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Abstract

Melanoma is a metastatic cancer associated with poor survival. Here, we study a subpopulation of 

melanoma cancer cells displaying melanoma cancer stem cell (MCS cells) properties including 

elevated expression of stem cell markers, increased ability to survive as spheroids, and enhanced 

cell migration and invasion. We show that the Ezh2 stem cell survival protein is enriched in MCS 

cells and that Ezh2 knockdown or treatment with small molecule Ezh2 inhibitors, GSK126 or 

EPZ-6438, reduces Ezh2 activity. This reduction is associated with a reduced MCS cell spheroid 

formation, migration, and invasion. Moreover, the diet-derived cancer prevention agent, 

sulforaphane (SFN), suppresses MCS cell survival and this is associated with loss of Ezh2. Forced 

expression of Ezh2 partially reverses SFN suppression of MCS cell spheroid formation, migration, 

and invasion. A375 melanoma cell-derived MCS cells form rapidly growing tumors in immune-

compromised mice and SFN treatment of these tumors reduces tumor growth and this is associated 

with reduced Ezh2 level and H3K27me3 formation, reduced matrix metalloproteinase expression, 

increased TIMP3 expression and increased apoptosis. These studies identify Ezh2 as a MCS cell 

marker and cancer stem cell prevention target, and suggest that SFN acts to reduce melanoma 

tumor formation via a mechanism that includes suppression of Ezh2 function.
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INTRODUCTION

Melanoma is an aggressive form of skin cancer that has a poor survival rate [1]. Patients 

with metastatic melanoma have a median survival between 3 and 11 months and the disease 

is often resistant to conventional therapy [1–4]. This is due, at least in part, to the resistance 

of the cancer stem cell population to therapy. The cancer stem cell model suggests that a 

small fraction of cancer cells possess the ability to initiate and sustain tumor growth [5]. 

Consistent with this model, the tumorigenic component of primary melanoma is not 

homogeneous, but rather consists of hierarchically ordered subpopulations of tumor cells. 

Cancer stem cells are known to be chemoresistant, resistant to immune-surveillance, and 

involved in tumor recurrence and metastasis [6]. The presence of a melanoma cancer stem 

cells has been controversial [7], but the bulk of the data suggests the presence of a subgroup 

of ABCB5- and CD271-positive cells that display a cancer stem cell phenotype [8]. 

Melanoma has been treated using small molecule kinase inhibitors; however, aggressive 

tumors eventually recur and cause mortality [1–4]. Thus, the design of new methods of 

preventing and treating melanoma is a priority.

Polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2 (PRC2) [9] 

suppress gene expression via covalent modification of selected histones [9–14] leading to 

reduced tumor suppressor protein expression. Ezh2 is a lysine methyltransferase and is the 

main catalytic protein of PRC2 (polycomb repressor complex 2) [15]. Ezh2 catalyzes 

trimethylation of lysine 27 of histone 3 (H3K27me3), an important step in polycomb-

mediated silencing of gene expression [16]. Recent findings show that Ezh2 is upregulated 

in tumors and is an important driver of tumor development and progression that is often 

correlated with poor prognosis [16–18]. Polycomb genes have been reported to enhance 

melanoma cell survival [19–25] and metastasis [26], and Ezh2 acquisition of functional 

mutations have been identified in a subset (3%) of melanoma tumors [27]. Limited 

knowledge is available regarding the role of Ezh2 in melanoma cancer stem cells, except that 

Ezh2 is overexpressed in putative melanoma cancer stem cells at the tumor invasion front 

[28].

Sulforaphane (SFN) is an important cancer prevention agent [29]. Sulforaphane, 1-

isothiocyanato-4-(methylsulfinyl) butane, is a natural isothiocyanate cancer preventive agent 

derived from broccoli and other cruciferous vegetables [29]. SFN is a particularly appealing 

as a cancer prevention and treatment agent, as it is highly bioavailable in blood and tissues 

and has no known side effects [30–33]. SFN has been shown to modulate the melanoma 

tumor environment and may be an important prevention/treatment option [34–38].

Here we identify Ezh2 as enriched in melanoma cancer stem cells (MCS cells) and show 

that Ezh2 knockdown or treatment with small molecule Ezh2 inhibitors reduces MCS cell 

spheroid formation, survival, invasion and migration. We further show that SFN treatment 

reduces Ezh2 level and H3K27me3 formation and that this is associated reduced matrix 

metalloproteinase expression, enhanced apoptosis and with reduced MCS cell survival. The 

present studies show that Ezh2 is an important SFN cancer prevention target in melanoma.
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MATERIALS AND METHODS

Antibodies and Reagents

Sodium pyruvate (11360-070), Dulbecco’s modified Eagle’s medium (DMEM, 11960-077), 

0.25% trypsin–EDTA (25200-056), and L-glutamine (25030-164) were purchased from 

Gibco (Grand Island, NY). Heat-inactivated fetal calf serum (FCS, F4135) and anti-β-actin 

(A5441) were purchased from Sigma (St. Louis, MO). Cell lysis buffer (9803), anti-Suz12 

