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Abstract
Polycomb group proteins (PcG) such as Enhancer of zeste homolog 2 (EZH2) are epigenetic
transcriptional repressors that function through recognition and modification of histone
methylation and chromatin structure. Targets of PcG include cell cycle regulatory proteins which
govern cell cycle progression and cellular senescence. Senescence is a characteristic of
melanocytic nevi, benign melanocytic proliferations that can be precursors of malignant
melanoma. In this study, we report that EZH2, which we find absent in melanocytic nevi but
expressed in many or most metastatic melanoma cells, functionally suppresses the senescent state
in human melanoma cells. EZH2 depletion in melanoma cells inhibits cell proliferation, restores
features of a cellular senescence phenotype, and inhibits growth of melanoma xenografts in vivo.
p21/CDKN1A is activated upon EZH2 knockdown in a p53-independent manner and contributes
substantially to cell cycle arrest and induction of a senescence phenotype. EZH2 depletion
removes histone deacetylase 1 (HDAC1) from the CDKN1A transcriptional start site and
downstream region, enhancing histone 3 acetylation globally and at CDKN1A. This results in
recruitment of RNA polymerase II, leading to p21/CDKN1A activation. Depletion of EZH2
synergistically activates p21/CDKN1A expression in combination with the HDAC inhibitor
trichostatin A. Since melanomas often retain wild-type p53 function activating p21, our findings
describe a novel mechanism whereby EZH2 activation during tumor progression represses p21,
leading to suppression of cellular senescence and enhanced tumorigenicity.
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INTRODUCTION
Senescence is a cellular stress response resulting in a blockade of cellular proliferation,
characteristic morphological changes, and the expression of characteristic molecular
markers such as senescence-associated β-galactosidase (SA-β-gal) (1–3). Overexpression of
activated oncogenes such as HRASG12V in primary cells triggers oncogene-induced
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senescence, featuring a cellular phenotype indistinguishable from that of cells entering
senescence following extending in vitro replication (4). Overexpression of melanoma
oncogenes such as BRAFV600E (5) and NRASQ61K (6) provokes oncogene-induced
senescence in melanocytes. BRAFV600E and activating mutations at codon 61 in NRAS, both
found frequently in melanoma (7–8), are also associated with acquired (9) and congenital
(10) melanocytic nevi respectively. Both types of nevi are benign precursors to melanoma
and exhibit characteristics of senescent cells (5,11). Progression to melanoma is associated
with (5,12–13) loss of the tumor suppressor p16INK4A, encoded by the CDKN2A locus,
through mutation, deletion, or promoter DNA methylation (14). Since senescence is a
distinct mechanism of tumor suppression (2,15–16), determining how melanoma cells
escape senescence and devising methods to restore senescence to these cells may be
important for developing additional therapeutic options for this malignancy.

Polycomb group (PcG) proteins are global repressors of gene expression effecting
transcriptional suppression epigenetically through the formation of polycomb repressor
complexes (PRC), including PRC1 and PRC2 (17–18). Enhancer of Zeste Homologue 2
(EZH2), the catalytic subunit of PRC2, has a histone methyltransferase activity for histone 3
lysine 27 trimethylation (H3K27me3) (19). Generation of the H3K27me3 mark by PRC2
establishes a strong repressive signal for gene expression (20). PcG proteins suppress
CDKN2A expression (21). In senescent cells, PcG proteins are downregulated or dissociated
from the CDKN2A locus leading to a decreased level of histone H3K27me3 and reactivation
of INK4/ARF genes (22). Hence, activation of expression of PcG proteins in senescent cells,
including those of pre-malignant benign tumors resulting from oncogene activation, could
contribute to the loss of tumor suppressor gene activity and drive malignant progression.
PcG proteins are overexpressed in various types of human cancer including prostate cancer
and breast cancer and are functionally important for maintaining the malignant phenotypes
of those cells (23–24). However, the function of EZH2 in progression from the senescent
state and its mechanisms of action other than CDKN2A suppression remain unclear.

In this study, we explored the role of EZH2 in senescence and tumorigenicity in nevi and
melanoma cells. We provide evidence that EZH2 is important to maintain resistance to the
senescent state in human melanoma cells. We observed a striking difference, on a cell-by-
cell basis, between the level of EZH2 expressed in acquired melanocytic nevi, where it is
absent from all or nearly all benign nevus cells, and samples from metastatic melanomas,
where it is detected in a majority of melanoma cells in most samples studied. Depletion of
EZH2 in melanoma cells resulted in a senescent phenotype that was significantly dependent
upon activation of p21/CDKN1A expression in a p53-independent manner. Chromatin
immunoprecipitation (ChIP) analysis shows that EZH2 maintains HDAC1 at the CDKN1A
transcriptional start site and downstream regions of the gene. EZH2 depletion removes
HDAC1 from these regions, triggering histone acetylation and recruitment of RNA
polymerase II, resulting in p21/CDKN1A activation. Our findings are consistent with a
model for senescence bypass in melanoma development whereby EZH2 expression
overcomes p53-dependent senescence to promote malignant progression.

