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ABSTRACT
There is accumulating evidence that the histone methyltransferase enhancer of zeste homolog 2 (EZH2),
the main component of the polycomb-repressive complex 2 (PRC2), is involved in melanoma progression
and metastasis. Novel drugs that target and reverse such epigenetic changes may find a way into the
management of patients with advanced melanoma. We provide a comprehensive up-to-date review of
the role and biology of EZH2 on gene transcription, senescence/apoptosis, melanoma microenvironment,
melanocyte stem cells, the immune system, and micro RNA. Furthermore, we discuss EZH2 inhibitors as
potential anti-cancer therapy.
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Introduction

Melanoma is currently the 5th and 7th most common cancer in
American men and women, respectively.1 When diagnosed
early, melanoma is easily treatable with surgery alone. Once the
cancer metastasizes, however, the prognosis becomes increas-
ingly bleak, treatment becomes more difficult, and the survival
rate drops significantly. Prior to 2011, the prognosis for
patients with metastatic melanoma was dismal, with an overall
5-year mortality rate exceeding 95%.2 Recently, immunother-
apy with checkpoint inhibitors has revolutionized the manage-
ment of metastatic melanoma.2 The combination of the
monoclonal antibodies ipilimumab (the cytotoxic T-lympho-
cyte-associated antigen 4 inhibitor) and nivolumab (the pro-
grammed cell-death protein 1 inhibitor) was associated with a
response rate of 57.6%, compared to 43.7% for nivolumab and
19% for ipilimumab alone.3 In addition, the median progres-
sion-free survival (PFS) was 11.5 months in the combination
group, compared to 6.9 months in the nivolumab group and
2.9 months in the ipilimumab group,3 suggesting that synergis-
tic treatments are superior to monotherapy. Despite these
impressive results, approximately 40% of patients with meta-
static melanoma do not respond to immunotherapy. Identify-
ing biomarkers that predict response to immunotherapy is still
an unmet need.4 Moreover, identifying oncogenic or epigenetic
alterations that may contribute to immunotherapy resistant-
ance will be important to find candidate drug targets and ulti-
mately enhance the efficacy of immunotherapy.

There is accumulating evidence that epigenetic alterations
including DNA methylation patterns, post-translational modi-
fication of histones and chromatin remodeling are common in
cancer and play a large role in its progression and metastasis.5,6

EZH2 is a histone modifier that functions as the catalytic com-
ponent of the Polycomb Repressive Complex 2 (PRC2).7 It is a
lysine methyltransferase and promotes addition of the

repressive mark histone H3K27me3 to target chromatin,
thereby inducing chromatin compaction and transcriptional
repression by restricting access to transcriptional regulators
like RNA Polymerase II and other transcription associated fac-
tors.8 Silencing of tumor suppressor genes by H3K27me3 has
been implicated in the initiation and advancement of mela-
noma.7-9

Overexpression of EZH2 is associatedwith thicker primarymel-
anoma, higher Clark’s level of invasion, loss of p16 protein staining,
and strong expression of cyclin D1.10 Our group analyzed a panel
of melanoma cell lines by immunoblot and showed higher levels of
H3K27me3 and EZH2 protein in themetastatic melanoma cell line
(WM266-4) relative to the primary melanoma cell line (WM115)
which are both derived from the same patient.8 We also revealed
that theWM266-4 cell line overexpresses EZH2 and is more prolif-
erative and invasive than theWM115 cell line.8 EZH2 prepares the
landscape and provides the proper microenvironment for mela-
noma to survive.9,11 It contributes to the transcriptional silencing
of tumor suppressor and differentiation genes, promoting uncon-
trolled cell proliferation and cancer progression.10,12,13

Other specific oncogenic or epigenetic alterations may play a
role in immune evasion and resistance to immunotherapy. Activa-
tion of the WNT/b-catenin pathway has been shown to result in
defective production of the chemokine CCL4 which in turn fails to
recruit CD103C dendritic cells, required for T cell priming, to the
melanoma microenvironment.14 Hence, activation of the WNT/
b-catenin pathway may contribute to immune evasion and resis-
tant to immunotherapy in metastatic melanoma.14 Likewise, EZH2
mediated H3K27 hypermethylation has been shown to repress the
tumor production of T helper1- type chemokines CXCL9 and
CXCL10 resulting in low tumor infiltrating CD8C cells and poor
patient outcome in ovarian cancer.15 The latter data has not been
investigated in melanoma yet. Perhaps EZH2 overexpression may
silence important immune-protective genes and hence allow
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cancer cells to evade immune surveillance.15 There is a growing
interest in epigenetic alterations and its role in the formation of
resistance to either BRAF inhibitors or current immune therapy in
melanoma.16 Future studies should look into combining EZH2
inhibitor with either BRAF inhibitors or immune therapy in mela-
noma tumor models to overcome a range of resistant mechanisms
and enhance the clinical efficacy of these drugs.16

