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Introduction

Moving ahead from the conventional notion of “oncogenesis” 
as a complex series of events driven by the accumulation of 
genetic mutations,1 technological advances in recent years have 
highlighted that the collusion between genetic and epigenetic 
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Overexpression of EZH2 and other PRC2 subunits, such 
as SUZ12, is associated with tumor progression and poor 
prognosis in several human malignancies. Nevertheless, the 
underlying mechanisms driving aberrant EZH2 expression 
are poorly understood. This review provides molecular 
insights into the essential role of EZH2 in breast and prostate 
tumorigenesis. We addressed the current understanding on 
the oncogenic role of EZH2, with an emphasis on: (1) the less 
known PRC2-independent role of EZH2 in gene activation, 
in addition to its canonical role in transcriptional silencing 
as a histone methyltransferase catalyzing the trimethylation 
of histone H3 at lysine 27; (2) causes and consequences of 
its deregulation in tumor cells and; (3) collaboration of EZH2 
with other epigenetic and hormone receptor-mediated 
oncogenic signaling pathways. We also summarize how EZH2 
has emerged as a promising therapeutic target in hormone-
refractory cancers and the prospects for integrating EZH2 
blockade with available pharmacological inhibitors.
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regulatory mechanisms is prevalent and its disruption contrib-
utes significantly to the initiation and progression of cancer.2 
This crosstalk is being established by genetic mutations in several 
epigenetic modifiers that are involved in DNA and histone modi-
fications, leading to abnormal epigenetic alterations that cause 
aberrant gene expression and genomic instability, ultimately 
resulting in cancer.3,4

In addition to epigenetic aberration, such as promoter DNA 
hypermethylation, two discrete histone modifications, i.e., his-
tone H3 lysine 27 trimethylation (H3K27me3) and H3K9 
dimethylation (H3K9me2), catalyzed by histone lysine meth-
yltransferases, significantly contribute to epigenetic silencing 
mechanism in mammals.5-9 H3K27me3-mediated gene silencing 
involves an evolutionarily conserved family of chromatin modu-
lators called Polycomb group (PcG) proteins.10 PcG proteins are 
best known for their role in maintaining the silenced state of sev-
eral genes during development and establishing embryonic stem 
cell (ESC) identity and pluripotency.11 Enhancer of zeste homo-
log 2 (EZH2), the catalytic subunit of the Polycomb repressive 
complex 2 (PRC2), trimethylates H3K27, which may serve as 
a docking site for another Polycomb repressor complex, PRC1, 
as well as for DNA methyltransferases (DNMTs).10,12 Besides 
promoter DNA methylation, EZH2-mediated H3K27me3 is 
a potential independent mechanism of epigenetic silencing of 
tumor suppressor genes in cancer.13,14

Recent findings implicate that EZH2 is overexpressed in a 
wide range of cancer types, especially breast and prostate can-
cers.15,16 Breast and prostate cancer are the two most well charac-
terized endocrine-related cancers that share defining similarities 
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(HMTase) compared with EZH2-containing PRC2 complex, 
which suggests that the H3K27me3 repressive mark is established 
by PRC2-EZH2.28 HMTase activity of PRC2-EZH1 may func-
tion in restoring the repressive methylation pattern (H3K27me2/
me3) of histones that could have lost their methylation mark 
after demethylase activity or histone exchange.

Human EZH2 gene maps to the long arm of chromosome 7 at 
position 7q35 and encodes a 746 amino acid protein that belongs 
to the histone-lysine methyltransferase family.34 EZH2 protein 
contains several functional domains that are involved in medi-
ating its interaction with other PRC2 and regulatory proteins, 
besides its histone methyltransferase activity. The major domains 
include CXC (cysteine-rich domain), SET [Su(var)3–9, enhancer 
of zeste, trithorax domain], ncRBD (non-coding RNA-binding 
domain and a DNA binding domain).35 Although mutations in 
other PRC2 members have not been reported so far, recent stud-
ies in lymphoma and myeloid neoplasms have identified EZH2 
mutations that may either cause gain-of-function or complete loss 
of histone methyltransferase activity.36 A heterozygous missense 
somatic mutation at tyrosine 641 in the SET domain of EZH2 
results in enhanced H3K27me3 levels in follicular lymphomas 
and diffused large B-cell lymphomas.37 Interestingly, in myeloid 
neoplasms, inactivating EZH2 mutations that are distributed 
throughout the gene, comprising missense, nonsense and prema-
ture stop codons, have been described and lead to loss of histone 
methyltransferase activity.38,39

EZH2 protein is subjected to various posttranslational modi-
fications, such as phosphorylation by Akt1 at serine 21, which 
reduces H3K27 trimethylation activity and phosphorylation at 
threonine 345 by CDK1 and CDK2, which is required for main-
tenance of H3K27me3 repressive marks at target gene promot-
ers.40,41 Furthermore, a recent study demonstrates that EZH2 and 
SUZ12 are potential targets for sumoylation in both in vivo and 
in vitro conditions.42

In Drosophila, PcG proteins are recruited to polycomb response 
elements (PREs) containing target genes with the help of several 
other DNA binding proteins such as GAF, Pipsqueak, Zeste or 
PHO. In mammals, PRC2 is targeted to CpG islands but, surpris-
ingly, no consensus sequence elements for PcG recruitment have 
been identified to date in this species.35 Recent reports suggest 
that YY1, the mammalian ortholog of the Drosophila PRE DNA-
binding protein PHO and RYBP, which interacts with both PcG 
proteins, is involved in the PRC2 recruitment process.43-45 Long 
non-coding RNAs (ncRNA) have also emerged as potential ele-
ments involved in PRC2 recruitment. HOTAIR ncRNA promote 
PRC2 recruitment in trans and is associated with the transcrip-
tional repression of the HOXD locus.46,47 Similarly, XIST and 
KCNQ1OT1 ncRNAs have also been implicated in PRC2 gene 
targeting.48-51

