic inhibitors of 

EZH2 remain ineffective in NEPC, despite NEPC being AR-negative, suggesting potential 

roles of other non-epigenetic targets of EZH2. All of these findings provide the impetus for 

future investigations to focus on identifying non-histone substrates of EZH2 and delineating 

non-epigenetic roles of EZH2 in PCa, especially NEPC, where it is most highly upregulated. 

Such understanding will be critical to guide the use of catalytic inhibitors of EZH2 in 

combination therapeutic regimens and the development of novel approaches to effectively 

target EZH2 in late-stage PCa.
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Figure 1. Cooperation between PRC2 and other proteins regulates gene transcription.
(A) EED binds H3K27me3 and recruits the PRC2 complex. (B) SUZ12 regulates the activity 

and stability of the PRC2 complex. (C) EPOP inhibits excessive activity and chromatin 

binding of the PRC2.1 complex. (D) JARID2 binds H2AK119ub1 and recruits the PRC2.2 

complex. (E) The interplay between PRC2 and different E3 ligases. (F) Different DNA

binding proteins regulate PRC2 actions.
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Figure 2. PRC2 directly methylates transcription factors to regulate their functions.
(A) PRC2 methylates and represses GATA4 activity, whereas PRC2 methylation of STAT3 

enhances its transcriptional activity. (B) PRC2 methylates FOXA1 protein to stabilize its 

protein stability by recruiting a deubiquitinase. PRC2 methylation of RORa, on the other 

hand, recruits an E3 ligase for proteasomal degradation.
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Figure 3. Diverse roles of EZH2 in prostate cancer.
(A) The canonical function of EZH2 is to form the PRC2 complex with other core subunits 

SUZ12 and EED to catalyze H3K27me3, which leads to epigenetic silencing of tumor 

suppressor genes, rendering cancer cell stemness. (B) FOXA1 is a non-histone substrate of 

EZH2 in prostate cancer. EZH2 methylates FOXA1 and protect it from protein degradation. 

EZH2 and FOXA1 co-regulates cell cycle progression and prostate cancer growth. (C) 
EZH2 directly binds at the AR gene promoter to induce AR gene transcription. This function 

is independent of PRC2 and EZH2 MTase activities. (D) In CRPC cell line LNCaP-abl, 

phosphorylated EZH2 has been shown to act as an AR co-activator to drive AR signaling 

and CRPC progression.
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Table 1.
EZH2 methylation sites on its histone and non-histone protein substrates.

Shown on each row are the reported substrate, starting aa position, the aa sequence flanking the methylation 

sites (0 position, highlighted in gray), ending aa position, the functional consequences of the methylation, and 

the references. AR: a potential substrate, methylation site not mapped.

Substrate aa −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 aa Functions Ref.

Histone 
H3 19 Q L A T K A A R K S A P A T G 33

Transcriptional 
repression 6, 7

FOXA1 287 A K G G P E S R K D P S G A S 351
Protein 

stabilization 97

RORa 30 P L N Q E S A R K S E P P A P 44
Protein 

degradation 96

PLZF 422 H R K L H S G M K T Y G C E L 436
Protein 

Degradation 98

JARID2 107 R P R L Q A Q R K F A Q S Q P 129

Increase PRC2 
enzymatic 

activity 38

STAT3 132 F D F N Y K T L K S Q G D M Q 146

Increase 
transcriptional 

activity 92

GATA4 291 C N A C G L Y M K L H G V P R

Decrease 
transcriptional 

activity 94

EloA 746 D P R K P A V K K I A P M M A 760
Transcriptional 

repression 89

Talin1 2446 A D Q D S E A M K R L Q A A G 2460
Proteolytic 
cleavage 101

AR
Transcriptional 

activation 90
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