(3737S), anti-TIMP3 (D74B10) and anti-Bmi-1 (2830S) were purchased from Cell 

Signaling Technologies (Danvers, MA). Ezh2 antibody (612667) was purchased from BD 

Transduction Laboratories. Anti-H3K27me3 (07-44) and anti-MMP-2 (AB19167) was 

purchased from Millipore (Temecula, CA). Anti-MMP-9 (ab3898) was purchased from 

Abcam (Cambridge, UK). Peroxidase-conjugated sheep anti-mouse IgG (NXA931) and 

donkey anti-rabbit IgG (NA934V) were obtained from GE healthcare (Buckinghamshire, 

UK). Control-siRNA (sc-37007) and Ezh2-siRNA (sc-35312) were purchased from Santa 

Cruz (Dallas, TX). Matrigel (354234) and BD Biocoat cell inserts (353097, 8 µm pore size) 

were purchased from BD Biosciences. EPZ-6438 (A-1623) was obtained from Active 

Biochemicals (Wan Chai, Hong Kong), and GSK126 (CT-GSK126) was purchased from 

ChemiTek (Indianapolis, IN). EPZ-6438 and GSK126 are Ezh2 inhibitors [39–43]. 

Sulforaphane was obtained from LKT Lab (St. Paul, MN), and delivered from a 1,000-fold 

stock dissolved in dimethylsulfoxide. Anti-procaspase 9 (95025), procaspase 8 (9746), 

procaspase 3 (9665), and anti-cleaved PARP (9541) were obtained from Cell Signaling 

Technologies (Danvers, MA).

Quantitative RT-PCR

Total RNA was isolated using the RNAspin Mini Kit (GE Healthcare) and reverse 

transcribed using the Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). RNA 

(1 µg) was used for cDNA preparation. The Light Cycler 480 SYBR Green I Master mix 

(Roche Diagnostics) was used to measure mRNA level. Ezh2 mRNA level was detected and 

signals were normalized to the level of cyclophilin A mRNA. The following gene specific 

primers were used for detection of mRNA levels: Ezh2 (forward: 5′-GCA TCT ATT GCT 

GGC ACC ATC TGA, reverse: 5′-TTG TTA CCC TTG CGG GTT GCA T) and cyclophilin 

A (forward: 5′-CAT CTG CAC TGC CAA GAC TGA, reverse: 5′-TTC ATG CCT TCT 

TTC ACT TTGC).

Immunoblot

Equivalent amounts of protein were electrophoresed on denaturing and reducing 10% 

polyacrylamide gels and transferred to nitrocellulose membrane. The membrane was 

blocked with 5% nonfat dry milk for 45 min and incubated with primary antibody at 1:1000 

dilution in 5% nonfat dry milk. The blots were washed and then incubated with secondary 

antibody at a 1:5000 dilution for 2 h. Secondary antibody binding was visualized using ECL 

(Amersham) chemiluminescence detection technology.
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Spheroid Formation Assay

A375 were maintained under attached conditions in growth media containing DMEM 

(Invitrogen, Frederick, MD) supplemented with 4.5 mg/ml D-glucose, 200 mM L-glutamine, 

100 mg/ml sodium pyruvate, and 10% fetal calf serum. WM793 cells were maintained as 

attached monolayers in growth media including MCDB153 (M7403 Sigma, St. Louis, MO), 

L-15 (Invitrogen, Frederick, MD), 2% fetal calf serum, 5 µg/ml insulin (19278 Sigma), and 

1.68 mM CaCl2. Both lines harbor the V600E B-Raf mutation [44,45]. For growth as 

spheroids, near-confluent monolayer cultures were dissociated with 0.05% trypsin and 

resuspended in spheroid media including DMEM/F12 (1:1) (DMT-10-090-CV, Mediatech 

Inc, Manassa, VA), 2% B27 serum-free supplement (17504-044, Invitrogen, Frederick, MD), 

20 ng/ml EGF (E4269, Sigma, St. Louis), 0.4% bovine serum albumin (B4287, Sigma) and 

4 µg/ml insulin. The cells were plated at 40,000 cells per 9.6 cm2 well in six well ultra-low 

attachment Costar cluster dishes (4371, Corning, Tewksbury, MA). Parallel cultures were 

plated in spheroid media on conventional plastic dishes for growth as monolayer cultures.

Electroporation

The day prior to electroporation A375 cells (150,000) were plated on 60 mm plates in 

spheroid media. For electroporation, 1.5 million cells were suspended in 100 µl of 

nucleofection reagent (VCA-1001, Walkersville, MD) containing either 3 µg of siRNA or 2 

µg of plasmid DNA. The solution was gently mixed and then electroporated using the T-016 

setting on the AMAXA electroporator followed by addition of one volume of pre-warmed 

spheroid media and plating in 60 mm cell culture plates in 3.8 ml of spheroid medium. For 

siRNA treatment, the cells were electroporated, permitted to recover for 72 h in culture and 

then re-electroporated with 3 µg of fresh siRNA before plating [46].