There are two possible molecular mechanisms for EZH2 
action based on its role as a transcriptional activator or repressor. 
As an integral component of PRC2, the canonical role of EZH2 is 
that of a histone methyltransferase (Fig. 1A). The SET domain of 
EZH2 catalyzes methylation of lysine in succession so that each 
methylation event serves as a substrate for the next (H3K27me2 
is monomethylated to form H3K27me3); each methylation mark 

in the key hormone signaling pathways controlling tumor growth 
and differentiation.17 In this review, we comprehensively discuss 
the molecular mechanism of action of EZH2 and how its deregu-
lation leads to tumorigenesis in these endocrine-related cancers. 
Emerging literature suggests that EZH2 functions as a multi-
faceted molecule and switches to the role of a transcriptional 
activator inducing a subset of genes that promote oncogenesis in 
certain cancer types, such as castration-resistant prostate cancer 
(CRPC) and breast cancer.18-21 Recent literature highlighting the 
relationship between EZH2-mediated gene silencing and other 
epigenetic silencing mechanisms, i.e., DNA methylation and 
histone modifications, are discussed in detail. We also highlight 
some important studies which link EZH2 with estrogen- and 
androgen-receptor-mediated signaling in breast and prostate 
tumorigenesis, respectively. We contend that EZH2 may emerge 
as a potential therapeutic target in hormone-refractory breast 
and prostate cancers and in the development of novel treatment 
strategies that target both genetic and epigenetic mechanisms of 
tumorigenesis. This may help combat the issue of hormone resis-
tance in current treatment regimens.

Polycomb Group (PcG) Proteins:  
Composition, Recruitment and Action

Polycomb group proteins (PcG) are a phylogenetically conserved 
group of multimeric protein complexes, initially characterized in 
Drosophila for their crucial role as negative regulators of homeo-
tic genes required for segmentation.22 In mammals, PcG proteins 
function in two distinct protein complexes: Polycomb repressive 
complexes PRC1 and PRC2. Posttranslational modification of 
histones has emerged as the key molecular mechanism of action 
of PcG proteins, which regulate chromatin structure and mediate 
epigenetic silencing. PRC1 composition is variable and its core 
components in mammals include Bmi1 (also known as Pcgf4), 
Ring1b, Ring1a, CBX, PH1, PH2, NSPC1 (Pcgf1) and MEL18 
(Pcgf2) proteins.23,24 Ring 1a and Ring 1b ubiquitin ligases 
catalyze the monoubiquitination of histone 2A at lysine 119 
(H2AK119ub), which causes PRC1 dependent gene silencing.25 
ncRNA and H3K27me3 facilitate PRC1 recruitment to target 
genes.26 It blocks the ATP-dependent remodeling activity of Swi/
Snf in vitro and maintain the repressed state of genes.27

The mammalian PRC2 core complex consists of four com-
ponents: EZH1/2, SUZ12, EED and RbAp46/48 (also called 
RBBP7/4) that catalyzes the di/trimethylation of H3K27.10,28 
Recent reports suggest that there are additional PRC2 compo-
nents, AEBP2, PCLs and JARID2, which function as accessory 
units regulating the function and enzymatic activity of PRC2 
holoenzyme.29-31 Despite the dynamic composition of PRC2, 
EZH1/2 remains its integral component for catalyzing H3K27 
di/trimethylation.32 EZH1 and EZH2 are two paralogs and 
PRC2-EZH1/-EZH2 complexes function differently to main-
tain the repressed state of chromatin.28 EZH1 expression has 
been reported in dividing and differentiated cells whereas EZH2 
is found in proliferating tissues.28,33 Since both are part of PRC2 
complexes, they regulate an overlapping array of target genes. 
Intriguingly, PRC2-EZH1 has low histone methyltransferase 
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enhances its transcriptional activity.54,55 Therefore, methylation 
of AR or AR-associated proteins is a potential mechanism for 
EZH2-driven transcriptional activation.

In breast cancer cells, EZH2 has been reported to induce gene 
transcription in two different ways depending on the ER status 
(Fig. 1B). In luminal-like MCF-7 breast cancer cells, EZH2 acts 
as a bridge to physically link ERα and Wnt signaling compo-
nents β-catenin and TCF, on the cyclin B1 and c-Myc promot-
ers.21 EZH2 also interacts with Mediator complex through its 
domain II independent of the SET domain involved in HMTase 
activity and induces transcription by its interaction with RNAP 
II. In ER-negative, basal like MDA-MB-231 cells, EZH2 forms 
a ternary complex with NF-κB components RelA and RelB and 
activates transcription of NF-κB target genes such as TNF and 
IL6.20 In both types of cancer, although EZH2 functions inde-
pendently of PRC2 as a transcriptional activator, the mechanisms 
are different.

represents functionally distinct chromatin state. H3K27me3 has 
been implicated in the recruitment of PRC1 complex, suggest-
ing that both PcG protein complexes function in gene silencing. 
However, there are PRC2 target genes that lack H2AK119ub and 
genes targeted by PRC1 in the absence of PRC2, highlighting the 
discrepancy in the exact functional relationship between the two 
protein complexes.43,52,53 Trimethylation of H3 may pose steric 
hindrance for RNAP II and other proteins binding to target gene 
promoters and repress transcription.

The second mechanism of EZH2 action highlights its less 
known role as a transcriptional inducer. Xu et al.18 reported 
that in CRPC, EZH2 functions independently of other PRC2 
members and Akt1-mediated phosphorylation of EZH2 at serine 
21 allows it to interact with AR at many solo genes (Fig. 1B). 
They also demonstrated that depletion of EZH2 does not alter 
AR levels but induces a reduction in AR-associated lysine meth-
ylation (lysines 630 and 632). AR methylation catalyzed by Set9 