MATERIALS AND METHODS
Identification and quantification of EZH2-expressing melanocytic cells in vivo

Human samples were collected under the auspices of approved human clinical protocols
passed by the Institutional Review Board of the Intramural Research Program of the
National Cancer Institute. Relative expression levels of EZH2 were determined in
melanocytes in normal human skin, benign melanocytic nevi, and metastatic melanoma
specimens using two-color immunofluorescence. For immunofluorescence studies, mouse
monoclonal anti-EZH2 (Cell Signaling Technology, #AC22) and rabbit polyclonal anti-
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Melan-A (Santa Cruz #sc-28871) were used each at a 1:50 dilution following fixation in
methanol for 20 min at −20 C° and 4% paraformaldehyde in PBS. Secondary antibodies
used were Alexa Fluor 488, F(ab′)2 fragment of goat anti-rabbit IgG (H + L) 1:1000
(Molecular Probes A-21425) and Alexa Fluor 555 F(ab′)2 fragment of goat anti-mouse IgG
(H + L) 1:1000 (Molecular Probes A-11070).

Cell culture and growth measurement
UCD-Mel-N cells were a kind gift from Dr. Estela Medrano (Baylor College of Medicine).
SK-Mel-30, SK-Mel-103, SK-Mel-119, SK-Mel-147, and SK-Mel-173 cells were graciously
provided by Dr. Norman Sharpless (Univ. of North Carolina) with the permission of Dr.
Alan Houghton (Memorial Sloan-Kettering). Cells were grown in DMEM (Invitrogen)
supplemented with 10% fetal calf serum (FCS) and were maintained in a humidified
incubator at 37°C and 5% CO2. To determine the cell growth rate, cells were plated in 24-
well plates (1×104 cells/well) and transfected either with a control siRNA or an siRNA
targeting EZH2 (see below). After 24 h and each successive day for 5 consecutive days,
cells were trypsinized briefly with 0.05% trypsin/0.02% EDTA and cell number counted.
For treatment of cells with the histone deacetylase inhibitor Trichostatin A (TSA, Sigma),
TSA was dissolved in dimethyl sulfoxide (DMSO) (Sigma). Cells were treated with 1 μM
TSA or an equal volume of DMSO as a control for 24 h. For the combined EZH2 siRNA/1
μM TSA treatment, cells were harvested 3 days following transfection with EZH2 siRNA,
and TSA was added only for the last 24 h before harvesting.

RNA interference
Cells were seeded and incubated at 37°C for 24h and transfected with EZH2 siRNA (25) or
nonspecific control siRNA (Qiagen, Inc) using LipofectRNAiMax (Invitrogen) according to
the manufacturer’s protocol. For detection of markers of senescence other than SA-β-Gal, a
second transfection was performed 3 days after the first transfection prior to fluorescence or
immunofluorescence detection of SAHF, α-tubulin distribution, or H3K9me3. To account
for any off-target effects of the siRNA targeting EZH2, key experiments were repeated with
a pool of 4 siRNAs (ON-TARGETplus SMARTpool L-004218-00-0005, Millipore)
targeting different regions of the EZH2 transcript than the original siRNA used. siRNA
sequences are described in the Supplementary Information. For sustained suppression of
EZH2 expression, SMARTvector lentiviral particles (Thermo Scientific) carrying short
hairpin RNA (shRNA) targeting EZH2 and a non-specific shRNA control, shN1 (Thermo
Scientific, #S-005000-01) were used to transduce melanoma cells.

For stable, RNAi-mediated suppression of CDKN1A expression, four shRNA-expressing
lentiviral expression constructs (V2LHS-202469 (shp21-1), V2LHS-268120 (shp21-2),
V2LHS-230118 (shp21-3), and V2LHS-230370 (shp21-4)) (Thermo Scientific) targeting
CDKN1A (NM_000389) were utilized. For stable, RNAi-mediated suppression of TP53
expression, two constructs (V2LHS-93613 (shp53-1) and V2LHS-93615 (shp53-2))
(Thermo Scientific) targeting TP53 (NM_001126113), were utilized. A human GIPZ
lentiviral shRNA control (shN2) (Thermo Scientific, #RHS4346) was obtained for use with
the above vectors.

Immunofluorescence staining
Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS for 5 min, then
permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature. Cells were
blocked with 5% nonfat dry milk (Carnation)/0.2% Tween-20 in PBS pH 7.4 for 1 h and
incubated with primary antibodies anti-EZH2 (1:500), anti-H3K27me3 (1:1000), anti-
H3K9me3 (Abcam #ab-8898, 1:1000), or anti-α-tubulin (Sigma #T-6199, 1:5000) for 1 h.
Cells were incubated with fluorescent secondary antibodies for 30 min, washed three times
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with PBS, and stained with 4′,6-diamidino-2-phenylindole (DAPI) to visualize nuclear
DNA.