Invasion Assay

Matrigel (BD Biolabs) was diluted in 0.01M Tris– HCl containing 0.7% NaCl, filter 

sterilized, and 0.1 ml was added per BioCoat insert well and permitted to solidify. Cells were 

seeded at 25,000 per well in 100 µl of growth media containing 1% FCS. The lower chamber 

contained growth medium containing 10% FCS. After a 24 h incubation at 37°C, residuals 

cells were removed from the top and the membrane was rinsed with PBS, fixed with 4% 

paraformaldehyde for 10 min, and stained with 1 µg/ml DAPI for 10 min. The number of 

cells/10× field on the underside of the membrane were counted using an inverted fluorescent 

microscope.

Cell Migration Assay

Cells were plated at confluent density (2 million) in 10 cm dishes in spheroid medium. After 

attachment, a 10 µl pipette was used to create a wound in the monolayer, and the dishes were 

washed with PBS before addition of fresh medium. Images of wound were collected from 0–

24 h to monitor wound closure [47,48].

Tumor Xenograft Studies

Monolayer and spheroid-derived cancer cells were dispersed with trypsin to produce a single 

cell suspension, and cells were resuspended in 200 µl of phosphate buffered saline 
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containing 30% Matrigel. The mixture, containing 200,000 cells was injected 

subcutaneously into the two front flanks of NOD-scid-IL2 receptor gamma chain knockout 

mice (NSG mice) using a 26.5 gauge needle. Five mice were used per data point with two 

tumors per mouse. SFN was dissolved in water and 200 µl was delivered by oral gavage (10 

µM/kg body weight) three times per week (M/W/F) beginning at the time of tumor cell 

injection. Tumor growth was monitored by measuring tumor diameter and calculating tumor 

volume using the formula, volume = 4/3π × (radius)3. Mice were euthanized by injecting 

250 µl of a 2.5% stock of avertin per mouse followed by cervical dislocation, and tumor 

samples were harvested for morphological assessment, and preparation of sections and 

extracts. These experiments were reviewed and approved by the University of Maryland–

Baltimore Institutional Animal Care and Use Committee.

RESULTS

Ezh2 Knockdown Impairs MCS Cell Spheroid Formation and Migration

Cancer stem cells preferentially survive and form spheroids when plated in ultra-low 

attachment surfaces [49]. We assessed the ability of WM793 and A375 cells to form 

spheroids by plating 40,000 cells in spheroid growth medium in ultra-low attachment plates. 

Figure 1A and B shows that A375 cells form an average of 78 ± 5 spheroids (0.19% of the 

seeded cells), while WM793 cells formed 62 ± 6 spheroids (0.16% of seeded cells). 

Immunoblot of extracts prepared from spheroid and monolayer cultures reveals that Ezh2 is 

markedly elevated in the MCS cell (spheroid) population and that this is associated with 

increased H3K27me3 formation (Figure 1A and B). To determine if Ezh2 is necessary for 

spheroid formation, we monitored spheroid number in cells treated with control- or Ezh2-

siRNA. As shown in Figure 1C, cells treated with Ezh2-siRNA express reduced levels of 

Ezh2 and display reduced H3K27me3 formation and form markedly fewer spheroids. Since 

cancer stem cells have been shown to possess enhanced migratory properties, we examined 

the impact of Ezh2 knockdown on MCS cell ability to invade matrigel (Figure 1D) and 

migrate to close a scratch wound (Figure 1E). These findings show that loss of Ezh2 reduces 

MCS cell invasion and migration. To assess the stem cell status of the monolayer versus 

spheroid cells, we assayed for expression of two stem cell markers that are frequently highly 

expressed in melanoma cancer stem cells, ABCB5 and CD271 [8]. As shown in Figure 1F, 

spheroid-derived cultures are enriched in both markers, a finding consistent with a stem cell 

phenotype.

We next looked at the impact of Ezh2 inhibitors on MCS cells. GSK126 and EPZ-6438 are 

agents that inhibit Ezh2 catalytic activity. We monitored the impact of these compounds on 

spheroid formation, and cell invasion and migration. Figure 2A shows that treatment with 

each agent reduces WM793 and A375 cell spheroid formation and leads to accumulation of 

cell debris. Figure 2B confirms that treatment reduces Ezh2 activity as measured by 

suppression of H3K27me3 formation. We next measured the impact on cell ability to 

invadematrigel. MCS cells were plated on matrigel and migration was monitored over 24 h. 

Figure 2C shows that treatment with 2 µM GSK126 or EPZ-6438 reduces MCS cell 

invasion, and Figure 2D are images showing the reduced invasion. As a third measure of 

ability of these agents to modify MCS cell behavior, we monitored impact on cell migration 
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using the wound closure assay. As shown in Figure 2E, treatment with GSK126 or 

EPZ-6438 reduces wound closure, suggesting that Ezh2 activity is required for cell 

migration. We note that these changes in invasion and migration are not due to changes in 

cell proliferation, as cell proliferation is not suppressed at 24h after these treatments (not 

shown).