It is not surprising that EZH2 has emerged as a potential target
of interest. A number of small molecule-EZH2 inhibitors have
been developed 17-19 and have already entered phase I/II trials in
lymphoma.20 We have shown that treatment of WM115,
WM115EZ (WM115 melanoma cells transfected with a plasmid
expressing EZH2), and WM226-4 cells treated with the EZH2
inhibitor GSK126 resulted in depletion of H3K27me3 in all three
cell lines with a significant restoration of RUNX3 and E-cadherin
(tumor suppressor genes) expression in the EZH2 overexpression
WMT115EZ and WM266-4 cells.8 Furthermore, depletion of
EZH2 via siRNA knockdown enhanced RUNX3 and E-Cadherin
expression in WM266-4 cells.8 Chromatin immunoprecipitation
(ChIP) performed in the matched melanoma cell lines WM115
and WM266-4 along with the engineered cell line WM115EZ,
showed significantly higher enrichment of H3K27me3 at the
RUNX3 and E-cadherin promoter in aggressive melanoma cell
lines (WM115EZ andWM226-4) compared to less aggressive mel-
anoma cell line WM115. The H3K27me3 enrichment in both pro-
moters was reduced by GSK126 treatment in WM115EZ and
WM266-4 cells.8 Our data along with others emphasize the impor-
tance of silencing of tumor suppressor genes byH3K27me3 inmel-
anoma progression.7-9

The purpose of this article is to provide a comprehensive up-
to-date review of the role and biology of EZH2, the main com-
ponent of PRC2, in melanoma. We review in detail the effect of
EZH2 overexpression on gene transcription, senescence/apo-
ptosis, melanoma microenvironment, melanocyte stem cells,
the immune system, and micro RNA. Also, we review the
potential targeted therapy of EZH2 in cancer.

Epigenetic gene regulation

The human genome, composed of three billion base pairs, is
tightly compacted into chromatin inside the cell nucleus. If the
chromatin were highly compacted at all times, gene transcrip-
tion would not be possible, but chromatin compaction is very
dynamic, allowing genes to be turned on and off.17 Epigenetic
regulations refer to heritable changes in gene expression that
occur in the absence of alterations to DNA.16 Epigenetic modi-
fications are defined as changes in the DNA or associated pro-
teins that can alter chromatin compaction, thereby allowing or
denying the transcriptional machinery access to gene pro-
moters.5,6 There are two major groups of epigenetic modifica-
tions: 1) DNA methylation and 2) histone post-translational
modifications (histone-PTMs).5,6,9 DNA methylation leads to
transcriptional repression while histone PTMs leads to either
transcriptional activation or repression.5,9 DNA methylation
results from the addition of methyl groups to DNA by DNA
methyltransferases (DNMT). Histone PTMs represent the
addition of chemical groups to certain histone amino acid resi-
dues.9 There are over 100 different sites known to experience
histone PTMs through any of the numerous types of

modifications including lysine methylation, acetylation, ubiqui-
tination, arginine methylation and serine phosphorylation.5,9

Histone methylation can cause transcriptional repression or
activation while histone acetylation causes transcriptional acti-
vation. Methylation of lysines 27 (H3K27 methylation) and 9
(H3K9 methylation) of Histone 3 is correlated with transcrip-
tional repression while methylation of lysine 4 of histone 3
(H3K4 methylation) is correlated with transcriptional
activation.5,9

One particular set of epigenetic modifying enzymes of focus in
this review are the Polycomb group proteins (PcG) initially
described inDrosophila.21,22 These proteins play important roles in
cellular proliferation, differentiation, and maintenance of stem cell
identity.23,24 PcG proteins form two main complexes: Polycomb-
repressive complex 1 and 2 (PRC1, PRC2).25,26 PRC1 is formed by
BMI1, RING1A/B, CBX, and PHC subunits.27 RING1A/B are
ubiquitin E3 ligases that catalyze the monoubiquitination of his-
tone H2A at lysine 119 (H2AK119ub1) causing transcriptional
silencing.7,9 The PRC2 complex includes five subunits: EZH2,
EED, SUZ12, RbAp46/48, and AEBP2 (Fig. 1). EZH2 lacks enzy-
matic function on its own; however, it gains robust histone lysine
methyltransferase activity when it complexes with two other non-
catalytic subunits of the PRC2 complex: the zinc-finger containing
SUZ12 and the EED.13 PRC2 without the RbAp46/48 subunit can
still maintain substantial enzymatic activity. The AEBP2 subunit
acts as a cofactor that interacts with the other four subunits and
helps stabilize the overall architecture of PRC2. It also enables the
PRC2 complex to target to specific DNA sites and enhances its
methyltransferase activity.28-30 PRC2 is responsible for adding up
to threemethyls to the 27th amino acid of histone 3 (H3K27me3).31