Flow cytometric analysis of cell cycle distribution. Cells were collected and fixed with ice-
cold 70% ethanol for 1 h. Cells were washed twice in PBS and incubated with 25 μg/ml
propidiumiodide (PI, Sigma) with 100 μg/ml RNase A in PBS. The PI-stained cells were
analyzed on a FACScan. The distribution of cells in different cell cycle phases was
calculated using ModFit LT (BD Biosciences).

Western blot analysis
Cells were lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% Nonidet-P40,
1% sodium deoxycholate, 0.1% SDS) containing a protease inhibitor cocktail (Sigma). For
histone detection, an acid extract procedure was used according to the protocol
recommended by the manufacturer (Millipore). Following determination of protein
concentration, cell lysates were subjected to SDS-PAGE, transferred to PVDF membranes
(Invitrogen), and used for Western blotting.

Senescence-associated β-galactosidase staining
Cells were fixed by incubation in 2% formaldehyde/0.2% glutaraldehyde/PBS for 5 minutes
at room temperature and stained for senescence-associated β-galactosidase activity in X-gal
solution (1 mg/ml X-gal, 0.12 mM K3Fe[CN]6, 0.12 mM K4Fe[CN]6, 1 mM MgCl2 in PBS
at pH 6.0) at 37°C (3).

Quantitative real-time PCR
RNA was isolated with TRIzol (Invitrogen). Reverse transcription and quantitative real-time
PCR was performed with SYBR Green one-step reagent (Bio-Rad) on a Chromo4 Optical
Detection System (MJ Research). The transcript levels were measured in a triplicate set of
reaction for each gene and calculated as fold change relative to nonspecific siRNA
transfected cells. Relativeβ2-microglobulin (β2M) or GAPDH levels were used for
normalization. PCR primers for CDKN1A, GAPDH, and β2M are listed in Supplementary
Table 1A.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed on chromatin isolated from cells 72h after transfection with an
siRNA targeting EZH2 or with control siRNA using the Chromatin Immunoprecipitation
Assay Kit (Millipore, 17-295), according to the manufacturer’s instructions. Details are
described in the Supplementary Methods.

Anchorage-independent growth and xenograft studies of EZH2-depleted human melanoma
cells

To determine the role of EZH2 on anchorage-independent growth, cells were resuspended in
medium supplemented with agar at a final concentration of 0.35% as the top layer and 0.6%
agar as base layer and plated at a density of 2.5 × 104 cells per well in 6-well plates in
triplicate. Colonies were counted following a defined period of growth. For in vivo
tumorigenicity studies, UCD-Mel-N cells were transduced with lentiviruses encoding
shRNAs targeting EZH2 and control shRNA as described above. 48h after infection, cells
were selected with 1 μg/ml puromycin for 4 days, then allowed to recover. To generate
xenografts from these modified cells, 2 × 105 transduced UCD-Mel-N cells were
resuspended in 100 μL of a DMEM/Matrigel (Basement Membrane Extract; R&D Systems)
mixture (3:1 v/v) and injected subcutaneously into the right flank of 6-week-old NOD/SCID
mice. Tumor dimensions were measured every 3 days and volume calculated using the
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formula 1/2×(length)×(width)2. All animal experiments were conducted in accord with a
protocol approved by the National Cancer Institute’s Animal Care and Use Committee.

RESULTS
Expression of EZH2 in vivo in melanocytes in human skin, nevi, and metastatic
melanomas

Using immunofluorescence with tissue specimens, we found EZH2 was rarely expressed in
melanocytes in specimens of normal human skin (Figure 1Aa–c), with nuclear expression of
EZH2 detectable in melanocytes from only 2/6 specimens studied and in < 5% of the cells
examined in these 2 samples (Figure 1B). EZH2 was also rarely detectable in melanocytes in
6/6 specimens of melanocytic nevi examined (< 1% of cells; Figure 1Ad–f, Supplementary
Figure 1). In contrast, EZH2 was expressed in 14–95% of melanoma cells in 6 different
specimens of metastatic melanomas (Figures 1Ag–i, 1B, Supplementary Figure 2), with
expression in the majority of melanoma cells in 5/6 specimens examined. These results
extend results of other studies describing EZH2 expression in nevi and melanoma cells (26–
27) by quantifying expression in these lesions and in normal melanocytes in vivo on a cell-
by-cell basis in clinically correlated tumor specimens.