Sulforaphane Impact on MCS Cell Function and Role of Ezh2

We have previously shown that sulforaphane (SFN), a cancer prevention agent derived from 

cruciferous vegetables, suppresses Ezh2 function in epidermal squamous cell carcinoma 

[50]. We therefore examined the impact of SFN on MCS cell function. Spheroids were 

permitted to form for 8 d followed by treatment with 0–20 µMSFN. Figure 3A shows that 

treatment with SFN efficiently reduces WM793 cell spheroid formation which is associated 

with accumulation of cell debris (Figure 3B). Figure 3C shows that the SFN-dependent 

reduction in MCS cell spheroid survival is associated with reduced Ezh2 level and activity. 

The level of the Bmi-1 and Suz12 polycomb proteins are also reduced. Half-maximal 

suppression of spheroid formation was observed at around 5 µM SFN. In addition, SFN 

reduces WM793 cell invasion, as measured by ability to migrate through matrigel (Figure 

3D and E), and also reduces MCS cell ability to close a scratch wound (Figure 3F).

We also examined the impact of SFN on MCS cells derived from A375 cells. A375 cells 

were seeded in spheroid growth conditions in ultra-low attachment plates followed by 

treatment with 20 µM SFN. Figure 4A and B shows that SFN treatment reduces spheroid 

formation and that this is associated with spheroid fragmentation. Figure 4C shows that SFN 

treatment is associated with a reduction in Ezh2 level and H3K27me3 formation, and also 

reduced expression of Bmi-1 and Suz12. In a parallel experiment, the impact of SFN on 

survival of pre-formed spheroids was examined. These studies, shown in Figure 4D and E, 

indicate that SFN produces a half-maximal reduction in spheroid number at 10 µM. In 

addition, SFN treatment reduces MCS cell invasion (Figure 4F) and migration (Figure 4G). 

We note that the decrease in migration and invasion in SFN-treated cells is not due to 

decreased proliferation, as treatment with 20 µMSFN for 24 h does not reduce cell number 

in a growth assay (not shown).

Previous studies have shown that SFN, and other cancer prevention agents, can suppress 

Ezh2 level via proteasome-dependent mechanisms [50–52]. We therefore assessed whether 

lactacystin, a proteasome inhibitor, blocked the SFN-dependent loss of Ezh2 in A375 cells. 

Figure 4H shows that SFN reduces Ezh2 level and H3K27me3 formation, but this is not 

reversed by lactacystin. Instead, as shown in Figure 4I, SFN treatment reduces Ezh2 mRNA 

level, suggesting that SFN suppression of Ezh2 gene transcription may reduce Ezh2 level.

Ezh2 Overexpression Protects Against SFN

We propose that a reduction in Ezh2 (Figure 3C) is required for SFN suppression of ECS 

cell survival. This predicts that Ezh2 overexpression should reverse SFN action. To test this, 

we electroporated A375 cells with empty (EV) or Ezh2 expression plasmid and then 

challenged with SFN. Figure 5A and B shows that Ezh2 partially reverses the SFN-

dependent suppression of spheroid formation. The cells were electroporated with EV or 
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Ezh2 vector, seeded under spheroid growth conditions, and spheroid number was monitored 

at 2, 4, and 6 d. At day 6, there is a significant decrease in spheroid number in the EV + SFN 

group, and this reduction is partially reversed in the Ezh2 + SFN group. We next monitored 

the impact of SFN on A375 cell invasion and migration. Figure 5C and D shows that Ezh2 

expression increases matrigel invasion in control and SFN-treated cells. Figure 5E shows 

that Ezh2 expression partially reverses SFN suppression of ECS cell wound closure. Figure 

5F confirms the reduction in Ezh2 level and H3K27me3 formation in SFN-treated cells and 

shows that Ezh2 expression plasmid restores both Ezh2 level and H3K27me3 formation. 

Thus, Ezh2 is able to partially reverse the SFN suppression of spheroid formation, matrigel 

invasion, and cell migration.

SFN Treatment Suppresses Tumor Formation

We next examined the ability of non-stem cancer cells (derived from monolayer cultures) 

and MCS cells (selected as spheroids on ultra-low attachment dishes) to form tumors in 

NSG mice. Figure 6A shows that MCS cells form large and aggressive tumors. Interestingly, 

non-stem cancer cells do not form palpable tumors as designated by the # symbol (Figure 

6A). To determine the impact of SFN treatment on MCS cell tumor formation, we injected 

100,000 MCS cells into each front flank of NSG mice and monitored tumor formation with 

SFN treatment initiated at the time of tumor cell injection. Figure 6B shows that tumors first 

appear at 4wk post-injection and that SFN treatment markedly reduces tumor formation at 4 

and 6 wk. Figure 6Cshows the difference in tumor size and appearance following SFN 

treatment for 6wk. Moreover, SFN treatment is associated with reduced Ezh2 level and 

H3K27me3 formation, reduced matrix metalloproteinase (MMP-9, MMP-2) level, and 

enhanced procaspase 8, procaspase 9, and PARP cleavage (Figure 6D and E).