H3K27me3 is a marker for chromatin condensation and gene
silencing (Fig. 1).32,33 PRC2-induced H3K27 trimethylation
recruits PRC1 by binding the chromodomain of the PHC subu-
nits.9,34 This classical sequential or hierarchical model postulates
that once PCR2 induces H3K27 trimethylation it recruits PCR1 by
binding the chromodomain of the PHC subunits.9,34 Once
recruited, PRC1 induces transcriptional repression of the target
gene by catalyzing the ubiquitination of lysine 119 of histone H2 or
by an H2AK119ub1-independent mechanism.35,36 However, the
relationship between PRC1 and PRC2 is more complex than
described in this classicmodel. Several genome-wide profiling stud-
ies showed that PRC1 and PRC2 do not always bind the same
regions, suggesting alternative mechanisms for the establishment
of polycomb-mediated regulation of transcription.37-39 In addition,
ubiquitination of H2AK2119 can be mediated by CUL4B, and loss
of CUL4B results in down-regulation of H3K27me3.40

PRC2 works in harmony with other epigenetic silencing
enzymes such as histone deacetylases (HDACs) and DNMTs to
establish a global and stable state of gene silencing.41,42 In addi-
tion to its role as a gene repressor, EZH2 may also function as a
gene activator. (43–45) EZH2 activates NF-kB target genes
through the formation of a ternary complex with the NF-kB
components RelA and RelB that does not require other PRC2
subunits.43 EZH2 overexpression can also lead to its interaction
with Wnt signaling components and subsequent activation of
the c-myc and cyclin D1 genes independent of its methyltrans-
ferase activity.44 Phosphorylation of EZH2 at Ser21, mediated
directly or indirectly by the PI3K-Akt pathway, can alter its
function from a polycomb repressor to a transcriptional co-
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activator.45 Many of the EZH2-activated genes are downregu-
lated upon EZH2 knockdown, suggesting that EZH2 can acti-
vate genes independent of its methyltransferase activity.45

Ezh2 overexpression can drive melanoma progression

Significantly increased EZH2 expression has been observed in
melanoma cells when compared to nevus cells.46 It has been
proposed that EZH2 plays a role in facilitating the progression
from benign nevi to metastatic melanoma epigenetically by
silencing important tumor suppressor genes. The BRAF muta-
tion, often seen in benign nevi,47 is not capable alone of driving
melanoma progression because most nevi become senescent.48

EZH2 upregulation has been shown to silence the cell cycle
inhibitor p21 and bypass the senescent state, driving cancer
progression.49 We speculate that EZH2 overexpression may be
an early event in melanomagenesis.

Most reports are consistent in showing that expression of
EZH2 and H3K27me3 is significantly higher in metastatic mel-
anoma as compared to primary melanoma,50-53 although one
report revealed a significant overexpression of H3K27me3, but
not EZH2, in primary melanoma compared to metastatic mela-
noma.46 EZH2 highly expressing melanoma cells significantly
correlated with Ki67-expression, a marker indicative of cell
cycle engagement and proliferative activity, thus implicating
EZH2 in the regulation of proliferation of melanoma at pri-
mary and metastatic sites.54 In a study of nearly 700 archival
patient tissue samples, encompassing different cancer types
including melanoma, breast, endometrial, and prostate cancer,
there was a significant association between EZH2 expression
and tumor cell proliferation.10 EZH2 overexpression is also
associated with features of aggressive clinical behavior and
poor survival.10 EZH2 high-melanoma patient group, based on
RNAseq and clinical data from the Cancer Genome Atlas,
showed a significantly shorter survival as compared to EZH2
low group.54 Moreover, primary melanoma and lymph node
metastases patients of EZH2 high group developed distant
metastases significantly faster than patients of low EZH2
group.54 Cell migration, invasion, and proliferation are

inhibited after EZH2 knockdown in both cutaneous and uveal
melanoma cell lines.12,52,55,56

Somatic heterozygous mutations of Y646 in EZH2 are found
in »2–3% of melanoma samples.57,58 Based on the Cancer
Genome Atlas and two other dataset, cutaneous melanoma is
the only solid cancer, besides lymphomas, with non-synony-
mous gain of function mutations affecting tyrosine 646
(Y646�).54 These mutations increase H3K27me3 at the pro-
moters of EZH2 target genes.17 Perhaps unsurprisingly, mela-
noma cell lines with EZH2 gain-of-function mutations form
larger tumors compared to control cells in a xenograft mouse
model.59-61

The biology of EZH2 and how it affects melanoma
progression

EZH2, enriched at the promoters of tumor suppressor genes, is
linked to the proliferation and survival of melanoma cells by its
disruption of tumor-suppressive pathways and activation of
tumor-promoting pathways.53,62-64 Fig. 2 illustrates a working
hypothesis of EZH2 biology in driving melanoma progression
and metastasis.