Suppression of EZH2 expression induces senescence features in human melanoma cells
Because of the absence of EZH2 expression in nevi, we hypothesized that EZH2 suppresses
senescence in melanoma cells, thereby promoting their proliferation and tumorigenicity.
EZH2 was depleted from a set of human melanoma cell lines using siRNA and proliferation,
cell cycle progression, and senescence characteristics measured. Depletion of EZH2 was
accompanied by a global decrease of H3K27me3 in UCD-Mel-N cells (Supplementary
Figure 4A), indicating that maintenance of the repressive H3K27me3 mark in these cells is
dependent upon the expression of EZH2 as described previously (18–19, 28–29). Growth of
EZH2 siRNA cells was significantly decreased compared to control-transfected cells (Figure
2A, Supplementary Figure 3B). EZH2 siRNA cells displayed a flattened, enlarged
morphology and expressed SA-β-Gal (Figure 2B, Supplementary Figure 3C). In addition to
SA-β-Gal expression, additional senescence markers following extended EZH2 depletion (6
days) include senescence-associated heterochromatic foci (SAHFs) and the
heterochromatin-associated H3K9me3 modification (1) (Supplementary Figure 4C) as well
as an increase in cell size (30), as evaluated by tubulin immunofluorescence (Supplementary
Figure 4B). Flow cytometric analysis demonstrated that the proportion of cells in the S
phase decreased in EZH2 siRNA cells with a concomitant increase of cells in the G1 phase
(Figure 2C, Supplementary Figure 3D), a significant difference (p < 0.01, Supplementary
Figure 3E) in all 3 cell lines tested. In SK-Mel-173 cells, we also noticed a slight increase in
the proportion of cells in the G2 phase (Figure 2C). Apoptosis was not observed in the
EZH2 siRNA cells as shown by absence of a sub-G1 fraction (Figure 2C).

Effect of EZH2 depletion on melanoma growth in vivo
We asked whether depletion of EZH2 would inhibit melanoma growth in vivo using a
xenograft tumor model. To obtain sustained depletion of EZH2, we identified a lentiviral
shRNA particle construct, shEZH2-3, with the best knockdown efficiency which was
selected for further experiments (Supplementary Figure 5A). Both EZH2 shRNA and
control shRNA UCD-Mel-N cells were able to form colonies in soft agar during the 2-week
observation period (Figure 3A), but the number of colonies was markedly reduced by EZH2
knockdown (Figure 3B). To compare the rate of tumor formation in vivo, EZH2 shRNA or
control shRNA cells in Matrigel were subcutaneously injected into NOD/SCID mice. A
substantial inhibition of tumor growth compared with control cells was evident in cells
stably depleted of EZH2 (Figure 3C). Analysis of tumor xenografts revealed frequent SA-β-
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gal-expressing cells in the xenografts from EZH2-depleted cells, but not in the shNeg
xenografts (Figure 3D), whereas both tumors maintained expression of EGFP indicating
continued expression of the integrated lentiviral construct.

EZH2 depletion activates p21 expression in melanoma cells
Since cell cycle regulatory pathways mediated by cyclin-dependent kinase inhibitors play a
critical role in senescence induction (31), we examined their expression following EZH2
depletion. As shown in Figure 4A, EZH2 siRNA efficiently suppressed EZH2 expression in
all six cell lines examined. p16 is undetectable in UCD-Mel-N, SK-Mel-103, SK-Mel-119,
and SK-Mel-173 cells, due to 9p21 loss (32). Thus p16 expression was not reactivated in
those lines after EZH2 depletion. In SK-Mel-30 and SK-Mel-147 cells where p16 is mutated
and expressed at a high level (32), depletion of EZH2 did not change p16 expression.
However, depletion of EZH2 elevated expression of p21 in 5/6 cell lines. The effect of loss
of EZH2 upon induction of p21 expression was transcriptional, since transcripts of CDKN1A
were upregulated in the 5/6 cell lines that exhibited increases in p21 at the protein level
(Figure 4B). p53 transcriptionally activates p21, binding to two distinct sites in the p21/
CDKN1A promoter. However, in cell lines exhibiting an increase in p21, p53 was decreased,
inversely correlating to p21 expression.

The inverse relationship between p53 and p21 expression suggested that the activation of
p21 observed was largely independent of changes in p53 activity. To test this independence
more directly, we targeted p53 with shRNA in UCD-Mel-N cells. p53 lentiviral-shRNA
transduction moderately suppressed p53 expression in UCD-Mel-N cells (Figure 4C). The
p53 level decreased to a level comparable with that in EZH2 siRNA treated cells (Figure
4A). However, in contrast to the upregulation of p21 expression noted with EZH2 depletion
(Figure 4A), depletion of p53 diminished p21 expression (Figure 4C), demonstrating that
p53 regulates constitutive p21 expression in UCD-Mel-N cells, but is not responsible for
EZH2 siRNA-mediated p21 activation. Activation of p21 by EZH2 depletion was not
blocked by a reduction in p53 (Figure 4D). These results indicate that p21 induction occurs
through a mechanism other than p53 activation.

