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Transcriptional corepressors are frequently aberrantly

over-expressed in prostate cancers. However, their cross-

talk with the Androgen receptor (AR), a key player in

prostate cancer development, is unclear. Using ChIP-Seq,

we generated extensive global binding maps of AR, ERG,

and commonly over-expressed transcriptional corepressors

including HDAC1, HDAC2, HDAC3, and EZH2 in prostate

cancer cells. Surprisingly, our results revealed that ERG,

HDACs, and EZH2 are directly involved in androgen-regu-

lated transcription and wired into an AR centric transcrip-

tional network via a spectrum of distal enhancers and/or

proximal promoters. Moreover, we showed that similar to

ERG, these corepressors function to mediate repression of

AR-induced transcription including cytoskeletal genes that

promote epithelial differentiation and inhibit metastasis.

Specifically, we demonstrated that the direct suppression of

Vinculin expression by ERG, EZH2, and HDACs leads to

enhanced invasiveness of prostate cancer cells. Taken

together, our results highlight a novel mechanism by

which, ERG working together with oncogenic corepressors

including HDACs and the polycomb protein, EZH2, could

impede epithelial differentiation and contribute to prostate

cancer progression, through directly modulating the tran-

scriptional output of AR.
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Introduction

The androgen receptor (AR) occupies a central role in the

biology of both normal prostate development and prostate

cancer progression (Shen and Abate-Shen, 2010). AR is a

member of the nuclear hormone receptor superfamily that

directs the transcriptional regulation of genes governing a

wide variety of cellular processes including cell cycle, cell

proliferation, survival, and differentiation (Schiewer et al,

2012). Upon activation by androgens, AR dissociates from

heat shock proteins, dimerizes, and translocates from the

cytoplasm into the nucleus where it recognizes and binds to

androgen response elements near target genes (Heinlein and

Chang, 2004). In normal cells, the transcriptional activity of

AR is delicately controlled by the coordinated recruitment of

specific coregulatory proteins (i.e. coactivators, corepressors,

collaborative factors, etc), however, these proteins become

aberrantly expressed in prostate cancers resulting in a

deregulated AR transcriptional network (Pienta and Bradley,

2006; Shen and Abate-Shen, 2010).

Collaborative factors of AR that have been reported to be

frequently over-expressed in prostate cancers include FoxA1,

GATA2 (Wang et al, 2007), and members of the ETS family

(Tomlins et al, 2005). The ETS family has received much

attention lately because recent studies by Chinnaiyan and

colleagues revealed that the majority of prostate cancers

harbor recurrent fusion transcripts between the promoter

region of the AR direct target gene, TMPRSS2, with

different ETS members, resulting in the androgen

stimulated over-expression of ETS transcription factors

(Tomlins et al, 2005; Kumar-Sinha et al, 2008). The most

important and common ETS fusion transcription factor

appears to be TMPRSS2:ERG, which is detected in

approximately half of all localized prostate cancers (Kumar-

Sinha et al, 2008). Intriguingly, in contrast to its counterparts

ETS1 and ETV1 (Massie et al, 2007; Shin et al, 2009), ERG

was shown to attenuate AR-dependent transcription (Sun

et al, 2008; Yu et al, 2010b). This finding suggests that the

induction of ERG by AR could possibly feedback to perturb

and deregulate the transcriptional network of AR. The

detailed mechanism of attenuation and functional con-

sequences associated with AR and ERG transcriptional

crosstalk are currently still unclear.

Transcriptional corepressors that are associated with ma-

lignancies such as histone deacetylases (HDACs) and histone

methyltransferases (HMTs) are also commonly over-

expressed in prostate cancers (Varambally et al, 2002;

Weichert et al, 2008). HDACs are a class of enzymes that

regulate the transcription of target genes by catalyzing the

removal of acetyl groups from either transcription factors or

the tails of histones (Glozak and Seto, 2007). HDAC1, HDAC2

and HDAC3 are frequently over-expressed and have been

shown to promote metastasis in prostate cancers (Weichert

et al, 2008; Wang et al, 2009). Interestingly, high levels of

HDAC1 coupled with a low expression of its target genes

appears to be key characteristics of TMPRSS2-ERG fusion

positive prostate cancers (Iljin et al, 2006; Gupta et al, 2010).