To assess whether we could demonstrate importance of these markers in cultured MCS cells, 

we compared expression in non-stem cancer cells (monolayer) and MCS cells and also the 

impact of SFN treatment on expression. Figure 6F shows that MMP-9 and MMP-2 levels are 

elevated in MCS cells (spheroids) derived from A375 and WM793 cells. In addition, Ezh2 

knockdown (Figure 6G) or SFN treatment (Figure 6H) reduced MCS cell MMP-9 and 

MMP-2 level, and increases procaspase 8 and 9, and PARP cleavage (Figure 6I and J). In 

contrast, procaspase-3 level was not altered (Figure 6I and J). TIMP3 is a metalloproteinase 

inhibitor that known to be suppressed by Ezh2. Figure 6K shows that TIMP3 is reduced in 

MCS cells (spheroid), and that MCS cell TIMP3 level is increased by Ezh2 knockdown 

(Figure 6L or SFN treatment (Figure 6M).

DISCUSSION

Ezh2 is Required for MCS Cell Survival

The cancer stem cell population comprises cells that undergo self-renewal, display enhanced 

invasion, and migration potential, and form tumors with high efficiency when injected at 

limiting dilutions in immunocompromised mice [53,54]. Moreover, cancer stem cells often 

survive conventional therapy and subsequently form highly aggressive and invasive tumors 

[53]. Thus, development of prevention and treatment strategies that target cancer stem cells 

is a priority. We have focused on the polycomb proteins as potential stem cell-enriched 
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cancer prevention and treatment targets [15,46,50,52,55,56]. The polycomb proteins 

function as two distinct complexes that act sequentially on chromatin. Polycomb repressive 

complex 1 (PRC1) and polycomb repressive complex 2 (PRC2) [9] suppress gene expression 

via covalent modification of selected histones [9–14]. Ezh2 is a PRC2 complex component 

that trimethylates lysine 27 of histone H3 (H3K27me3) [13,57]. This is the first step in gene 

silencing. H3K27me3 then serves as a binding site for the chromodomain of the CBX 

protein of the PRC1 complex which anchors the PRC1 complex to the chromatin [57]. 

Ring1B, is the key activity of the PRC1 complex and it ubiquitinates histone H2A at lysine 

119 [10,57]. The sequential trimethylation and ubiquitination events result in chromatin 

condensation leading to silencing of tumor suppressor gene expression [9,13].

We explored the role of Ezh2 in MCS cells isolated fromWM793 and A375 melanoma cells. 

We show that growth of these cells on ultra-low attachment surfaces selects for a limited 

subpopulation of spheroid-forming cells. This percentage is 0.19% for A375 cells and 0.16% 

for WM793 cells, and is comparable to previous estimates in squamous cell carcinoma [53]. 

Our strategy has been to identify proteins that are elevated in level or activity in cancer stem 

cells as potential survival proteins and cancer prevention/therapy targets [46–48,53]. In this 

context, we show that these cells are enriched for expression of Ezh2 and that this is 

associated with enhanced Ezh2 biological activity as measured by increased H3K27me3 

formation. Ezh2 has been shown to be elevated in and required for survival of other cancer 

stem cell types [46]. We show that Ezh2 knockdown reduces H3K27me3 formation and 

MCS cell spheroid formation, invasion, and migration. The Ezh2 requirement for optimal 

MCS cell survival is observed for both WM793 and A375 cell-derived MCS cells.

Pharmacologic Inhibition of Ezh2 Activity

We also examined the effect of small molecule inhibitors of Ezh2 activity on MCS cell 

function. GSK126 [39] and EPZ-6438 [41–43] are selective competitive inhibitors of S-

adenosyl-methionine-dependent Ezh2 methyltransferase activity. An important finding is 

that these agents suppress the aggressive MCS cell phenotype. This includes inhibition of 

MCS cell spheroid formation and maintenance, invasion (through matrigel), and migration. 

Treatment is associated with reduced catalytic activity as evidenced by the reduction in 

H3K27me3 formation, but Ezh2 level is not reduced.

SFN Treatment Reduces MCS Cell Survival

SFN is a diet-derived natural agent, present in cruciferous vegetables, that suppresses cancer 

formation in several systems [29,50,58–62]. Previous studies suggest that SFN suppresses 

survival of melanoma cancer cells via mechanisms that involve induction of apoptosis 

[34,35]. However, the impact on MCS cells has not been studied. We provide evidence that 

treatment with low levels of SFN (1–20 µM) suppresses MCS cell spheroid formation, and 

promotes spheroid destruction. This is associated with the loss of Ezh2 and reduced 

H3K27me3 formation, as well as loss of additional polycomb proteins (Suz12 and Bmi-1). 

We have not checked the impact on other polycomb group proteins, but it has been 

previously reported that modulating Ezh2 level alters the level of other polycomb proteins in 

a non-predictable cell-type specific manner [53]. SFN treatment reduces MCS cell invasion 

Fisher et al. Page 8

Mol Carcinog. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through matrigel and also inhibits MCS cell migration. These findings suggest that SFN is a 

candidate agent for prevention/treatment of melanoma via suppression of MCS cell function.