Suppression of p21 expression blocks cellular senescence
To determine whether the upregulation of p21 induced by EZH2 depletion contributes to
cellular senescence and growth arrest, we utilized RNA interference to suppress p21/
CDKN1A induction. p21/CDKN1A was depleted efficiently with a lentivirally-delivered
shRNA (shp21-4) (Figure 5A), which was used to generate shp21 UCD-Mel-N cells and a
control cell line (Figure 5A). In shp21 UCD-Mel-N cells, there was a slight but consistent
decrease in the G1 phase population when compared with control cells (from 54% to 45%),
with an increase of S phase cells (from 30% to 38%), indicating that the presence of p21 at
its constitutive levels exerts a modest inhibitory effect regulating the G1/S transition in
UCD-Mel-N cells (Figure 5C). This effect was corroborated by a trend toward increased cell
proliferation in p21-depleted UCD-Mel-N cells (Figure 5B). We then depleted EZH2 in
these stable cell lines and showed that p21 shRNA could suppress p21 induction under these
conditions (Figure 5A). While in control cells EZH2 depletion resulted in an increase of the
G1 phase population from 54% to 71% (p < 0.01, Figure 5C), in shp21 cells the G1
population only increased from its baseline value of 45% to 56%. The difference between
the percentage of EZH2-depleted cells with (71%) and without (56%) p21 was significant (p
< 0.01, Figure 5C). Together, these data indicate that suppression of p21 partially inhibits
the G1 cell cycle arrest caused by EZH2 depletion. This finding of partial inhibition was
supported by the higher rate of proliferation observed in cells with both EZH2 and p21
suppressed compared to cells with only EZH2 suppressed (Figure 5B). Hence, repression of
p21 by EZH2 promotes cell cycle progression.
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We also determined whether p21 repression by EZH2 suppressed senescence as measured
by SA-β-gal expression. We noticed that the cell lines utilized to assess changes in SA-β-
Gal expression with EZH2 depletion, UCD-Mel-N, SK-Mel-173, and SK-Mel-119 (Figure
2B), displayed a small fraction of SA-β-Gal-expressing cells. This was quantified in control
and shp21 UCD-Mel-N and SK-Mel-173 cells, where p21 suppression was found to have a
small but statistically significant effect reducing the proportion of these cells expressing SA-
β-gal (Figure 5D). The percentage of SA-β-gal-expressing cells decreased from 5% to 3% in
UCD-Mel-N cells, and from 12% to 3% in SK-Mel-173 cells. Depletion of EZH2 with
siRNA in each of the transduced cells increased the percentage of cells expressing SA-β-gal,
but this increase was significantly blunted in cells with p21 suppression. 57% of control
transduced UCD-Mel-N cells expressed SA-β-gal with EZH2 depletion, whereas only 28%
expressed SA-β-gal when p21 was also suppressed. Likewise, in SK-Mel-173 cells, the 49%
of cells expressing SA-β-gal was reduced to 16% with p21 suppression (Figure 5D).

EZH2 depletion increases histone acetylation
EZH2 has a specific H3K27 methyltransferase activity (18,33) associated with gene
repression (20,29). EZH2 also associates with HDAC1 (34), recruiting it to the DAB2IP
promoter (35). Histone deacetylation is a requirement for EZH2 repression at the E-cadherin
promoter (36). To determine whether p21 activation in UCD-Mel-N cells is associated with
changes in CDKN1A H3K27 trimethylation or histone acetylation, ChIP was used to
characterize the relative density of repressive H3K27me3 marks and activating (37)
H3K14Ac marks at the CDKN1A genomic locus, a ~20-kb region upstream and downstream
of the transcription start site (Figure 6A).

H3K27me3 was present throughout the CDKN1A genomic region at a very low, but
detectable level, which did not change following depletion of EZH2. The gene ESR1, a
frequent polycomb target in cancer cell lines (38), was analyzed as a positive control (Figure
6B, Supplementary Figures 5A, 5B). In contrast, EZH2 depletion significantly increased
H3K14ac at CDKN1A. This increase was comparable or slightly greater than the increase in
H3K14ac observed after treatment of the cells with 1 μM TSA. Treatment with a
combination of EZH2 siRNA and 1 μM TSA synergistically increased H3K14ac compared
to treatment with EZH2 siRNA or TSA alone (Figure 6B). The effect of EZH2 depletion
upon H3K14ac at the CDKN1A locus is not likely limited to this gene, since EZH2 depletion
resulted in an increase in global H3K14ac acetylation in UCD-Mel-N, SK-Mel-173, and SK-
Mel-119 cells corresponding with a global decrease in H3K27me3 (Supplementary Figure
5D).

EZH2 depletion reduced HDAC1 localization at CDKN1A, indicating that EZH2 is
important for maintaining HDAC1 at CDKN1A. Reduction in HDAC1 corresponded to the
recruitment of RNA polymerase II to the CDKN1A transcription start site and downstream
region (Figure 6B), resulting in transcriptional activation (Figure 6D). Treatment with 1μM
TSA and EZH2 depletion resulted in approximately 4-fold and 5-fold inductions of
CDKN1A expression, respectively. Combined treatment with TSA and EZH2 siRNA
resulted in an approximately 10-fold increase of CDKN1A expression, correlating with the
synergistic increase in histone acetylation (Figure 6D). The combined depletion of EZH2
and histone deacetylase inhibition also resulted in enhanced expression of p21 as detected by
Western blotting (Figure 6C).