EZH2 regulates gene transcription

EZH2 overexpression strongly contributes to the transcriptional
silencing of tumor suppressor and differentiation genes, promot-
ing uncontrolled cell proliferation and cancer progression
(Table 1).13 The axonal guidance genes, NRCAM, CEACAM1,
SORCS1, ADAM23, and MME are downregulated by exogenous
EZH2 gain-of-function mutations in melanoma cells in vitro.61

EZH2 epigenetically silences the INK4b-ARF-INK4a locus,
which encodes the p15INK4b, p16INK4a and p14ARF proteins
that protect organisms from inappropriate growth signals and
promote senescence and apoptosis.65 The INK4 proteins are
cyclin-dependent kinase inhibitor (CDKi) that block CdK-
induced phosphorylation of EZH2 (preventing EZH2 from bind-
ing to other proteins in the PCR2 complex) and pRb (inhibiting
E2F activation).66-68 EZH2 and HDAC1 compete for interaction

Figure 1. The PRC2 complex and histone methylation; (A) If the lysine amino acid 27 on histone 3 is pre-acetylated, the histone deacetylase (HDAC) enzyme will remove
the acetyl group from an N-acetyl lysine amino acid first; (B) EZH2 (one of the 5 subunits of PCR2 complex) adds methyl groups to Histone 3 at Lysine 27. Triple methyla-
tion of H3K27 (H3K273m) leads to transcription repression and silencing of genes; (C) DNA methyltransferases (DNMT) add a methyl group to cytosines within CG dinu-
cleotides or CNG trinucleotides (N can be C, A, G or T) in CpG islands leading to transcriptional repression. Ac: acetylation; M: methylation; CG: cytosine-guanine.
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with pRB2/p130, indicating that PRC2 participates in the regula-
tion of pRB/E2F activity. This results in EZH2-induced cyclin A
activation and cell cycle progression.69,70

EZH2 overexpression is significantly associated with a loss of
the cell cycle suppressor protein p16 and increased expression of
cyclin D1 in melanoma.71 Although EZH2 is predominantly a
repressor of transcription, it can positively regulate genes that
promote invasion such as KIF2C, KIF22 and TOP2A.21,72 KIF2C
and KIF22 genes promote melanoma cell motility, invasion, and
lung colonization.72 Hence, throughout melanoma progression,
EZH2 might dynamically repress diverse tumor suppressor genes
to achieve either growth or invasion.54

EZH2-dependent suppression of senescence/apoptosis in
melanoma cells

EZH2 overexpression helps melanoma cells escape death and
maintain resistance to senescence by downregulating genes
involved in apoptosis such as CDKN1A and the phosphatase
and tensin homolog (PTEN).49,73,74 Oncogenic stimuli in mela-
nocytes provoke an oncogene-induced senescence program,
resulting in formation of the melanocytic nevus,48 which is a
benign proliferation of melanocytes. Melanocytes with EZH2
overexpression escape senescence and progress to melanoma
through EZH2- mediated inhibition of p21.49 EZH2 overex-
pression induces silencing of DAB2IP, a Ras GTPase-activating
protein that promotes apoptosis through the tumor necrosis
factor-mediated JNK signaling pathway.75,76 EZH2 depletion

Table 1. Genes and pathways regulated by EZH2 overexpression in melanoma.

Gene Name Gene function Regulation status

CIITA Encodes for the class II major histocompatibility complex (MHC II)
DAB2IP Ras GTPase-activating protein that promotes apoptosis
E-Cadherin Enables cell-cell adhesion
KIF2C Encodes for kinesin-like protein KIF2C����Regulates microtubule dynamics ����Required for chromosome

segregation����Promotes melanoma cell motility, invasion, and lung colonization
KIF22 Encodes for kinesin-like protein KIF22����Essential role in metaphase chromosome alignment and

maintenance����Promotes melanoma cell motility, invasion, and lung colonization
CEACAM1 Plays a role in the differentiation and arrangement of 3D tissue structure, angiogenesis, apoptosis, tumor suppression,

metastasis, and the modulation of innate and adaptive immune responses ����May be regulated by MITF in
melanocytes

ADAM23 Endodes for the enzyme disintegrin and metalloproteinase domain-containing protein 23����ADAM proteins
negatively modulate integrin-mediated cell proliferation, adhesion, and migration

AMD1 A tumor suppressor gene that suppresses EMT and metastatic spread of melanoma
MME Associated with the generation of angiostatin, which inhibits angiogenesis
MITF Encodes a transcription factor that regulates the differentiation and development of melanocytes
NRCAM Neuronal cell adhesion molecule
Notch Active Notch signaling is associated with increased cell motility and lung colonization in melanoma
Oca2 Encodes for the P protein that is involved in small molecule transport, specifically tyrosine, which is a precursor of

melanin
PAX3 Encodes for the transcription factor PAX3 ����Regulates melanocyte differentiation from neural crest cells during

development
P15 Encodes for a CdKI that inhibits the cell cycle at G1 phase
P16 Encodes for a CdKI that inhibits the cell cycle at G1 phase
P21 Encodes for a CdKI that inhibits the cell cycle at G1 phase
PTEN A tumor suppressor gene that negatively regulates the AKT/PKB signaling pathway
SRF Active SRF signaling is associated with increased cell motility and lung colonization in melanoma
SOX 10 Encodes for the transcription factor SOX 10 that is involved in the regulation of embryonic development and in the

determination of cell fate
TGF-b Controls proliferation and differentiation
Wnt signaling pathways A group of signal transduction pathways made up of proteins that pass signals from outside to inside of the cell.

����Implicated in oncogenesis and in several developmental processes, including regulation of cell fate

CdKI: cyclin-dependent kinase inhibitor; PTEN: phosphatase and tensin homolog; Oca2: oculocutaneous albinism II (OCA2) gene; MITF: microphthalmia-associated tran-
scription factor; MME: mouse macrophage metalloelastase; CEACAM1: carcinoembryonic antigen-related cell adhesion molecule 1.