Furthermore, ERG fusion positive prostate cancer cells

are exceptionally sensitive to HDAC inhibitors (Bjorkman
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et al, 2008). Consequently, epigenetic reprogramming

through HDAC1 was proposed as a possible mechanism by

which ERG fusion positive prostate cancers drive

oncogenicity (Bjorkman et al, 2008). The HMT, enhancer of

zeste homolog 2 (EZH2), is a member of the polycomb group

family that suppresses gene transcription by catalyzing the

trimethylation of histone H3K27 at the promoter of target

genes (Cao and Zhang, 2004). High levels of EZH2 are

commonly found in invasive and hormone refractory

prostate cancers (Varambally et al, 2002). Recent studies

suggest EZH2 may promote prostate cancer progression and

contribute to metastasis by repressing the expression of

developmental regulators and tumor suppressors, as well as

activating the cellular de-differentiation program responsible

for maintaining prostate cancer cells in a stem cell-like state

(Cao et al, 2008; Yu et al, 2007b, 2010a, 2010b). In addition,

the epigenetic silencing of DAB2IP by EZH2 may also trigger

prostate cancer metastasis via activation of the RAS and

NFKB signalling pathways (Min et al, 2010).

The collaboration between AR, ERG, HDACs and EZH2 is of

exceptional therapeutic interest as it represents a cancer

specific transcription co-operation that does not exist under

normal circumstances. Even though all of the factors are

important in prostate cancer progression, their relationship

with each other remains largely unknown. Herein, we inves-

tigated and characterized the transcriptional crosstalk between

AR, ERG, the corepressor proteins HDAC1, HDAC2, HDAC3,

and EZH2 in prostate cancer cells upon androgen signalling.

Overall, our results revealed that ERG promotes prostate

cancer progression by working together with HDACs and

EZH2 to directly modulate the transcriptional output of AR.

Results

DHT stimulates differential expression and binding

of AR and ERG at ARBS

TMPRSS2:ERG is regulated by androgen stimulation and is

found over-expressed in a large proportion of prostate cancer

tumors (Tomlins et al, 2005). Despite recent efforts to unravel

the transcriptional crosstalk between AR and ERG, the

underlying mechanism of how androgen signalling affects

the genome-wide binding of these factors to chromatin in

prostate cancer cells is unclear. To address this, we first

examined the effect of dihydrotestosterone (DHT) on the

mRNA and protein expression level of AR and ERG. As

shown in Figure 1A and B, DHT repressed the level of AR

mRNA across time, while the protein level remained rela-

tively constant with only a slight decrease after long DHT

exposure (Figure 1B). In contrast, DHTup-regulated both the

mRNA and protein levels of ERG although with different

kinetics (peaking at 12 h for RNA and 24 h for protein)

(Figure 1A and B). We next examined the binding of AR

and ERG to chromatin upon DHT stimulation. Because of the

differential expression of these proteins in response to DHT,

we performed AR and ERG ChIP at various times after DHT

stimulation. As shown in Figure 1C, AR was recruited

strongly to the enhancer AR binding site (ARBS) of PSA 2 h

after DHT stimulation, however, the binding was reduced

significantly after 18 h. In comparison, ERG was also re-

cruited to the ARBS of PSA and to the previously identified

ERG binding site (ERGBS) associated with PLA1A 2h after

DHT treatment. However, unlike AR, the recruitment of ERG

was further enhanced after 18 h. Taken together, our results

demonstrate that AR and ERG can be co-localized together

upon androgen signalling, but the binding kinetics of the two

transcription factors to chromatin are distinct.

Global analysis of AR and ERG binding sites

To expand our understanding of the temporal and spatial

binding of AR and ERG in prostate cancer, we decided to

perform ChIP-Seq of both factors in VCaP cells at 0, 2 and

18 h after DHT stimulation (Supplementary Table S1).

Overall, we observed an increase in the number of AR and

ERG (ARþERG) co-localized binding events from 0 to 18 h,

which was largely due to a sharp increase in AR binding after

DHT stimulation (Figure 2A). De novo motif analysis of ARBS

and ERGBS revealed the presence of canonical androgen

response element (ARE) and ETS like motifs, respectively

Figure 1 Androgen stimulates distinct expression and chromatin
binding profiles for AR and ERG in prostate cancer cells. Time
course expression analysis of AR and ERG (A) mRNA and (B)
protein levels in VCaP cells after stimulation with 10 nM DHT at
various time points. Error bars represent s.e.m. of at least 3
independent repeats. (C) Androgen stimulates AR and ERG binding
to chromatin. Hormone depleted VCaP cells were treated with
100nM DHT for 0, 2, or 18 h. Cells were cross-linked with formal-
dehyde and chromatin was immunoprecipitated with antibodies
against AR or ERG. Immunoprecipitated DNA was quantified with
qPCR for specific binding sites and a selected genomic location as
control (ctrl) region. Error bars represent s.e.m. of at least 3
independent experiments.
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(Figure 2B). The global binding profiles of the two factors, as