Figure 1. Molecular mechanism of action of EZH2. (A) Polycomb dependent mechanism—role in transcriptional repression. EZH2 functions as a part 
of mammalian PRC2 core complex consisting of EZH1/2, SUZ12, EED and RbAp46/48 (also called RBBP7/4. When recruited to the target gene promoter 
it catalyses the di/tri- methylation of Histone 3 at lysine 27 (H3K27me3), resulting in chromatin compaction and inaccessibility of promoter region to 
RNA Pol II and other proteins of the transcription machinery, which ultimately repress transcription. H3K27me3 mark also serves as a docking site for 
binding of PRC1 complex containing Bmi1, Ring1a, Ring1b, HPH1, HPH2, NSPC1, MEL18 and CBX proteins (-2, 4, 6, 7, 8). PRC1 catalysed mono-ubiquitina-
tion of Histone 2A at lysine 119 further contributes to target gene silencing. (B) Polycomb independent mechanism: role in transcriptional activation. 
(1) In prostate cancer cells, Akt-1 mediated phosphorylation of EZH2 at Serine-21 decreases the H3K27me3 activity of EZH2. But phosphorylated EZH2 
can function independent of other PRC2 proteins and may methylate androgen receptor at lysine 630 and 632, which can enhance its transcriptional 
activity. This is a potential mechanism for EZH2 mediated transcriptional activation via methylation of androgen receptor or other androgen receptor 
associated proteins (X or Y). (2) When over-expressed in ER-positive, luminal like MCF-7 breast cancer cells, EZH2 functions as a transcriptional activa-
tor by acting as a bridge to physically link  ERα and Wnt signaling components β-catenin and TCF, on the Cyclin B1 and c-Myc promoters. EZH2 also 
associates with Mediator complex through its domain II independent of the SET domain involved in HMTase activity and enhance transcription by its 
interaction with RNA polymerase II. In ER-negative, basal like MDA-MB-231 cells, EZH2 forms a ternary complex with NF-κB components RelA and RelB 
and activates transcription of NF- κB target genes such as TNF, IL6.
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revealed that H3K27-based silencing and DNA methylation are 
independent events. However, there was some overlap between 
H3K27me3 and DNA methylation, which suggest that there 
may be genes targeted by both silencing mechanisms, although it 
seems relatively rare.

Absence of DNA hypermethylation at PRC-occupied regions 
in embryonic carcinoma cells and lack of DNA hypomethylation 
after EZH2 knockdown in cancer cells hint at different gene sets 
being targeted for repression by these two silencing machineries. 
However, some gene profile studies comparing chromatin states 
in tumor cells vs. cancer cells revealed that H3K27me3-enriched 
EZH2 target genes in normal cells subsequently become abnor-
mally hypermethylated in tumor cells during cellular trans-
formation.61-63 In conclusion, the current view supported by 
comprehensive genome-wide and functional analysis suggests 
that DNA methylation and Polycomb-mediated silencing col-
laborate in the epigenetic silencing of certain genes depending on 
cellular context but are probably not as directly related as previ-
ously suggested by some reports.

H3K27me3 and other histone modifications. Histone 
modification is a well-conserved and important mechanism 
of transcriptional regulation. Emerging evidence suggests 
that the modification patterns of histones can be linked to 
their biological function and act as a “histone code,” to pre-
dict the transcriptional states of genes. Histone methylation 
at H3K4 (trimethylation), enriched at promoter/transcription 
start site regions, and H3K36 (dimethylation), most abun-
dant in 5' coding regions, are hallmarks of actively transcribed 
genes.64-66 Many studies comprehensively described H3K4me3 
and H3K36me2 antagonizing Polycomb-mediated silencing 
at H3K27.67,68 This inhibition requires the presence of these 
methylation marks on the same histone tail subject to EZH2-
mediated K27 methylation. Similarly, H3K27 acetylation and 
H3K27me3 are mutually exclusive and, hence, acetylation of 
H3K27 functionally antagonizes PRC2-mediated silencing in 
both mammalian and fly systems.69-71 This highlights the role 
of HDACs in EZH2-mediated silencing, although they are not 
core subunits of PRC2. HDACs could deacetylate K27 side 
chains to make ε-amino groups available for methylation by 
the PRC2 complex. Also, two recent studies establish that phos-
phorylation of serine 28, located immediately next to H3K27, 
by kinases MSK1 and MSK2 also disrupts the functioning of 
PcG silencing pathway.72,73

In summary, recent literature advocates the fact that PRC2-
mediated gene silencing mechanisms have evolved to sense the 
surrounding epigenetic landscape and are subject to cues from 
other chromatin marks based on the transcriptional state of the 
chromatin.74 However, further studies addressing the structural 
organization of PRC2 active site and its regulatory domains are 
needed to completely unravel its mechanism of inhibition.

EZH2 and Endocrine-Related Cancers

EZH2 in breast tumorigenesis. Breast cancer is the most com-
mon malignancy and the second leading cause of cancer-related 
deaths, accounting for nearly one in three cancers diagnosed 

H3K27me3 and DNA methylation. Epigenetic modula-
tions such as aberrant promoter DNA hypermethylation and 
histone modifications, which govern chromatin remodeling, 
have emerged as important players in tumor onset and progres-
sion. Interesting experimental studies addresses the functional 
relationship between PcG proteins and DNA methylation that 
leads to epigenetic inactivation of tumor suppressor genes in 
various cancer types. Previous studies show that the cross-
talk between DNA methylation and histone modifications 
is mediated by a group of proteins possessing methyl DNA 
binding characteristics such as methyl CpG binding protein 2 
(MeCP2), methyl CpG binding domain protein 1 (MBD1) and 
Kaiso/ZBTB 33 (Zinc finger and BTB domain containing pro-
tein 33).56,57 These proteins bind to methylated CpG islands on 
target gene promoters and recruit histone deacetylase (HDAC) 
and histone methyltransferase-containing protein complexes, 
adding further to target gene silencing. But the evidences link-
ing DNA methylation and PRC-mediated silencing are partial 
and sometimes conflicting. Recent technological developments 
have led to multiple mechanistic hypotheses on the underlying 
process.

Early studies in Drosophila and C. elegans suggest the involve-
ment of PRC2-mediated repressive machinery in gene silencing 
but no detectable DNA methylation in the chromatin.58 Vire et 
al.59 first reported the role of EZH2 and its H3K27me3 repres-
sive mark in the recruitment of DNMTs to EZH2 target pro-
moter in human osteosarcoma cells. They described that EZH2 
is essential for the binding of DNMT, but DNMT is not required 
for EZH2 or H3K27me3 binding to the MYT1 gene promoter. 
Bisulfite genomic sequencing data of MYT1 and WNT1 pro-
moters in EZH2 overexpressing and knockdown cells show that 
EZH2 is required for CpG methylation of EZH2 target promot-
ers. McGarvey et al.60 demonstrated that EZH2 might act as an 
epigenetic modulator when promoter is not densely methylated. 
They showed that EZH2 knockdown lead to increased expression 
of unmethylated or basally expressing genes but not hypermeth-
ylated completely silenced genes such as p16INK4a in U2OS cells. 
Contrary to previous reports, they found that EZH2 depletion 
does not reduce promoter DNA methylation of target genes and 
proposed a dominant role for dense CpG island DNA methyla-
tion in maintaining the heritable repressive state of target genes as 
compared with various other repressive chromatin marks.