Figure. 2 Biology of EZH2 overexpression in melanoma The Immune system: EZH2
overexpression has a positive effect on the immune system by enhancing the func-
tion of both B and T cells, however, it has a negative effect by suppressing MHC II
expression and hence help melanoma cells escape immune surveillance; Gene tran-
scription: EZH2 silences tumor suppressor genes; Senescence and apoptosis: EZH2
silences apoptotic genes and helps melanoma cells escape senescence; CdKI: EZH2-
mediated silencing of cyclin-dependent kinase inhibitors (CdkI), also called INK4 pro-
teins, results in inhibition of apoptosis and senescence and stimulation of melanoma
cell proliferation; Cell differentiation: EZH2 enhance the process of de-differentiation
to neural-like stem cells; Epithelial-Mesenchymal Transition (EMT) and Microenviron-
ment: EZH2 regulates the EMT and causes morphologic changes in melanocytes
(increased motility, branching, aggressive growth, and cell migration) that help shape
the interactions between melanoma cells and the microenvironment.
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activates p21 and induces both senescence and apoptosis in
melanoma.74-77

EZH2 promotes the microenvironment for melanoma
survival and progression

During development the cells of the neural crest adopt stem cell
features and a remarkable migratory capacity, which allows the
cells to disseminate through the embryonic tissue and to colonize
distant sites, including the skin where they give rise to melano-
cytes.54 Mesenchymal-like cell motility is utilized by many cell-
types that undergo epithelial-mesenchymal transition (EMT) and
migrate as single cells throughout the embryo using a protru-
sion-based mesenchymal mode of motility.78 Melanoma cells
revert to highly motile neural crest-like cells during metastasis.79

EMT involves the loss of cell-cell adhesions through downregula-
tion of E-cadherin, the acquisition of a motile phenotype, and
acquisition of a gene-expression signature reminiscent of mesen-
chymal cells. Long-term exposure to signals such as TGF-b may
not only induce EMT, but may also lead to the acquisition of
stem-like properties.80 The high level of TGF- b found in mela-
noma likely increases invasion of melanoma cells, promotes
tumor immunosuppression and angiogenesis, and thereby pro-
motes melanoma progression.81

EZH2 overexpression causes downregulation of E-cadherin
in melanoma.12,31,82 E-cadherin is upregulated again after treat-
ing these cells with GSK126, an EZH2 inhibitor. EZH2 thereby
regulates EMT and helps shape the interactions between mela-
noma cells and their microenvironment.12,51,61,82,83 Moreover,
during melanomagenesis EZH2 epigenetically repress AMD1
which is a tumor suppressor gene that suppresses EMT and
metastatic spread of melanoma.54

EZH2 regulates the transcriptional program of melanoma
cells with high Notch and SRF activity.72 Active Notch and SRF
signaling is associated with increased cell motility and lung
metastasis in melanoma.84-87 Activation of SRF signaling is asso-
ciated with nuclear translocation of the myocardin-related tran-
scription factor (MRTF-A; also called MKL) which leads to
increased SRF-dependent transcription.88,89 Loss of MRTF-A in
B16 melanoma cells leads to decreased experimental lung metas-
tasis.89 Activation of SRF was not sufficient to drive cell invasion
when EZH2 function was blocked, hence, EZH2 is required for
efficient lung colonization by metastatic melanoma.74

Melanoma cell lines expressing exogenous EZH2 gain-of-
function mutations exhibit dramatic changes in 3D culture
morphology, including prominent branching, disruption of
spheroid formation, enhanced motility, aggressive growth mor-
phology, a decrease in cell contractility, and an increase in col-
lective cell migration. These changes are attenuated by
treatment with GSK126, the EZH2 inhibitor.61 EZH2 sup-
presses the pigment production in invasive melanoma cells by
repressing Oca2 levels, and melanoma with the highest levels of
EZH2 expression had the lowest levels of pigmentation.72,74,90

EZH2 also regulates the amelanotic phenotype of motile cells
in vivo by suppressing Oca2.74 It has been shown that motile
melanoma cells have lower pigment levels and higher Brn2 pro-
moter activity compared with non-motile cells.90

EZH2 gain-of-function mutations have been shown to occur
concurrently with BRAF mutations in melanoma.55 Knockdown

of BRAFV600E in vitro caused downregulation of EZH2 levels;
11 hence, EZH2 may complement the function of BRAF. As
BRAF signaling drives cell division, EZH2 prepares the landscape
and proper microenvironment for melanoma to survive.9,11

Melanoma cells switch between mutually exclusive invasive
and proliferative states under the surveillance of EZH2.91 The
proliferative state is characterized by high expression of the
melanocyte transcription factor MITF and low Brn2 expres-
sion, while the opposite is true in the invasive state.92,93