our results at individual locus already eluded (Figure 1C),

were distinct for both factors upon DHT stimulation. In

general, there was minimal AR binding in the genome prior

to any stimuli (Figure 2C and D). AR binding at AR unique

and ARþERG co-localized sites occurred mostly after 2 h of

Figure 2 Global analysis of AR and ERG binding across the prostate cancer genome. (A) Venn diagram illustrating the overlap of AR and ERG
cistromes in VCaP cells treated with 100nM DHTat various time points (0, 2, 18h). (B) Weblogo output of top enriched motif from AR (left) and
ERG (right) ChIP-Seq peaks. A de novo motif discovery algorithm, MEME, was performed on the top 1000 ranked AR and ERG (DHT) ChIP-Seq
peaks (±50 bp from center of the ChIP-Seq peak). (C) Heatmap representation of sorted ChIP-Seq signals of AR and ERG binding events in VCaP
cells. Signals are centralized to either the center of AR or ERG ChIP-Seq peak (±2 kb). Corresponding occurrence of predicted ARE and ETS
binding motif are depicted in heatmap on the right. (D) A comparison of the average AR and ERG ChIP-Seq tag intensities at different subsets of
the AR and ERG cistrome after 0, 2, and 18h of androgen stimulation. Comparison of the average binding intensities of (E) AR at AR binding
sites with or without ERG occupancy, and (F) ERG at ERG binding sites with or without AR occupancy. (G) Global distribution of AR and ERG
binding events with respect to the transcription start sites (TSSs) of RefSeq genes. (H) Conservation analysis of AR and ERG binding sites.
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DHT stimulation. After 18 h of DHT treatment there was a

global reduction in AR occupancy, an indication that at this

phase of androgen signalling, the rate of AR recruitment may

be outpaced by the rate of AR dissociation (Figure 2D).

Surprisingly, in contrast to AR, there was a substantial

amount of ERG occupancy at both ERG unique and

ARþERG co-localized binding sites prior to DHT stimulation

(Figure 2C and D). The binding of ERG at ARþERG co-

localized binding sites was for the most part enhanced after

2 h DHT treatment, but not at ERG unique binding sites

which suggests that at shared binding sites, AR could be

enhancing ERG loading (Figure 2C and D). ERG binding at

ERG unique sites eventually increased but only at the late

phase of androgen signalling (18 h) (Figure 2C and D). This

effect could possibly be due to a result of increased ERG

protein expression. AR and ERG consensus motifs were found

strongly enriched at ARþERG overlap binding sites, which

indicated that the presence of binding motifs is one of the

major determinants of AR and ERG co-occupancy. Finally, we

noticed that AR recruitment was overall significantly stronger

(based on the average ChIP-Seq tag counts) at ARþERG co-

localized binding sites compared to AR unique sites

(Figure 2E), whereas ERG recruitment was the same regard-

less whether it was at ARþERG co-localized binding sites or

at ERG unique sites (Figure 2F), suggesting that sites with

stronger AR binding will favor ERG recruitment over their

weaker counterparts.

We also examined the distribution of AR and ERG binding

sites across the genome. Similar to previous observations

(Wang et al, 2007), our ARChIP-Seq showed ARBS are mostly

located at regions that are far away from the transcriptional

start sites (TSS) of genes (Figure 2G). In contrast, ERGBS can

be found at both promoter and distal sites. As for AR and ERG

co-localized binding sites, they were in general distributed far

away from the TSS, similar to the overall positioning of ARBS

(Figure 2G). In evolutionary conservation analysis, AR and

ERG binding sites were generally more conserved at the

region of the ChIP-Seq peak center relative to their flanking

regions (background) (Figure 2H). ERG binding sites were the

most conserved compared to AR unique and ARþERG co-

occupied binding sites (Figure 2H), probably as a result of

ERGBS being localized to the generally well conserved TSS of

genes. ARþERG overlapping binding sites, possibly owing to

their higher functional importance, were more conserved

than AR unique binding sites (Figure 2H).