To further address the issue of PcG proteins recruiting 
DNMTs and establish a functional link between them, Kondo 
et al.13 analyzed DNA methylation at several H3K27me3 modi-
fied CpG islands in human prostate cancer cell line PC3 and 
breast cancer cell line MCF-7. Using bisulfite pyrosequencing in 
2–6 adjacent CpG sites in PC3 cells, they confirmed that meth-
ylation was very low in candidate genes, ranging from 6.3% to 
39.3%, with only three out of eight genes having methylation 
above 15%. Such low levels of DNA methylation compared with 
what has been generally observed, is insufficient for causing 
silencing of tumor suppressor genes. Global assessment of DNA 
methylation and H3K27me3 in PC3 and MCF-7 cells focusing 
on genes detectable on both ChIP-chip and DNA methylation 
arrays, using methylated CpG island microarrays (MCAM), 
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pathway has emerged as a mandatory event in all human can-
cers.1 The transcription factors from the E2F family are well-
studied targets of pRB and regulate genes that control entry into 
the S-phase and DNA replication, such as cyclinE1, cyclinA2, 
CDC6, DHFR and TK1.90-92 Bracken et al.93 reported two inter-
esting findings that present a convincing direct link between 
pRB-E2F pathway and PRC-mediated histone modifications. 
First, PRC2 components EZH2 and EED are essential for cell 
proliferation and regulate the expression of “positive regulators” 
of cell cycle such as cyclinD1 (CCND1), cyclinE1 (CCNE1), cyc-
linA2 (CCNA2) and cyclinB1 (CCNB1). Interestingly, abrogation 
of EZH2 or EED expression did not upregulate the expression of 
negative regulators of the cell cycle; however, the expression of 
several E2F-regulated genes, such as G

1
/S cyclin, was significantly 

decreased. Second, they showed that E2Fs transactivate and bind 
to EZH2 or EED promoters, suggesting that PRC2-mediated cell 
cycle control occurs downstream of the pRB-E2F pathway.

MEK-ERK1/2-Elk-1 pathway. The MEK-ERK-Elk-1 path-
way is reported to be frequently upregulated in various cancer 
types. Fujii et al. have shown that the MEK-ERK-Elk-1 pathway 
is linked to EZH2 overexpression in breast cancer cells.94 EZH2 
promoter analysis results revealed three Elk-1 binding motifs as 
well as other response elements such as NF-κB, c-Myb, STAT1 
and SRF (serum response factor), which cooperate with Elk-1 for 
transcriptional activation. It was demonstrated that MEK inhibi-
tor treatment and Elk-1 knockdown leads to decreased phospho-
Elk-1 binding to the EZH2 promoter. In triple negative/basal 
type breast cancer cells, the MEK/ERK pathway activated via 
KRAS mutation, ERBB2 amplification and EGFR amplification 
contributes to EZH2 overexpression.

Hypoxia-induced EZH2 overexpression. In breast tumor ini-
tiating cells (BTICs), using promoter analysis, Chang et al.95 
identified a consensus sequence for HIF response element (HRE) 
within the EZH2 promoter region. The authors reported that 
HIF transcription factor (HIF1α) binds to the HRE-containing 
EZH2 promoter region in a hypoxic microenvironment and 
transactivates EZH2 expression. Increased EZH2 expression was 
found to be inversely related to double-strand break repair protein 
RAD51 expression, which ultimately causes genomic instability 
due to impaired DNA damage repair. RAF1 gene amplification 
was also reported in BTICs due to EZH2-mediated downregula-
tion of DNA repair, which further activates p-ERK-β-catenin 
signaling. The overall functional effect is enhanced self-renewal 
and expansion of BTIC population, ultimately facilitating breast 
cancer progression.

Akt-mediated regulation. Posttranslational modification plays 
a critical role in regulating EZH2 levels. Cha et al.40 reported 
that breast cancer cells with elevated levels of phosphorylated Akt 
have lower levels of H3K27me3. EZH2 protein has one highly 
conserved, potential Akt phosphorylation site at serine 21. Akt 
phosphorylates EZH2 at serine 21, which inhibits K27 methyla-
tion of histone H3. This event has no effect on the composition 
of the PRC2 complex, but it reportedly reduces the affinity of 
EZH2 toward histone H3 causing decreased H3K27 trimeth-
ylation and de-repression of normally silenced EZH2 target 
genes.

among women in the US. According to recent breast cancer sta-
tistics, approximately 230,480 new cases of invasive breast cancer 
and 39,520 breast cancer deaths among US women were reported 
in 2011.75 Breast cancer is a heterogeneous malignancy and can 
be categorized into different subtypes based on molecular pro-
filing. Each subtype varies in their response to therapy directed 
against them and overall survival, highlighting the need for a 
more specific and personalized treatment regimen. Despite recent 
advances in molecular cancer research, only few biomarkers of 
breast cancer progression have been proven to be clinically use-
ful, such as estrogen receptor (ER), progesterone receptor (PR), 
erbB2 overexpression, uPAR and Cathepsin D, among others.76,77 
Current treatment strategies include drugs such as herceptin 
and tamoxifen or aromatase inhibitors for erbB2-overexpressing 
tumors and ER-positive tumors, respectively. Chemotherapy is 
the standard treatment for tumors that are poorly differentiated 
and lack erbB2, ER and PR. More effective therapeutic strategies 
and reliable prognostic markers are therefore needed to improve 
the clinical outcome of patients with breast cancer.78

Metastasis is responsible for the majority of cancer-related 
deaths and the invasiveness or metastatic potential of breast 
cancer is inversely correlated with the degree of tumor differen-
tiation. Highly undifferentiated tumors represented clinically by 
nuclear pleomorphism and the formation of glandular structures, 
have greater probability to develop metastasis. Several studies 
proposed EZH2 as a promising novel biomarker for aggressive 
breast cancer associated with poor prognosis.15,79,80 EZH2 protein 
levels have been reported to increase steadily through successive 
stages of neoplastic transformation from normal epithelium to 
epithelial hyperplasia, ductal carcinoma in situ, invasive carci-
noma and distant metastasis. In fact, EZH2 has emerged as an 
independent predictor of recurrence and death in patients with 
breast cancer.