Neither EZH2 (Supplementary Figure 5A) nor BMI1 (Supplementary Figure 5B), a
component of PRC1, which recognizes and binds H3K27me3 (39) were significantly
enhanced at CDKN1A. The CDKN1A promoter was not significantly methylated in UCD-
Mel-N, SK-Mel-119, and SK-Mel-173 cells. Methylation status was not significantly altered
following depletion of EZH2, indicating that the activation of p21 expression following
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EZH2 depletion does not result from a change in CDKN1A promoter methylation
(Supplementary Figure 6).

DISCUSSION
EZH2 activity and function in melanoma cells and in melanocyte senescence

We describe EZH2-dependent repression of p21/CDKN1A that suppresses senescence in
melanoma cells. Senescence in melanocytes is governed by both the p16INK4A/Rb and p53/
p21 pathways (Supplementary Figure 7A). Although neither pathway is absolutely required,
inhibition of both pathways together abrogates the oncogene-induced senescence response
(40). p16INK4A expression is induced following overexpression of BRAFV600E (5) or
NRASQ61K (6) in primary human melanocytes and is also observed in acquired (11) and
congenital (5) melanocytic nevi that preferentially harbor BRAFV600E (9) or activating
NRAS (10) mutations, respectively. However, expression of p16INK4A in benign
melanocytic nevus cells is heterogeneous (5, 11), implying that its expression in every cell is
not required for maintaining senescence, and patients lacking functional p16 develop
melanocytic nevi (41). In vitro, melanocytes with p16INK4A expression suppressed undergo
a delayed, p53/p21-mediated senescence, suggesting that the p16INK4A/Rb pathway is the
dominant senescence pathway in these cells (40). Nonetheless, melanocytes obtained from
patients lacking functional p16 also undergo p53-mediated senescence, including
upregulation of the p53 target p21 (41). Accordingly, as p16 expression is lost during the
transition of benign compound nevi to dysplastic nevi and radial growth phase melanoma,
p21 begins to be detected more frequently and at higher levels (11). These findings suggest
that following loss of p16/RB activity in human melanocytes, including loss that occurs in
vivo as melanocytic tumors progress from the benign nevus stage (42), an alternative
mechanism of senescence that includes induction of p53/p21-dependent is activated
(Supplementary Figure 7B).

Our findings are consistent with a model whereby EZH2 repression of p21, through
maintenance of HDAC1 at CDKN1A resulting in low histone acetylation, bypasses an
otherwise intact p53-dependent p21 activity to overcome p53-mediated senescence
(Supplementary Figure 7C). This mechanism could promote tumor progression via an
alternative to somatic mutation of p53, which remains wild-type in most primary and
metastatic melanomas (43)(44). Our observations and those of others (26–27) suggest that
EZH2 becomes activated in subpopulations of tumor cells during the transition from benign
nevus to dysplastic nevus and radial growth phase melanoma. EZH2-expressing cells may
preferentially expand to yield the high proportions of EZH2-positive cells we found in
metastatic specimens. We do not currently understand how EZH2 expression is upregulated
during the transition from benign nevus to malignant melanoma cell. In other cell types, loss
of microRNA expression has been associated with the induction of EZH2 expression in both
normal development and malignancy (45–48), and may be a potential mechanism to
consider for EZH2 activation in melanocytic neoplasia.

p21 as an epigenetic target of EZH2 in melanoma
p21 is a common epigenetic target in cancer, with HDAC inhibitor-mediated de-repression
of p21/CDKN1A occurring in cancer cells in a p53-independent manner. Our results show
that EZH2-dependent regulation of p21 accounts for a substantial component of the effects
of EZH2 on cell cycle and senescence properties in melanoma cells. p21 remains functional
in the melanoma cell lines examined because its suppression alone lowers the G1/S phase
ratio (Figure 5C) and reduces the proportion of cells expressing SA-β-Gal. The G1 cell cycle
arrest and induction of SA-β-Gal expression observed with EZH2 depletion are significantly
attenuated under conditions of p21 suppression (Figure 5C,D), indicating that the
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upregulation of p21 that occurs upon knockdown of EZH2 is a major effector of these
cellular changes.

Activation of p21/CDKN1A occurring upon EZH2 suppression appears p53-independent.
We observed a decrease in p53 levels upon EZH2 depletion in those cell lines exhibiting p21
activation (Figure 4A). Stable depletion of p53 did not block p21 induction caused by EZH2
knockdown, even though depletion of p53 was accompanied by a reduction in p21 level
(Figure 4B). Hence p53 retains p21-activating activity in melanoma cells, consistent with
previously reported findings that, in melanoma cells, p21 can mediate p53-dependent
responses (49–50).