Ezh2 Protects MCS Cells From SFN Treatment

Overexpression studies confirm that Ezh2 is an important MCS cell survival protein and 

SFN target, as maintaining Ezh2 expression partially protects MCS cells against SFN 

challenge. Maintaining Ezh2 level protects MCS cells against SFN suppression of spheroid 

formation, cell invasion, and cell migration. This is consistent with a recent study showing 

that polycomb group expression attenuates SFN-dependent apoptosis in epidermal squamous 

cell carcinoma cells [50]. A previous study, using non-stem melanoma cells, showed that 

Ezh2 loss reduces cell proliferation, restores cellular senescence, enhances p21Cip1 

expression, and inhibits melanoma cell xenograft growth [25]. We now study the role of 

Ezh2 in MCS cells and show that is it markedly upregulated in MCS cells (relative to non-

stem cancer cells) and that reducing Ezh2 level reduces MCS cell spheroid formation 

migration and invasion. Thus, Ezh2 appears to be enriched in MCS cells and to have a role 

in maintaining this cell population.

SFN Suppresses MCS Cell Tumor Formation

We also examined the effects of SFN treatment on MCS cell-dependent tumor formation 

using A375 cell-derived MCS cells. A remarkable finding is that subcutaneous injection of 

100,000 non-stem melanoma cells into the front flanks of NSG mice does not result in tumor 

formation. Instead, the cells remainas a small plaque that does not change in size. This is in 

contrast to MCS cells which form well-circumscribed, rapidly growing, and aggressive 

tumors. This provides evidence that MCS cells have greatly enhanced tumor formation 

potential. We further show that SFN treatment reduces tumor formation, and that this is 

associated with reduced Ezh2, Suz12, andBmi-1 levels, and reduced H3K27me3 formation. 

In the context of our cell culture findings, which show that SFN reduces Ezh2 

andH2K27me3 formation, these in vivo findings suggest that SFN reduction of tumor 

formation may require a reduction in Ezh2 level and activity.

Impact of SFN on Downstream Events

We also examined the impact of SFN treatment or Ezh2 knockdown on matrix 

metalloproteinase level. The balance between matrix metalloproteinases, and 

metalloproteinase inhibitors, in tumors, defines the net level of metalloproteinase activity. 

High metalloproteinase activity is associated with increased invasion and metastasis [63]. 

We observed increased MMP-2 and MMP-9 levels in MCS cells as compared to non-stem 

cancer cells. As SFN reduces MMP expression in several cancer models [36,64], we 

examined the impact of SFN treatment on metalloproteinase level in MCS cell-derived 

tumors. We found that SFN treatment reduces MMP-2 and MMP-9 levels, a finding that was 

confirmed in cultured MCS cells. This reduction in MMP expression is associated with 

reduced tumor formation. We also observed that Ezh2 knockdown in cultured MCS cells 

reduces MMP-9 and MMP-2 level, suggesting that Ezh2 exerts control of these pro-cancer 

activities. Metalloproteinase inhibitors, such as TIMP3, interact with and inhibit 

metalloproteinases [65]. It is interesting that in other models increased Ezh2 expression/

activity is associated with suppression of TIMP3 expression [66,67]. We confirmed that 
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TIMP3 is reduced in MCS cells, as compared to non-stem cancer cells and that TIMP3 

levels is increased by treatment with SFN or Ezh2 knockdown. These findings are consistent 

with enhanced MMP activity in MCS cells and suppression of MMP activity following SFN 

treatment.

We also observed enhanced levels of cleaved caspase and PARP in SFN treated cells. The 

fact that the cells are undergoing apoptosis is consistent with previous studies in Bowes, SK-

Mel-28, and B16F-10 melanoma cells which indicate that SFN induces apoptosis [34,35]. 

However, the present study extends these findings to melanoma cancer stem cells. Finally, 

unlike some other model systems [50–52], SFN does not reduce Ezh2 via a proteasome-

dependent mechanism, but does reduce Ezh2 mRNA.

Based on these studies, we propose that SFN treatment of MCS cells results in reduced Ezh2 

level and activity and that this is associated with reduced matrix metalloproteinase level and 

enhanced apoptosis. We further propose that SFN is a candidate agent for the prevention and 

treatment of melanoma that may selectively impact MCS cells, by reducing the level of 

MCS cell survival proteins, including Ezh2.
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Figure 1. 
Ezh2 is enriched in MCS cells and is required for spheroid formation and migration. (A/B) 

MCS cells are enriched for expression of Ezh2. WM793 and A375 cells were grown in 

spheroid medium in monolayer culture (non-stem cancer cells) or as unattached spheroids 

(MCS cells) for 10 d. Extracts were prepared for immunoblot detection of Ezh2. (C) A375 

cells were electroporated with control- or Ezh2-shRNA and 40,000 cells were plated in 35 

mm dishes to monitor spheroid number. Extracts were prepared for immunoblot detection of 

Ezh2 to confirm knockdown. Bar = 125 µm. (D) Ezh2 knockdown reduces cell matrigel 
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invasion. A375-derived MCS cells were electroporated with control- or Ezh2-siRNA and 