Molecular insights into EZH2-mediated breast tumorigen-
esis. Several experimental studies have established that elevated 
EZH2 levels in human breast carcinomas is associated with the 
aggressive ER-negative basal-like phenotype characterized by 
lack of ER expression, nuclear polymorphism and lack of BRCA1 
protein.15,79-81 Several essential tumor suppressor genes are 
repressed, ultimately leading to metastasis in breast carcinomas  
(Table 1).20,82-88 Deregulation of EZH2 contributes to ER-negative 
breast cancer progression. EZH2 knockdown in breast cancer 
cells caused decreased proliferation and delayed the G2/M cell-
cycle transition. In vivo studies demonstrated that EZH2 down-
regulation significantly decreased breast xenograft growth and 
improved survival.81 EZH2 knockdown upregulated BRCA1, a 
nuclear protein that plays a major role in DNA repair and estro-
gen receptor modulation.89 The proposed mechanisms underly-
ing EZH2 overexpression, which ultimately causes uncontrolled 
cell proliferation leading to tumorigenesis in breast, is discussed 
in the following section (Fig. 2A).

EZH2 overexpression in breast cancer: causes and consequences. 
pRB-E2F signaling pathway. The pRB-E2F pathway plays a key 
role in regulating mammalian cell cycle progression. Defects 
in the core members of this pathway are frequently reported 
in different malignancies and, hence, inactivation of pRB-E2F 
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Table 1. Some metastasis associated target genes epigenetically repressed by EZH2 in breast and prostate cancer

Cancer type EZH2 target genes
Possible functional role in 

metastasis
Mechanism Model system Reference

Breast cancer

FOXC1
Increased in vitro and in vivo 

migration and metastasis

Enhanced H3K27me3 and 
reduced H3 and H4 acetylation 

at the promoter

MCF-7 
MDA-MB-231

82

RAD51paralogs 
RAD51B/RAD51L1 
RAD51C/RAD51L2 
RAD51D/RAD51L3 

XRCC2 
XRCC3

Unrepaired chromosome 
breaks, aneuploidy, 

Defective homologous 
recombination (HR) 

Impaired DNA repair

Not proposed
MCF10A 
MCF-7 

SUM102
83

CDKN1C (p57KIP2)
Aberrant cell proliferation 

and tumor growth

Increased H3K27me3 Reduced 
H3K9/14 acetylation and 

H3K4me3 at the promoter

SK-BR-3 
BT-474 

MDA-MB-231 
MCF10A

84

*RUNX3 Increased cell proliferation
H3K27me3 and HDAC1 mediated 

repression
MCF-7 
LNCaP

85

*RKIP
Accelerates cell invasion and 

metastasis

H3K27me3 and H3K9me3 medi-
ated repression and involvement 

of Snail in the recruitment of 
EZH2 repressive complex

T47D 
MCF-7 

MDAMB231 
DU145 

PC3 
LNCaP

86

Prostate 
Cancer

CIITA

Decreased expression of 
cell surface MHC II which 

enables tumor cells to 
escape immune system

Enhanced H3K27me3 repressive 
mark at the promoter

MDA-MB-435 
variants

87

Kruppel like Factor 2
Suppression of cell growth 

and anti-angiogenesis

Increase in H3K27me3 and 
depletion of phosphorylated 

serine 2 of RNA polymerase at 
the promoter

MDA-MB-231 
MCF-7

88

NF-κB targets such as 
IL6, TNF, BIRC3 and IL8

Inflammation, oncogenesis 
and tumor dissemination

Histone methyltransferase inde-
pendent function in ER negative 

breast cancer cells; Binding of 
ternary complex containing 

EZH2, RelA and RelB to target 
promoters positively modulate 
their expression and released 
cytokines induces a positive 

feedback loop resulting in con-
stitutive expression of NF-κB

MDA-MB-231

20

IL6, IL8

In ER positive cells PRC2 com-
plex is recruited by ER and 

EZH2 functions as an epigenetic 
repressor of target genes by 

catalyzing H3K27me3

MCF-7 
T47D

DAB2IP
Loss of expression promotes 

epithelial to mesenchymal 
transition (EMT).

Recruitment of PRC2 complex 
to the hDAB2IP promoter region 
accompanied with the increased 

levels of methyl histone H3 
(H3) and histone deacetylase 

(HDAC1)

LNCaP 
C4–2 
PC3

105

* Silenced in both breast and prostate cancers.

©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.



470	E pigenetics	V olume 8 Issue 5

1423). EZH2 requires Akt1 to regulate the intracellular local-
ization of BRCA1. Therefore, it may be inferred that Akt1-
mediated phosphorylation of EZH2 (serine 21) regulates the 
shuttling of BRCA1 between nucleus and cytoplasm.

EZH2 and estrogen receptor signaling. The role of estrogen sig-
naling, either via canonical or genomic non-classical pathways, 
is well established in breast carcinogenesis. Emerging literature 
suggests that epigenetic factors play an instrumental role in regu-
lating estrogen signaling in breast cancer.102 As discussed in pre-
vious sections, several in vivo and in vitro studies have confirmed 
that high EZH2 levels correlate with malignant and highly 
aggressive breast tumors. Therefore, it is logical to investigate 
the connection between estrogen signaling and EZH2 activity 
in breast carcinoma cells. In most of its biological roles, EZH2 
mainly functions as a transcriptional repressor; however, in breast 
cancer cells, it transactivates genes commonly targeted by estro-
gen and Wnt signaling pathways. Shi et al.21 demonstrated that 
Polycomb group protein EZH2 links estrogen and Wnt signaling 
pathways by directly interacting with estrogen receptor-α (ERα) 
and β-catenin and thus promotes cell cycle progression. In breast 
cancer cells, independently of the SET domain that is involved 
in catalyzing H3K27me3, EZH2 transactivates the transcrip-
tion of c-Myc and cyclinD1, thereby promoting cell proliferation. 
Neither EZH2 overexpression nor its knockdown changed the 
methylation status of H3K27 around c-Myc promoter. This acti-
vation event depends on the presence of ER, as activation of a 
reporter gene driven by c-Myc and cyclinD1 promoter was abol-
ished by the addition of ER antagonist in ER-positive MCF-7 