EZH2 determines melanoma cellular differentiation

A potential explanation for the aggressive nature of melanoma
is melanocyte natural history. While mature melanocytes are
stationary, during development they are derived from the
highly motile neural crest cells that migrate extensively
throughout the embryo to form neurons, glia, melanocytes,
smooth muscle cells, and cells of the craniofacial connective tis-
sue.94,95 MITF, SOX-10, Wnt signaling, and Pax-3 all play an
important role in the differentiation process of neural crest cells
to melanocytes.96,97 Pax-3 activates MITF expression but pre-
vents its binding to the promoter of Dct. Upon activation of
Wnt signaling, Pax-3 is displaced from the Dct promoter, and
MITF drives Dct transcription and (hence) pigment produc-
tion.98 Pax-3 acts to determine both cell fate and maintain cells
in a less differentiated state. EZH2 plays an important role in
maintaining cells in a progenitor-stem cell-like state through
silencing genes associated with differentiation.38,99,100 Genome-
wide analysis of melanoma cell lines proposes that melanoma
cells can exist in two states, proliferative or invasive, and that a
“phenotype switch” between the two may drive invasion and
metastasis.101 Perhaps EZH2 helps melanoma cells switch
between these different states. Nevi also are found to express a
number of neural crest related motility factors suggesting that
melanoma may retain characteristics of the less differentiated
neural crest cells.79 Melanoma cells may revert to a neural
crest-like state that promotes motility and metastasis. A large
number of differentiation-related factors such as Sox, Fox, Pax,
components of Wnt signaling, and TGF-b are silenced by
EZH2.38,102-104 By silencing differentiation related genes, EZH2
helps melanoma cells de-differentiate to their stem cell origin.
This function of EZH2 is highlighted in the normal epidermis,
where EZH2 levels are high in keratinocyte progenitors but
decrease with differentiation.83 Loss of EZH2 in the developing
skin increases differentiation.83

Recent research has shown that the tumor invasion front
(tumor cells scattered in the stroma at the invasive margin of
the tumor) contains tumor cells with stem cell-like properties
that might promote metastasis.62,63 Intratumoral heterogeneity
in EZH2 and H3K27me3 expression is a feature of melanoma,
but it appears to be highly expressed at the invasive tumor mar-
gin.46 EZH2, H3K4me2, and H3K27me3 may function as puta-
tive markers for melanoma cells with stem cell properties at the
melanoma invasive front.46

Notch signaling is also implicated in melanoma progres-
sion.105,106 It can promote EMT and motility in numerous can-
cer types 105,107,108 and is capable of maintaining melanoma
cells in a less differentiated stem cell-like state.75,76 Genome-
wide analysis identified an overlapping set of genes that was
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associated with high Notch and SRF activity and regulated by
EZH2.74 EZH2 mediates transcriptional activation and repres-
sion of numerous target genes involved in cellular differentia-
tion ultimately determining cell fate.23,109

EZH2 role in immune surveillance of melanoma

EZH2 is expressed at high levels in germinal center (GC) B
cells, which are involved in the generation of antibodies with
high affinities to their antigen.110 An EZH2 deficiency in GC B
cells may reduce the efficacy of the long-lasting humoral
responses.111 EZH2 deficiency also has a negative effect on T-
cell immunity by preventing expansion of early T cell precur-
sors in the thymus 112 and reducing T cell antigen receptor
(TCR)-driven proliferation of T cells.113 Other research noted
that EZH2 and H3K27me3 overexpression is associated with
significant lymphocytic infiltration in melanoma tissues.46

These findings suggest that EZH2 plays an important role in
boosting both T and B cell immune function which is supposed
to provide an environment that is hostile to melanoma prolifer-
ation and invasion.113

H3K4me3 and acetylated histones H3 and H4 114,115 have
been implicated in gene activation while histone H3 dimethyla-
tion at Lys 9 (H3K9me2) or H3K27me3 have been implicated
in gene silencing of immune cells.115-117 EZH2 is involved in
transcriptional downregulation of IFN-g-induced expression of
CIITA (essential for the transcriptional activation of MHC-II
genes) in uveal melanoma.118,119 Downregulation of MHC
expression is frequently noted on cancer cells; the lack of MHC
expression impairs cellular immune recognition allowing can-
cer cells to escape efficient T cell-mediated tumor eradication.
Increased expression of EZH2 and H3K27 is noted around the
CIITA-Promoter IV (CIITA-PIV) in uveal melanoma cells.
EZH2 knockdown results in incremental CIITA expression lev-
els after IFN-g induction.120

Currently, stimulation of the host’s immune system repre-
sents an emerging treatment option in the management of met-
astatic melanoma. We speculate that EZH2 down-regulates
expression of immune response and antigen presentation
genes, which allows tumor cells to evade the immune response.
Indeed, the role of EZH2 in immune dysregulation deserves
further study.