To examine whether AR unique and ARþERG binding

sites regulate similar or different androgen-mediated tran-

scriptional programs, we performed an Ingenuity systems

Pathway Analysis (IPA) for androgen-regulated genes asso-

ciated with either AR unique or ARþERG binding sites. As

shown in Supplementary Table S2, ARþERG binding sites

were more associated with transcription programs related to

cellular movement, cellular growth and proliferation, cell cycle

and cell morphology, while AR unique binding sites were more

associated with a transcription program linked to cell death.

Taken together, our results indicate that AR and ERG binding

across the genome is distinct yet share a large overlap, suggest-

ing potential collaboration between these two factors.

Transcriptional collaboration between AR and ERG

The substantial overlap of the AR and ERG cistromes suggests

that ERG may play a direct role in regulating AR-dependent

transcription. Indeed, we noticed ERG co-localized with AR at

a large number of well-known androgen-regulated genes

including PSA (Figure 3A) and FKBP5 (Figure 3B). To deter-

mine if ERG is important for androgen-dependent transcrip-

tion, we examined the effect of siRNA-mediated knockdown

of ERG on AR target gene expression. As shown in

Supplementary Figure S1, silencing of ERG affected both

androgen up- and down-regulated genes. Interestingly, ERG

knockdown enhanced the mRNA expression levels of a large

set of androgen-upregulated genes (393) including PSA and

FKBP5 (Figure 3C–E and Supplementary Figure S1), suggest-

ing that one of the major roles of ERG is to attenuate the AR

transcription response. We next examined the potential me-

chanism underlying ERG-mediated attenuation of androgen-

dependent transcription by testing the possibility that ERG

might be suppressing the recruitment of AR to chromatin. To

do this, we performed AR ChIP after treating VCaP cells with

or without siRNA directed against ERG. Silencing of ERG led

to a significant increase in the binding of AR at numerous

ARþERG binding sites including those associated with PSA

and FKBP5 (Figure 3F and G and Supplementary Figure S2)

To determine the effect of ERG on global AR binding, we

examined the AR ChIP-Seq dataset after ERG knockdown

recently generated by Yu et al (2010b). As shown in

Supplementary Figure S2, a large number of new ARBS

appeared after ERG knockdown. Taken together, our results

and that of Yu et al (2010b) suggest that the antagonistic effect

of ERG on AR transcriptional activity could in part be

attributed to the reduction of AR recruitment to its cis-

regulatory elements by ERG.

Integrative transcriptional network between AR, ERG,

and transcriptional corepressors in prostate cancer cells

Histone deacetylases, such as HDAC1, HDAC2, and HDAC3,

and the methyltransferase, EZH2, are transcriptional core-

pressor proteins that are commonly found over-expressed in

prostate cancers (Figure 4A) (Varambally et al, 2002;

Weichert et al, 2008), positively correlated with ERG levels

(Iljin et al, 2006; Yu et al, 2010b), and play important roles in

the progression of the disease (Yu et al, 2007b, 2010a; Wang

et al, 2009; Min et al, 2010). However, whether these

corepressors are directly involved in regulating ERG-

mediated inhibition of AR transcriptional activity has not

been addressed. Previous studies have shown that HDACs

can be recruited to ARBS, however this was in the context of

AR-dependent transcriptional repression under antiandrogen

(casodex) stimulation (Shang et al, 2002). Although no

evidence to date indicates EZH2 is directly involved in AR-

mediated transcription, it has however been shown to be

important in regulating the activities of other transcription

factors such as NFkB (Lee et al, 2011). Based on these

findings, we asked whether the attenuation of AR

transcriptional activity that we observed above could be

due the recruitment of one or more of these corepressors to

AR and ERG co-localized binding sites. To test this

hypothesis, we performed ChIP assays for HDACs and EZH2

in VCaP cells before and after DHT treatment. Surprisingly,

we found HDAC1, HDAC2, HDAC3, and EZH2 were all

recruited to several AR and ERG co-localized binding sites

including those associated with PSA and FKBP5 (Figure 4B).

Furthermore, the recruitment of these corepressors was

in most cases enhanced by DHT stimulation. To assess
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recruitment of these co-repressors to AR and ERG co-

localized binding sites in further detail, we performed a

time course ChIP of these factors after androgen stimulation.