Loss of EZH2 substantially increased histone acetylation at CDKN1A in the absence of
changes in H3K27 trimethylation, PcG occupancy, or promoter DNA methylation. The
increase in histone acetylation is due to loss of HDAC1 at CDKN1A, favoring the
recruitment of RNA polymerase II and transcription. We show for the first time that
modulating the level of cellular EZH2 affects HDAC1 occupancy of a critical gene
regulating cell senescence. How EZH2 functions noncanonically to maintain HDAC1 at
CDKN1A in melanoma cells, thereby suppressing senescence, is worthy of future
investigation. EZH2, in addition to its enzymatic function as a histone methyltransferase,
may have a more general, structural role stabilizing HDACs in chromatin remodeling
complexes. EZH2 occupancy of H3K27me3 sites in melanoma cell chromatin might
facilitate guiding HDACs to indirectly regulated sites such as CDKN1A via mechanisms
such as noncoding RNA (51) or chromatin looping interactions (52). In this regard, current
thinking suggests that HDACs are not core members of PRC2 but instead engage in more
transient interactions with its components to effect epigenetic regulation of gene expression
(53). The precise mechanism to determine how EZH2 interacts with CDKN1A will require
further investigation using techniques that enable both characterization of other chromatin-
modifying proteins at CDKN1A in melanoma cells and exploration of long-range chromatin
interactions.