EZH2-induced downregulation of microRNA (miRNA)
promote melanoma progression

The initiation and progression of melanoma have been associ-
ated with a number of signaling pathways, including Ras/Raf/
MEK/ERK, WNT/ß-catenin, and PTEN/AKT. Recently micro-
RNAs (miRNAs), small noncoding RNAs that regulate gene
expression post transcriptionally and function as tumor sup-
pressor genes, have been implicated as key regulators in mela-
noma.121-124 miRNA are capable of regulating EZH2
transcription, and EZH2 can epigenetically suppress some miR-
NAs.123,125-127 Low expression of miR-137 is correlated with
poor survival in stage IV melanoma patients, and miR-137
overexpression inhibits invasion, migration, and proliferation
of melanoma cells.55 In uveal melanoma, miR-137 suppresses
cell proliferation through downregulation of MITF and cyclin-

dependent kinase 6 55,128-130 and by targeting BCL2, c-Met,
YB1, and EZH2.131 Other miRNAs, including miR-34a and
miR-182, regulate uveal melanoma development.55,132,133 YB1,
a transcriptional and translational factor is upregulated in mel-
anoma and promotes proliferation, survival, invasion, and che-
mosensitivity of melanoma cells.131,134 Likewise, miR-214,
reported in cutaneous and uveal melanoma 135 modulates
EZH2 expression.136 miR-101 suppresses invasion and prolifer-
ation in melanoma by targeting MITF and EZH2 expression.131

Interestingly, genomic loss of miRNA-101 leads to overexpres-
sion of EZH2.52

Introducing miR-124a into uveal melanoma cells resulted in
inhibition of cell growth, migration, and invasion both in vivo
and in vitro by downregulating CDK4, CDK6, cyclin D2, and
EZH2. miR-124a expression was found to be regulated via epi-
genetic mechanisms, with its expression restored when cells
were treated with a DNA hypomethylating agent, 5-aza-20-
deoxycytidine, and a histone deacetylase inhibitor, trichostatin
A.133 Ectopic overexpression of miR-31 in various melanoma
cell lines inhibited cell migration and invasion by targeting
oncogenic kinases such as SRC, MET, NIK (MAP3K14) and
the melanoma specific oncogene RAB27a.137 miR-31 overex-
pression resulted in downregulation of EZH2 and a de-repres-
sion of its target gene rap1GAP.137 A significant induction of
miR-31 expression occurred upon depletion of EZH2 by RNA
interference or by treatment with either DZNep or the DNA
methylation inhibitor, 50aza-dC.137

Regulation of EZH2 expression

EZH2 expression is regulated bymolecular factors (Fig. 3) that con-
trol cell proliferation and self-renewal, such as E2F and c-myc,
whereas its repression is induced by differentiation-promoting fac-
tors, such as pRb and p16INK4b.138,139 c-myc, a key regulator of
embryonic cell pluripotency, is directly involved in transcriptional
upregulation of all components of PRC2 including EZH2.139 c-myc
binds PRC2 subunits promoters and induces the acetylation of his-
tones H3 and H4, leading to transcriptional activation.139 Ectopic
expression of pRb and p16INK4b results in E2F target gene repres-
sion, including repression of EZH2 inmelanoma cell lines.32 MEK-
ERK pathway upregulation, common in melanoma, is found to
mediate a transcriptional activation of EZH2.140 miRNAs, as dis-
cussed earlier, are also capable of downregulating the expression of
EZH2 inmelanoma.126,127,137

There is a strong link between BRAFV600E signaling with
EZH2 expression in melanoma. Upregulation of the DNMT1
and EZH2 genes is likely an important mechanism in the
hypermethylation of tumor suppressor genes driven by the
BRAFV600E signaling, as knockdown of BRAFV600E caused a
dramatic decrease in the expression of both genes in mela-
noma.84 Expression of most of these BRAFV600E-target genes
is identical in melanoma and papillary thyroid cancer, suggest-
ing that these genes are commonly regulated by BRAFV600E
through epigenetic mechanisms in human cancers.141

SSX proteins, expressed in about 30% of melanomas 142 were
first discovered as part of the fusion oncogene SYT-SSX that
plays an important role in the progression of synovial sar-
coma.143,144 SSX2, a germ line-chromatin associated specific
protein antagonizes BMI1 and EZH2 and negatively regulates
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the levels of H3K27me3 in melanoma cells (Fig. 3).145 SSX2
binds directly to dsDNA in vivo leading to a change in the
chromatin structure, reducing the binding of PcG complexes
and presence of H3K27me3 at promoters of PcG target genes.
SSX2 knockdown in melanoma cells increases genome-wide
levels of H3K27me3 and EZH2.145

In order to bind to the PRC2 complex and exert its molecular
function, EZH2 must be phosphorylated in several specific
sites.146 EZH2 is phosphorylated by Cdk1 and Cdk2 during cell
cycle progression.147-149 EZH2 expression is inhibited by hypo-
phosphorylated pRb inhibiting E2F during the G1 phase of the
cell cycle; however during the transition from G1 to S phase,
E2F is activated by phosphorylated pRb, and that results in over-
expression of EZH2. Phosphorylation of EZH2 is also modulated
by environmental signals that induce Akt activation which in
turn phosphorylate EZH2 at Serine 21 (Ser21). Akt-dependent
phosphorylation (i.e. pS21 EZH2) reduces the affinity of EZH2
for histone H3, which results in a decrease of the H3K27 methyl-
ation and transcriptional activation.150