EZH2, BRCA1 and PI3K/Akt crosstalk. BRCA1 is a tumor 
suppressor gene that encodes a nuclear protein involved in 
numerous functions, such as DNA repair, activation of cell 
cycle checkpoints and maintenance of chromosome stabil-
ity.96,97 Women with an inherited mutation in one BRCA1 allele 
develop basal-like breast tumors when there is loss of func-
tion of the second BRCA1 allele and concomitant loss of p53.98 
BRCA1-deficient breast tumors show undifferentiated basal 
like phenotype and aggressive behavior.99-101 Recent reports 
suggest that elevated EZH2 levels in BRCA1-deficient human 
breast tumors and are associated with poor survival.15,79,80 
Mechanistically, upregulation of EZH2 in benign mammary 
epithelial cells inhibits BRCA1 phosphorylation (serine 1423) 
and causes nuclear export of BRCA1 protein with high levels 
of Cdc2–CyclinB1 complex (essential for G2/M checkpoint 
control), ultimately resulting in uncontrolled cell division, 
aberrant mitoses with extra chromosomes and genomic instabil-
ity.89 Conversely, both in vivo and in vitro studies confirm that 
EZH2 inhibition increases the protein levels of total BRCA1 
and of BRCA1 phosphorylation at serine 1423 and induces 
BRCA1 nuclear localization, which restores defects in mito-
sis and ploidy level. Gonzalez et al.89 have demonstrated that 
EZH2 overexpression in breast cancer cells causes activation 
of the phosphoinositide-3-kinase/Akt (PI3K/Akt) pathway, 
specifically through activation of the Akt isoform. In 39% of 
invasive breast carcinomas, high EZH2 protein levels are asso-
ciated with increased expression of phospho-Akt-1 (serine 473) 
and decreased nuclear localization of phospho-BRCA1 (serine 

Table 1. Some metastasis associated target genes epigenetically repressed by EZH2 in breast and prostate cancer

Cancer type EZH2 target genes
Possible functional role in 

metastasis
Mechanism Model system Reference

Prostate 
Cancer

MSMB 
(encodes PSP94)

Loss of function may cause 
inhibition of tumor cell 

apoptosis, decrease tumor 
associated, vascular endo-

thelial growth factor (VEGF)-
mediated vascularization 
and enhance secretion of 
matrix Metalloproteinases 

involved in metastasis

EZH2 associates with MSMB 
gene promoter and cata-

lyzes H3K27 trimethylation. 
Additionally, hypoacetylation 

of histone H3K9 and the hyper-
methylation of a CpG island in 
the target promoter also con-
tribute to the gene silencing.

LNCaP 
PC3 

DU145
106

SLIT2

Repression may cause 
enhanced prostate cancer 
cell proliferation and inva-

sion

EZH2 mediated H3K27 trimethyl-
ation. Also, CpG islands in SLIT2 
promoter were also reported to 
be hypermethylated in prostate 

cancer cells.

LNCaP 
DU145 

PC3
107

*E-Cadherin
Loss of expression confers 

invasive phenotype and pro-
motes EMT.

H3K27me3 mediated repression 
by EZH2 and other PRC2 mem-

bers localized at the target gene 
promoter.

DU145 
H16N2

108

ADRB2

Inhibition confers invasive 
phenotype and increased 

motility to benign prostate 
cancer cells.

Strong enrichment of ADRB2 
promoter by EZH2, SUZ12 and 

H3K27me3 indicates EZH2 medi-
ated transcriptional repression.

LNCaP 
DU145

109

TIMP-2 and TIMP-3
Repression causes enhanced 
invasion and metastasis by 
increased MMP-9 activity.

EZH2 mediated H3K27 methyla-
tion and subsequent promoter 

DNA methylation

LNCaP 
PC3 

DU145
110

* Silenced in both breast and prostate cancers.

(continued)
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the cellular context, EZH2 functions as a multifaceted molecule 
acting either as a transcriptional repressor or activator in promot-
ing breast tumorigenesis.

EZH2 in prostate carcinogenesis. Prostate cancer is the most 
common non-cutaneous cancer and major cause of cancer-related 
death among men in the United States. Despite considerable prog-
ress in cancer research, tumor heterogeneity and development of 
a hormone-refractory state continue to complicate diagnosis and 
treatment of prostate cancer. Highly sensitive and specific bio-
markers are needed to distinguish indolent and aggressive tumors 
so that specific treatment strategies may be chosen based on the 
molecular profiling of a particular tumor. Also, molecular mech-
anisms regulating tumorigenesis and castration resistance need 
to be deciphered to develop novel therapeutic regimens targeting 
CRPC.

Like many other carcinomas, several genetic and epigen-
etic alterations have been associated with prostate tumorigen-
esis.104 Earlier studies have shown only few candidate genes to 
be involved in prostate cancer, such as deletion or mutation in 
PTEN, p53, Nkx3.1, overexpression of oncogenes such as AR and 
GSTP1 promoter hypermethylation (Table 1).105-110 But after 
the advent of high throughput technologies and the completion 

and T47-D cells. Furthermore, activation of reporter constructs 
was not observed in ER-negative MDA-MB-231 cells. This sup-
ports the importance of ERs in EZH2-mediated activation of 
target genes downstream of the estrogen signaling pathway. Since 
neither c-Myc nor cyclinD1 promoters contains estrogen respon-
sive elements (EREs), ERα may interact via β-catenin, which can 
bind to multiple TCF/β-catenin binding sites. EZH2 integrates 
estrogen and Wnt pathways by forming a transcription com-
plex with ERα, β-catenin and other co-activator proteins, such 
as SRC-1, and binding to the TCF/β-catenin binding sites on 
c-Myc and cyclinD1 promoters (Fig. 1B). The in vivo interaction 
between ERα and EZH2 is estrogen-dependent and specific. In 
summary, based on the above experimental evidences, it is logical 
to propose that, when overexpressed during malignancy, EZH2 
may function as a co-activator, being recruited to the estrogen-
signaling pathway to enhance estrogen signaling and to promote 
proliferation. On the contrary, Hwang et al.103 reported the iden-
tification of a novel binding partner for EZH2, the repressor of 
estrogen receptor activity (REA), and suggested that their inter-
action leads to the recruitment of EZH2 to ERE-containing tar-
get gene promoters and the repression of ER transcription. Based 
on the current evidence, it may be proposed that, depending on 