25,000 cells were seeded atop matrigel in Millicell chambers and migration to the lower 

chamber was monitored at 24 h by DAPI staining. The values are mean ± SEM. The asterisk 

indicates a significant difference, n = 4, P < 0.005. (E) A375 cells were electroporated with 

control- or Ezh2-shRNA and then plated at confluent density. Wounds were created by 

scraping with a pipette tip and wound closure was monitored from 0 to 18 h. Similar results 

were observed in each of three experiments. (F) Spheroid cultures are enriched in MCS cell 

markers. Extracts were prepared from monolayer and spheroid cultures of A375 and 

WM793 cells and assayed for expression of ABCB5 and CD271.
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Figure 2. 
Ezh2 inhibitors suppress MCS cell spheroid survival, invasion, and migration. (A) A375 or 

WM793 cells (40,000) were plated in non-adherent six well dishes, grown for 7 d in 

spheroid medium, and then treated with GSK126 or EPZ-6438 for 48 h. Bars = 125 µm. (B) 

Inhibitor treatment of spheroids is associated with a reduction in Ezh2 function as measured 

by reduced H3K27me3 formation. Spheroids were harvested from the experiment in panel A 

for immunoblot. (C/D) Ezh2 inhibitors reduce MCS cell invasion. A375- or WM793-derived 

MCS cells (25,000) cells were seeded on matrigel in Millicell chambers and then treated 
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with GSK126 or EPZ-6438. At 24 h, the chambers were harvested, rinsed, and cells that had 

migrated through to the membrane inner surface were visualized using DAPI. The values are 

mean ± SEM. The asterisks indicate significant changes, n = 4, P < 0.005. The images show 

DAPI detection of migrated cell nuclei for a typical invasion experiment. (E) A375 cells 

were plated at confluent density in 100 mm dishes and scratch wounds were created using a 

pipette tip followed by treatment with no agent, GSK126 or EPZ-6438. Wound width was 

monitored for 0–18 h. Similar results were observed for WM793 cells (not shown) in each of 

three experiments.
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Figure 3. 
SFN treatment causes fragmentation of preformed MCS cell spheroids and inhibits MCS 

cell invasion and migration. (A/B) WM793 cells (40,000) were plated in spheroid medium in 

non-adherent six well plates. Spheroids were grown for 7 d, treated for 0–48h with 0–20 µM 

SFN and spheroid numbers were counted. The values are mean ± SEM. The asterisks 

indicate specific changes compared to control, n = 3, P < 0.005. Representative spheroid 

images following a 2 d treatment with 0–20 µM SFN. Bars = 125 µm. (C) WM793-dervied 

spheroids were treated for 48h with 0 or 20 µM SFN prior to preparation of extracts to 
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monitor the level of the indicated epitopes. (D/E) WM793 cells (25,000) were seeded on 

matrigel in six Millicell chambers per group, and treated with 0 or 20 µM SFN. After 24 h, 

the chambers were harvested, washed, and cells on the inner membrane surface were stained 

with DAPI and counted. The values are mean ± SEM. The asterisk indicates a significant 

change, n = 3, P < 0.005. Also shown is a typical image of DAPI stained migrated cells. (F) 

WM793 cells (2 million) were permitted to form a confluent monolayer in 100 mm dishes 

and then scratched with a pipette tip followed by immediate treatment with 0 or 20 µM SFN. 

Wound width was monitored for 0–18 h. This experiment is representative of three separate 

experiments.
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Figure 4. 
SFN treatment reduces A375 cell spheroid formation and survival, and inhibits migration. 

(A/B) SFN treatment reduces spheroid growth. A375 cells (40,000) were seeded in ultra-low 

attachment wells in six well dishes. Spheroid growth was monitored in the presence of 0 or 

20 µM SFN. The values are mean ± SEM. The asterisks indicate a significant change, n = 3, 

P < 0.005. The images show the reduction in spheroid number in SFN treated cultures as 

compared to control. (C) SFN treatment reduces Ezh2 level and activity in A375 cells. Ten 

day spheroids from panel A were harvested and proteins were assayed by immunoblot. 
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(D/E) SFN treatment reduces spheroid number and integrity. A375 cell (40,000) were plated 

in ultra-low attachment wells in six well dishes, and grown for 8 d in spheroid medium, prior 

to initiation of 0–20 µMSFN treatment for 0–48 h. The values are mean ± SEM. The asterisk 

indicates a significant change, n = 3, P < 0.005. Images show that fragmentation of the 

spheroids in response to SFN treatment. The white spots are single cells that have been 

released from existing spheroid during SFN-dependent spheroid dissolution. (F) MCS cells 

(25,000), derived from A375 cells, were seeded on Matrigel at six Millicell chambers/group 

and treated with 0 or 20 µM SFN. After 24h, cells that had migrated through to the 

membrane inner surface were imaged using DAPI. The values are mean ± SEM. The 

asterisks indicate significant change, n = 4, P < 0.005. (G) A375 cells (2 million) were 

permitted to form confluent monolayers in 100 mm dishes in spheroid medium. Scratch 

wounds were created followed by treatment with 0 or 20 µM SFN and wound width was 

monitored over 0–18 h. Similar results were observed in each of three experiments. (H) 

A375 cells were treated with SFN in the presence or absence of lactacystin and after 48 h 

cell extracts were prepared for assay of Ezh2 and H3K27me3. Similar results were observed 

in three experiments. (I) SFN significantly reduces Ezh2 mRNA level. A375 cells were 

grown as spheroids and extracts were prepared for assay of Ezh2 mRNA by qRT-PCR. The 

values are mean ± SEM, n = 3, P < 0.005.
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Figure 5. 
Loss of Ezh2 is required for SFN action. (A/B) A375 cells were electroporated with empty 

(EV)- or Ezh2-encoding plasmid and plated in 35 mm ultra-low attachment dishes in 

spheroid medium and then treated, beginning at the time of plating, with 0 or 10 µM SFN. 