In closing, we demonstrate that EZH2 suppresses senescence in melanoma cells by
repressing p21/CDKN1A expression independent of p16 expression or p53 function. We
describe a novel mechanism for EZH2 regulation of p21/CDKN1A occurring through
changes in histone acetylation rather than changes in H3K27me3. This mechanism is in
direct contrast to polycomb regulation of the p16/INK4A gene, which is highly H3K27
trimethylated and bound directly by polycomb proteins to establish repression (22). Because
of the potential relevance of senescence to the outcome of cancer therapy(15) in melanoma,
inhibition of EZH2 may be a promising approach for melanoma treatment. Our observation
that EZH2 depletion in synergy with HDAC inhibition activates p21 expression further
through enhancing acetylation at CDKN1A suggests a potential combination approach to
melanoma therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expression of EZH2 in skin, melanocytic nevi, and metastatic melanomas. (A) In vivo
melanocytic expression of EZH2. Aa–Ac depict expression of Melan-a (Aa), EZH2 (Ab),
and merged image (Ac) in normal human skin. Arrowheads point to Melan-a-expressing
melanocytes in basal layer (Aa), which do not express EZH2 (Ab). Epidermis (e) and dermis
(d) are delineated. Ad–Af show expression of Melan-a (Ad), EZH2 (Ae), and merged image
(Af) in an example of a compound melanocytic nevus Nests (n) of adherent nevus cells in
the dermis are depicted. EZH2 expression is absent in these and in individual melanocytes
(Ae). Ag–Ai demonstrate expression of Melan-a (Ag), EZH2 (Ah) in tissue from a
melanoma lymph node metastasis. Merged image (Ai) shows that most cells express both
Melan-a and EZH2. (B) Proportions of Melan-a-expressing cells in normal human skin,
melanocytic nevi, and metastatic melanomas that express EZH2. Nevi and melanoma
specimens correspond to specimens presented in Figure 1A (#1) and to specimens presented
sequentially (#2–6) in Supplementary Figures 1 and 2. Error bars represent standard
deviations from the mean.
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Figure 2.
EZH2 depletion induces a cellular senescence phenotype in melanoma cells. Cell
proliferation rate, SA-β-gal expression, and cell cycle distribution were determined
following EZH2 depletion with a small-interfering RNA. (A) Growth curves of EZH2
siRNA (siE)- and control siRNA (siN)-treated UCD-Mel-N, SK-Mel-173, and SK-Mel-119
cells. Each data point represents the average of three independent measurements. Error bars
indicate the standard deviation. (B) SA-β-gal staining in melanoma cells following EZH2
depletion (siE) or control siRNA transfection (siN). (C) Cell cycle analysis of melanoma
cells with EZH2 depletion. Cell phase distribution from 1/3 representative experiments
performed for control siRNA (siN) and siEZH2 (siE)-treated cells.
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Figure 3.
Stable depletion of EZH2 reduces tumorigenicity of human melanoma cells. (A) Reduced
colony formation following EZH2 depletion. Representative photomicrographs shown of
anchorage-independent colonies 20 days after initiating growth of EZH2 shRNA cells (shE)
and control shRNA cells (shN1) in soft agar. (B) Mean colonies per field. Error bars
represent standard deviation of 3 independent platings. p < 0.01 (**) for the difference
between shN1 and shE by Students’s t-test. (C) Reduced tumor volumes in NOD/SCID mice
injected with EZH2 shRNA cells compared to control shRNA cells. Each data point
represents the mean volume (±SEM) of subcutaneous tumor xenografts developing in 12
mice per experimental group. p < 0.00001 for the difference between shE and shN1 tumor
growth curves by repeated measures analysis of variance. (D) Expression of SA-β-gal is
observed in xenograft tumor specimen from EZH2 shRNA tumor (upper panel, right), but
not from control tumor (upper panel, left). EGFP expression (lower panels) confirms
continued expression of the shRNA construct in the xenograft cells. Results are
representative of two tumors analyzed. Scale bar,50 μM.
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Figure 4.
Western blot analysis of cell cycle regulatory protein expression in human melanoma cells
with EZH2 depletion. (A) Relative expression of cell cycle regulatory proteins p16, p21, and
p53 were determined upon EZH2 depletion (siE) or control siRNA transfection (siN) in
human melanoma cell lines. GAPDH serves as loading control. (B) Quantitative real-time
PCR measurement of CDKN1A induction in human melanoma cells lines following EZH2
depletion. The fold induction of CDKN1A expression is depicted for each of the cell lines
studied. Error bars represent standard deviation from the mean. (C) Western blot analysis of
p53 depletion by p53 shRNA (upper panel). Two distinct stable shp53-expressing cell lines
of UCD-Mel-N cells (shp53-1 and shp53-2) were generated along with a control cell line
expressing an irrelevant shRNA (shN1). p21 expression in indicated stable cell lines with
depletion of p53 (middle panel). GAPDH (lower panel) was used as a loading control. (D)
p53 depletion does not attenuate EZH2 siRNA-mediated upregulation of p21 expression. An
siRNA targeting EZH2 or a control siRNA was transfected into stable shp53-expressing or
control shRNA vector-expressing UCD-Mel-N cells. Relative levels of p53 (upper panel),
p21 (middle panel), and GAPDH as loading control (lower panel) are depicted.
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Figure 5.
Suppression of p21 inhibits the senescence phenotype induced by depletion of EZH2. (A)
Left panel, suppression of p21 in UCD-Mel-N cells by shRNAs targeting p21/CDKN1A
(shp21-1,2,3,4) or an irrelevant control shRNA (shN1). p21 and GAPDH (as loading
control) levels are shown by Western blotting. Right panel, maintenance of p21 suppression
in UCD-Mel-N cells stably transduced with either p21 shRNA (shp21 +) or a control
shRNA (shp21 −) following transfection with EZH2 siRNA (siE +) or control siRNA (siE
−). Western blot of p21 and EZH2 levels are shown with GAPDH as loading control. (B)
Relative rates of cell proliferation of UCD-Mel-N cells stably transduced with either control
shRNA or shRNA targeting p21 with or without transient depletion of EZH2. Cells were
counted at the indicated number of days after transfection with control siRNA or siRNA
targeting EZH2 (siE). Experiment was performed in triplicate with error bars representing
standard deviation from the mean. (C) G1 cell cycle arrest induced by EZH2 siRNA can be
partially inhibited by p21 suppression. UCD-Mel-N cells stably expressing shp21 (shp21 +)
or shN1 (shp21 −) were either not treated (siE --), transfected with an siRNA targeting
EZH2 (siE +), or transfected with a control siRNA (siE −) and cell cycle distribution
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measured. Error bars represent standard deviation of experiments performed in triplicate. **
indicates p < 0.01 for comparison by Student’s t-test. (D) SA-β-gal expression in UCD-Mel-
N (left panel) and SK-Mel-173 (right panel) cells transfected with EZH2 siRNA (siE +) or
control siRNA (siE −), or untreated (siE --), with or without stable p21 suppression (shp21
+, shp21 − respectively). Cells were stained, photographed under microscopy, and counted
to determine the percentage of SA-β-gal-expressing cells. At least 1000 cells were counted
in random fields in each of the duplicate wells. The results are presented as mean ± SD of
three independent experiments. Differences were analyzed by Student’s t test, and
differences with p value < 0.05 (*) and p < 0.01 (**) noted.
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Figure 6.
Effect of EZH2 depletion on histone 3 interactions and modifications at CDKN1A. (A)
Schematic drawing of CDKN1A locus depicting transcription start site (TSS), p53 and SP1
transcription factor binding sites, and the location of the three exons (E1,E2,E3). Positions
of primer pairs used for chromatin immunoprecipitation (ChIP) are indicated (1–9). (B).
ChIP analyses of CDKN1A using antibodies recognizing H3K27me3, H3K14ac, HDAC1,
and RNA polymerase II were performed in UCD-Mel-N cells with EZH2 depletion (siE) or
transfection with a control siRNA (siN). The precipitated DNA was amplified by real-time
quantitative PCR (qPCR) using primers 1–9 from distinct regions of CDKN1A. Each
experiment was repeated independently at least twice. The results were normalized to IgG
control. The data are expressed as percentage of immunoprecipitated DNA relative to input
DNA. Primers to the ESR1 gene were used as a positive control. Histone acetylation at
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CDKN1A was determined not only under the above conditions (siE and siN), but also in the
above conditions with cells treated with 1 μM TSA (TSA+siE, TSA+siN), in cells treated
with TSA alone (TSA), and in untreated or untransfected cells (Control). Error bars
represent standard deviation from the mean. (C,D) Combined effects of HDAC inhibition
and EZH2 depletion upon p21/CDKN1A transcript and protein expression. An additive
effect of HDAC inhibition with trichostatin A (TSA) and EZH2 depletion (siE) on the
upregulation of p21 protein expression as measured by Western blotting (C) and of
CDKN1A mRNA expression as measured by quantitative real-time PCR (D) is observed
relative to cells treated with TSA (TSA +) or EZH2 siRNA (siE +), respectively, alone. siE
−, control siRNA cells; siE --, untreated cells; ** signifies p < 0.01 for indicated
comparisons.
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