Figure 2. Molecular insights into EZH2 driven breast and prostate tumorigenesis. (A) In breast cancer cells EZH2 expression is regulated by several 
factors such as hypoxia induced HIFα, pRB-E2F and MEK-ERK-Elk1 pathways. Genomic loss of miR101 and miR214 also up-regulates EZH2 expression. 
Elevated EZH2 levels leads to the transcriptional repression of several tumor suppressor genes such as FOXC1, RAD51, RKIP, CDKIC, RUNX3, CIITA etc, 
by PRC2 mediated H3K27 trimethylation. High EZH2 protein levels are associated with increased expression of phospho-Akt1 (Ser473) and decreased 
nuclear localization of phospho-BRCA1 (Ser1423). EZH2 mediated nuclear shuttling of BRCA-1 protein in ER negative basal like breast cancer cells is 
one of its PRC2 independent functions (others described in Fig. 1B). Nuclear retention of BRCA-1 protein leads to aneuploidy, aberrant mitosis and 
genomic instability, which ultimately promotes tumorigenesis. (B) In prostate cancer cells, four molecular mechanisms are reported to be responsible 
for EZH2-amplification or overexpression of the EZH2 gene including deletion of its negative regulator miR-101, transcriptional regulation by MYC 
and ETS gene family members. MYC binds upstream of EZH2 promoter and induces EZH2 expression. Interestingly MYC represses the transcription of 
CTDSPL, CTDSP2 and CTDSP1 which harbor miR-26a and miR-26b. Repression of miR-26a and miR-26b contribute additionally to EZH2 overexpression 
as miR-26a and miR-26b would be unavailable to destabilize EZH2 mRNA by binding specifically to the EZH2 3’-UTR in RISC complex. Furthermore, ETS 
transcriptional network also regulates the expression of EZH2. Epithelial-specific ETS factor ESE3 represses EZH2 expression whereas ERG, binds to the 
promoter of EZH2 and competes with ESE3 for promoter occupancy opposing its effects. EZH2 overexpression leads to H3K27 methylation associated 
silencing of critical tumor suppressor genes such as DAB2IP, MSMB, SLIT, TIMP-28 and TIMP-3, which contribute to increased growth, proliferation and 
invasive phenotype of prostate cancer cells. 
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as pancreatic cancer, anaplastic thyroid carcinoma (ATC) and 
sporadic parathyroid adenoma. In pancreatic carcinogenesis, 
RAS upregulated EZH2 through MEK-ERK signaling, caus-
ing downregulation of tumor suppressors, including RUNX3.118 
In thyroid carcinoma, EZH2 overexpression is specific to ATC 
and directly controls ATC cells differentiation by causing tran-
scriptional repression of the thyroid specific transcription factor 
paired-box gene 8 (PAX8).119 Exome sequencing of tumors from 
patients with sporadic parathyroid adenomas revealed that the 
Y641N mutation in EZH2 was involved in molecular altera-
tions causing sporadic parathyroid adenomas that cause primary 
hyperthyroidism.120

EZH2 as Potential Cancer Therapeutic Target

Pharmacological and natural EZH2 inhibitors. Based on the 
current experimental evidences advocating the prominent role of 
EZH2 in tumor progression and metastatic spread, the search 
for novel and specific pharmacological inhibitors has yielded 
few interesting molecules. One of them, 3-dezaneplanocin-A 
(DZNep), is the most widely used EZH2 inhibitor and exhib-
its anti-tumor activity against a wide range of cancers, includ-
ing breast, prostate, lung, brain and liver cancer cells.121 Since 
EZH2-dependent histone methylation requires S-adenosyl-L-
homocysteine (SAH) cofactor, it specifically targets SAH hydro-
lase and thus inhibits EZH2 function.122 Despite its success as an 
anti-tumor agent targeting histone methylation and reactivating 
PRC2-repressed tumor suppressor genes in in vitro models, there 
are certain issues, such as its toxicity profile in animal models and 
selectivity, that need to be addressed. DZNep is a global meth-
yltransferase inhibitor; therefore, EZH2-specific inhibitors are 
needed for a more effective response. Studies show that DZNep 
upregulated several anti-metastatic genes, thereby preventing 
cancer spreading, except in oral and ovarian cancers where genes 
upregulated by DZNep are also overexpressed in metastatic 
cells.123 Therefore, targeting only EZH2 inhibition may not be 
an optimal universal treatment strategy for all tumor types. More 
recently, some EZH2 inhibitors have been developed that inhibit 
its enzymatic activity by directly binding to the enzyme and 
competing with the methyl group donor S-Adenosyl methionine 
(SAM) and are highly selective over EZH1 and other HMTs. 
EZH2 inhibitor EPZ005687, which has a greater selectivity and 
specificity, has been tested on lymphoma cells harboring tyro-
sine 641 or alanine 677 mutation in EZH2.124 This compound 
reduced H3K27 trimethylation, which in turn resulted in apop-
tosis of mutant cancer cells with minimal effect on wild type 
cells. Wei Qi et al.125 reported the small molecule inhibitor of 
EZH2, El1, which also acts in a SAM-competitive manner and 
reduce H3K27me3 levels.

Some dietary chemopreventive agents have been described as 
potent EZH2 inhibitors and can inhibit PRC2-mediated gene 
silencing. Dimri et al.126 reported that dietary omega-3 (v-3) 
polyunsaturated fatty acids (PUFAs) can downregulate EZH2 
expression and activity in breast cancer cells by inducing the 
ubiquitination and proteosomal degradation of EZH2. This 
PUFA-mediated inhibition resulted in the re-expression of known 

of the human genome project, new molecular markers have been 
identified. Using cDNA microarray profiling, EZH2 was found 
to be overexpressed in invasive and hormone-refractory meta-
static prostate cancers.16 Recent reports suggest that EZH2 may 
promote prostate cancer progression by repressing tumor sup-
pressor genes and developmental regulators and maintain a stem 
cell-like state by promoting a dedifferentiation program.108,111,112 
The molecular mechanism(s) reported to be responsible for the 
overexpression of EZH2 in prostate cancer include amplification 
of the EZH2 gene,113 the deletion of its negative regulator miR-
101114, transcriptional regulation by MYC115 and ETS gene fam-
ily members129 as described in detail in  Figure 2B.