Spheroid formation was monitored from 0 to 6 d. The values are mean ± SEM. The double-

asterisks indicate a significant reduction in in the EV + SFN group as compared to the EV + 

DMSO and Ezh2 + DMSO groups, n = 3, P < 0.005. The single asterisk indicates an 

increase in the Ezh2 + SFN group as compared to EV + SFN group, n = 3, P <0.005. The 
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image shows the typical appearance of the spheroids in these experiments. Note the 

accumulation of single cells and cell debris in the SFN-treated groups and the partial 

restoration of spheroid formation in the Ezh2 + SFN group. (C/D) Ezh2, SFN and MCS cell 

invasion. A375 cells were electroporated with empty (EV) or Ezh2-encoding vector and then 

25,000 cells were plated on matrigel in Millicell chambers simultaneous with treatment with 

0 or 20 µMSFN. Migrated cells were counted after 24 h. The double-asterisks indicate a 

significant reduction in in the EV + SFN group as compared to the EV + DMSO and Ezh2 + 

DMSO groups, n = 3, P < 0.005. The single asterisk indicates an increase in the Ezh2 + SFN 

group as compared to EV + SFN group, n = 3, P < 0.005. The images show a typical level of 

migration. (E) Ezh2, SFN, and MCS cell migration. A375 cells (2 million) were permitted to 

form confluent monolayers in 100 mm dishes in spheroid medium. Scratch wounds were 

created followed by treatment with 0 or 20 µM SFN and wound width was monitored over 

0–18 h. Similar results were observed in each of three experiments. (F) Ezh2 expression in 

electroporated cells. A375 cells were electroporated with 3 µg of empty (EV) or Ezh2-

encoding vector. After 24 h, the cells were treated with 0 or 10 µM SFN for 48 h and Ezh2 

and H3K27me3 level were monitored after an additional 48 h.
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Figure 6. 
SFN inhibits MCS cell tumor formation. (A) MCS cells, but not non-stem cancer cells form 

tumors. One hundred thousand A375 monolayer (non-stem cancer cells) or spheroid cells 

(MCS cells) were injected into each front flank of NSG mice and tumor formation was 

monitored for 5wk. The tumor volume was calculated as 4/3π × (diameter/2)3 using values 

derived from caliper measurements. The pound sign indicates tumors were not palpable for 

the non-stem cancer cells (only flat plagues that did not grow were detected). The values are 

mean ± SEM and the asterisk indicates significant differences in tumor size (n = 6, P < 
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0.005). (B/C) A375 cell-derived MCS cells (100,000) were injected into each front flank in 

NSG mice. At 1 d post injection, cells were treated with 0 (Control) or 10 µmoles SFN/kg 

body weight delivered in 200 µl by gavage and treatment was continued three times per 

week for the duration of the experiment. The values are mean ± SEM and asterisks indicate 

significant differences in tumor size (n = 6, P < 0.005). The images represent appearance and 

size of typical control and SFN-treated tumors harvested on week 5. (D) SFN reduces Ezh2 

level and H2K27me3 formation in tumors. Extracts were prepared from 5wk control and 

SFN-treated tumors for immunoblot detection of Ezh2 and H3K27me3. Similar findings 

were observed in each of three experiments. Suz12 and Bmi-1 levels are also reduced. (E) 

SFN treatment suppresses MMP level and enhances apoptosis in A375 tumors. Extracts 

were prepared from the tumors described in panels B/C and assayed for expression of the 

indicated proteins. (F) Matrix metalloproteinases are elevated in MCS cells. Cells were 

grown for 8 d as monolayers (non-stem cancer cells) or spheroids (MCS cells) and then 

assayed for presence of the indicated proteins. (G/H) Ezh2 knockdown or SFN treatment 

reduces matrix metalloproteinase expression. MCS cells were grown as spheroids for 8 d 

and then treated with 0 or 20 µM SFN for 48 h. Extracts were prepared for detection of the 

indicated markers. (I/J) SFN treatment increases procaspase and PARP cleavage. MCS cells 

were grown as spheroids for 8 d and then treated with 0 or 20 µM SFN for 48 h. Extracts 

were prepared for detection of the indicated markers. (K/L/M) TIMP3 is suppressed in MCS 

cells and increased in Ezh2 knockdown and SFN treated MCS cells. (K) MCS cells were 

grown as monolayers or 8 d spheroids and extracts were prepared for detection of TIMP3. 

(L) Cells were electroporated with 3 µg of control- or Ezh2-siRNA and grown as spheroids 

for 5 d before extract preparation for immunoblot. (M) Eight day spheroids were treated 

with 0 or 20 mM SFN for 48 h and extracts were prepared for detection of TIMP3.
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