In general, HDAC1-3 and EZH2 were recruited to ARBS as

early as 15 mins after androgen stimulation, with similar

binding profile as AR (Supplementary Figure S3). Taken

together, our results suggest that HDACs and EZH2 are

recruited to AR and ERG co-localized sites and may co-

operate with ERG in mediating the inhibition of androgen-

dependent transcription.

To determine the extent of co-operation between AR, ERG

and the corepressors, HDACs and EZH2, we performed ChIP-

Seq of these factors in VCaP cells before and after 2 h of DHT

stimulation, the time-point corresponding to the largest over-

lap in AR and ERG co-localized binding (Supplementary

Table S3). We first examined the ChIP-Seq peaks of

the corepressors for motif enrichment using CENTDIST

(Zhang et al, 2011) and found good center of distribution

scores for sequences representing both AR and ERG at

HDAC2, HDAC3, and EZH2 binding sites, suggesting that

these corepressors may be indirectly recruited to chromatin

via AR and ERG (Figure 5A). In comparison, only ERG motifs

were enriched for HDAC1, which indicate that HDAC1 is

likely recruited mainly through ERG.

We also examined the genomic distribution of the core-

pressors with respect to known genes. In general, the cis-

trome of each individual corepressor exhibited distinct

binding characteristics. For instance, HDAC1 appeared to be

preferentially located at promoters, while HDAC2 and HDAC3

were predominantly found at distal enhancers (Figure 5B).

From previous binding studies of EZH2, it was generally

thought that EZH2 binds mainly to promoter regions (Yu

et al, 2007a; Ku et al, 2008; Margueron et al, 2008), however

from our genome-wide analysis it appears that a large

Figure 3 ERG attenuates androgen-dependent transcription by inhibiting AR binding. Snapshots showing the co-localization of AR and ERG
binding sites at two model AR target genes: (A) PSA and (B) FKBP5. The black arrows indicate the co-localized AR and ERG binding sites
examined. (C) Western blot analysis showing AR and ERG expression in androgen deprived VCaP cells treated with EtOH or 10 nM DHT for 18 h
after being transfected with control siRNA or siRNA against AR or ERG. GAPDH was used as a loading control. (D) and (E) ERG regulates
AR-dependent transcription. VCaP cells were transfected with control siRNA or siRNA targeting AR or ERG. After 8 h of EtOH or 10 nM DHT
stimulation, cells were harvested for total RNA, converted to cDNA before quantifying gene expression levels. GAPDH was used as a control for
internal normalization. Error bars represent s.e.m. of at least 3 independent experiments. (F) and (G) ERG inhibits AR binding. VCaP cells
transfected with control siRNA or siRNA targeting ERG were deprived of androgens for 24 h before being stimulated with EtOH or 100 nM DHT
for 2 h. ChIP assays with antibodies against AR were performed and immunoprecipitated DNA was quantified with qPCR for specific binding
sites. Error bars represent s.e.m. of at least 3 independent experiments.
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proportion of EZH2 are actually found at distal enhancers

after androgen stimulation (Figure 5B). With respect to AR

and ERG binding, we also found distinct combinations of

corepressor recruitment. AR and ERG co-localized sites re-

cruited mainly HDAC2, HDAC3, and EZH2, whereas AR

unique binding sites also recruited these same factors but

to a much lesser degree (Figure 5C and D and Supplementary

Figure S4). In contrast, HDAC1 and -2, but not EZH2 were

recruited to ERG unique binding sites. We also noticed that

HDAC2, HDAC3 and EZH2 occupancy at ARBS sites were

enhanced upon androgen stimulation, with the strongest

increment (average ChIP-Seq tag count) at AR and ERG

Figure 4 HDACs and EZH2 are recruited to AR binding sites. (A) Boxplots showing the relative mRNA expression levels of HDAC1, HDAC2,
HDAC3, and EZH2 in clinical prostate samples from the Yu et al (2004) study, which has been deposited in the Oncomine database.
(B) Androgen-depleted VCaP cells were treated with either EtOH or 100 nM DHT for 2 h. The cells were then double crosslinked with DSG
followed by formaldehyde. Chromatin was immunoprecipitated with antibodies against HDAC1, HDAC2, HDAC3, or EZH2.
Immunoprecipitated DNA was quantified with qPCR for specific binding sites and a selected genomic location as a control (ctrl) region.
Error bars represent s.e.m. of at least 3 independent experiments.
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co-occupied sites (Figure 5D). In comparison, no changes in

HDAC1 binding were observed at the same binding sites

(Figure 5D). Taken together, our ChIP-seq results show that

HDACs and EZH2 are directly integrated in the androgen

signalling network and regulate AR- and ERG-dependent

transcription by occupying different subsets of the AR and

ERG cistrome.