EZH2 and androgen signaling. Androgens and the AR sig-
naling pathway play a critical role in the normal development 
and functioning of the prostate, as well as in the proliferation 
and survival of prostate cancer cells.113 Androgen deprivation 
causes involution of prostate tissue due to apoptosis in androgen-
dependent epithelium. Similarly, androgen deprivation therapy 
(ADT) or castration kills prostate cancer cells that are dependent 
on androgens for their growth and survival. Nevertheless, after 
initial tumor remission, the disease relapses in a more lethal form 
called androgen-refractory or CRPC. The molecular mechanism 
by which androgens promote prostate tumorigenesis has not 
been comprehensively deciphered. Since EZH2 levels rise dur-
ing advanced stages of prostate cancer, it is intriguing to investi-
gate the role of androgens and AR signaling in regulating EZH2 
expression. Bohrer et al.114 have shown that EZH2 expression is 
repressed by androgens and that this repression requires a func-
tional AR and is mediated through RB and p130-dependent 
pathways. This may provide a reason for elevated EZH2 expres-
sion in hormone-refractory and metastatic prostate cancer after 
ADT.

A recent study by Zhao et al.115 highlights the previously over-
looked role of AR as a global transcriptional repressor of several 
genes regulating cell differentiation and tumor suppression using 
a systems approach. The authors report that AR may play a dual 
role by inducing genes that promote prostatic differentiation while 
concomitantly repressing developmental regulators involved in 
non-prostatic pathways. Their study demonstrates that EZH2 
collaborates with AR in this process. Since EZH2 is frequently 
overexpressed in metastatic prostate cancers, it may suppress 
AR-repressed genes in an androgen-deprived environment. 
Once recruited to the ARE motif-containing sequence, andro-
gen receptor-dependent transcriptional silencing is mediated by 
EZH2 and subsequent chromatin remodeling. Their study sup-
ports the importance of adjuvant therapy targeting EZH2 along 
with hormone deprivation in advanced malignancies.

Cai et al.116 reported that the synergy between AR and Kras 
signaling could elevate EZH2 levels, thereby promoting prostate 
tumorigenesis using a prostate tissue regeneration system. The 
crosstalk among EZH2, AR, ERG and HDACs upon androgen 
signaling was reported to promote prostate cancer progression.117 
ERG, together with HDACs and EZH2, modulate the transcrip-
tional output of AR, thereby promoting tumorigenesis.

EZH2 and other endocrine related cancers. EZH2 has been 
implicated in a number of other endocrine-related cancers, such 
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methylation levels may have detrimental side effects because 
EZH2 plays important roles in the normal functioning of the cell 
by maintaining the repressive state of many genes that function 
as developmental regulators and maintain stem cell pluripotency. 
Therefore, novel therapeutic strategies that focus on the regula-
tory circuit controlling EZH2 expression in a particular cancer 
cell-type or microenvironment can be beneficial. In this context, 
Chen et al.41 demonstrated that inhibition of CDK1/2 mediated 
threonine 350 phosphorylation of EZH2 abolishes the global 
effect of EZH2 on gene silencing and proposed that CDK1/2 
inhibitors may serve as alternative option to abrogate EZH2 
activity in cancer cells. Furthermore, strategies should be pursued 
for designing specific PRC2 inhibitors targeting the EZH2 active 
site and/or surface for key subunit interactions. However, the 
diverse and complex nature of epigenetic regulatory network in 
cancer cells emphasizes the development of “combined therapeu-
tic strategies” targeting multiple epigenetic pathways of tumor 
suppressor gene repression as well as their downstream effects in 
a particular type of cancer. Since EZH2, HDACs and DNMTs 
are parts of an interconnected epigenetic regulatory machinery, it 
becomes important to unravel the complete array of genes inacti-
vated by their coordinated actions in cancer cells before proceed-
ing to “combined treatment” strategies involving more than one 
epigenetic modifier.
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EZH2 targeted tumor suppressor genes such as E-cadherin and 
insulin-like growth factor binding protein, which ultimately 
decrease the invasiveness of breast cancer cells. Curcumin, a nat-
ural ingredient present in turmeric, also decrease breast cancer 
cell proliferation by modulating EZH2 levels and inducing G

1
 

arrest in MDA-MB-435 breast cancer cells.127 Mitogen-activated 
protein kinase (MAPK) pathway was reported to be involved in 
the downregulation of EZH2, contributing to the curcumin-
induced anti-proliferative effect in breast cancer cells. A recent 
study demonstrated that (−)-epigallocatechin-3-gallate (EGCG), 
a major green tea polyphenol, independently or in combina-
tion with DZNep, reduces EZH2 and other PcG proteins such 
as EED, SUZ12, Mel18 and Bmi-1 levels in skin cancer cells.128 
Proteasome-dependent degradation of EZH2 and Bmi by 
EGCG and DZNep was the mechanisms proposed in the study. 
Interestingly, H3K27me3 levels were partially reduced in cells 
treated with EGCG or DZNep alone but there was a marked sup-
pression in cells treated with both agents, suggesting that com-
bined treatment could be more effective.

Conclusions

EZH2-mediated gene silencing acts in a highly interconnected 
and coordinated manner, epigenetically regulating a diverse 
cohort of genes involved in development, stem cell maintenance 
and cancer progression. In the past few years, significant efforts 
have been made to understand the oncogenic role of EZH2 in 
driving breast and prostate tumorigenesis. Interestingly, the 
interaction of EZH2 with AR or ER-mediated signaling path-
ways and the recently discovered activator role for EZH2 in 
CRPC and hormone-refractory breast cancer may provide attrac-
tive opportunities for therapeutic intervention to fight with the 
deadly forms of these diseases.

Future Perspectives

Targeting EZH2 inhibitors that directly suppress its activ-
ity by binding to its catalytic site and reducing global histone 
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