EZH2 inhibitors as potential anti-cancer therapy

EZH2 is frequently overexpressed in melanoma and contributes
to tumorigenesis by altering cell fate decisions and regulating
pathways involved in proliferation, differentiation, and cell
migration. These observations have prompted researchers to
investigate the role of EZH2 catalytic activity in tumor models.
Pharmacological inhibition of EZH2 by GSK503 in melanoma-
bearing mice reduced melanoma progression and doubled sur-
vival times.54 Moreover, genetic ablation of EZH2 in mouse
effectively prevented metastasis formation.54 Targeting EZH2
by GSK 126 has potent effects on the growth of both wild-type
and EZH2 mutant human melanoma in vitro particularly in
cell lines harboring the EZH2Y646 activating mutation. This
was associated with cell cycle arrest, reduced proliferative
capacity in both 2D and 3D culture systems, and induction of
apoptosis.151

EZH2 has emerged as attractive drug target through the dis-
covery of several catalytic small-molecule inhibitors of EZH2.17-
19 GSK126 is a highly selective, S-adenosylmethionine-competi-
tive, small molecule inhibitor of EZH2 methyltransferase activity;
it decreases global H3K27me3, and thereby reactivates PRC2 tar-
get genes. (54) Studies have shown that GSK126 is very effective
at inhibiting proliferation in DLBCL cells.17,20 In a phase I study,
tazemetostat (EPZ-6438), a selective small molecule inhibitor of
EZH2, was administered orally twice daily to 21 patients with B
cell Non-Hodgkin’s lymphoma (B cell NHL) and solid tumors.
Patients were treated with tazemetostat at dose levels of 100,
200, 400, 800, and 1,600 mg BID. Preliminary results from the
phase 1 trial were presented at the International Congress on
Malignant Lymphoma (ICML) on June 20, 2015.152 Tazemeto-
stat as a monotherapy produced a 60% overall response rate in
heavily pre-treated patients with relapsed or refractory NHL,
with an acceptable safety and tolerability profile.152 Tazemetostat
has also shown efficacy in patients with INI1 negative and
SMARCA4 negative malignant solid tumors (malignant rhabdoid
tumors and epitheloid sarcomas). INI1 and SMARCA4 are subu-
nits of the SWIF/SNF complexes, a family of multi-subunit com-
plexes that use the energy of adenosine triphosphate (ATP)
hydrolysis to remodel nucleosomes. Subsequently, genome-wide
sequencing has identified mutations in genes encoding different
subunits of the SWI/SNF complexes in a large number of tumors
including sarcomas and malignant rhabdoid tumors.153 Updated
data from patients with advanced solid tumors in the phase 1
study was presented at ESMO’s European Cancer Congress in
Vienna, Austria on September 26, 2015. Results from the study
showed tazemetostat as a monotherapy resulted in a 55% disease
control rate in nine patients with INI1-negative or SMARCA4-
negative tumors who were treated at or above the recommended
phase 2 dose of 800mg twice daily.152 The preclinical data as
well as the promising data from EZH2 inhibitors in lymphoma
supports the value of clinical development of EZH2 inhibitors in
the treatment of metastatic melanoma. Future research should
investigate whether inhibition of EZH2 may enhance the efficacy
of immunotherapy and overcome resistance.

Conclusions

There is strong evidence for a significant role of EZH2 in mela-
noma. EZH2 expression is significantly higher in metastatic
melanoma as compared to primary melanoma. EZH2, by dis-
ruption of tumor-suppressive pathways and activation of
tumor-promoting pathways, promotes melanoma progression
and invasion. EZH2 overexpression helps melanoma cells
escape death and maintain resistance to senescence by downre-
gulating genes involved in apoptosis. In Fig. 2 we provided a
working hypothesis of EZH2 biology in driving melanoma pro-
gression and metastasis. Gain of function somatic mutations of
EZH2 are reported in 2–3% of melanoma cases. However, the
attractiveness of EZH2 is not limited to these rare mutations.
Small molecule inhibitors of EZH2 are active against both wild-
type and mutant forms of the protein. Novel drugs that target
EZH2 may find their way into the management of patients
with advanced melanoma. We speculate that EZH2 is even
involved in melanomagenesis and hence targeting EZH2 may
be of interest in chemoprevention. Future studies should

Figure 3. Regulation of EZH2 expression: E2F: is a group of genes that codifies a
family of transcriptional factors in higher eukaryotes, cMyc is a regulatory gene
that codes for a transcriptional factor, MEK-ERK is a pathway also known as the
Ras-Raf-MEK-ERK pathway, BRAF is a human gene that makes a protein called B-
Raf, CdK1 and 2: Cyclin dependent kinases 1 and 2, pRB: phosphorylated retino-
blastoma gene, p16INK4B is a tumor suppressor gene, miRNA: micro RNA, SSX2:
synovial sarcoma X gene.
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further investigate the role EZH2 might play in the immune
surveillance and whether EZH2 inhibitors might overcome
mechanisms of resistant to both immune therapy and targeted
therapy in metastatic melanoma.
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