HDACs and EZH2 function together with ERG and AR

to attenuate androgen-dependent transcription

The recruitment of HDACs and EZH2 to AR and ERG co-

localized binding sites across the prostate cancer genome

suggests these corepressors are involved in ERG-mediated

inhibition of androgen-dependent transcription. Consistent

with this, we found HDACs and EZH2 recruited to AR and

ERG co-localized binding sites associated with androgen

direct target genes including PSA and FKBP5 (Figure 6A).

To determine whether HDACs and EZH2 are important in

suppressing androgen-dependent transcription, we examined

the transcript levels of PSA and FKBP5 after blocking the

activities of the corepressors with specific small molecule

inhibitors. Specifically, we used TSA and DZNep to inhibit the

activities of HDACs and EZH2, respectively. Interestingly, we

found TSA induced a biphasic transcriptional response: at

low concentrations TSA enhanced PSA and FKBP5 transcript

levels but at high concentrations it was repressive, suggesting

a possible dual (activation and repression) function for

HDACs in maintaining AR transcriptional activity

(Figure 6B). As for DZNep, it enhanced the expression of

both PSA and FKBP5, indicating a role for EZH2 in suppres-

sing AR transcriptional activity (Figure 6C).

Besides VCaP cells, we also examined the effects of HDACs

and EZH2 on AR-dependent transcription in LNCaP cells (an

AR-positive but ERG negative prostate cancer cell line).

Interestingly, HDACs and EZH2 were recruited to ARBS in

LNCaP cells but this was in most instances lower (with

respect to % input) than VCaP cells (Supplementary Figure

S5). In addition, when we treated the LNCaP cells with

DZNep or TSA, there was a much weaker or no response in

androgen upregulation of model AR target genes, respectively

(Supplementary Figure S6). Our results therefore suggest that

the suppression of AR activity by HDACs and EZH2 might be

more pronounced in an ERG-fusion positive prostate cancer

system such as VCaP cells, however, additional experiments

Figure 5 An integrated transcriptional network of AR, ERG, HDACs and EZH2 in prostate cancer. HDAC1, HDAC2, HDAC3 and EZH2 binding
sites (under 2 h DHTstimulation) were examined using CentDist (Zhang et al, 2011). (A) Graphs showing the average distribution of Androgen
Response Elements (AREs) and ETS response elements (EREs) centered at the peaks of the binding sites of the respective corepressor. (B) Bar
chart showing the percentage binding sites located at the promoter proximal (±3 kb from TSS) and distal regions for AR, ERG, HDAC1, HDAC2,
HDAC3, and EZH2. (C) Heatmap representation of sorted ChIP-Seq signals of AR, ERG, HDAC1, HDAC2, HDAC3, and EZH2 binding events in
VCaP cells. Signals are centralized to either the center of AR or ERG ChIP-Seq peak (±2 kb). (D) A comparison of the average ChIP-Seq tag
intensities of AR, ERG, HDAC1, HDAC2, HDAC3, and EZH2 at different subsets of the AR and ERG cistrome after 2 h of androgen stimulation.
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will be required to determine the nature of the corepressor

complex in the absence of ERG in future studies.

The recruitment of HDACs and EZH2 at AR and ERG

co-localized binding sites also suggests these factors may

physically interact with each other to function together. To

examine this, we performed co-immunoprecipitation experi-

ments with AR, ERG and the corepressors. Although, we had

difficulty detecting interactions between HDAC3 with either

AR or ERG, we were however able to observe interactions

between HDAC1, HDAC2 and EZH2 with both AR and ERG

(Figure 6D). Taken together, our results suggest HDACs and

EZH2 may function together with AR and ERG to regulate

androgen-dependent transcription.

ERG, HDACs and EZH2 mediate prostate cancer

progression by inhibiting the AR-dependent

transcription of Vinculin

Recent studies suggest that ERG inhibits dedifferentiation,

expedites EMT and promotes metastasis in prostate cancer

cells by directly activating the expression of genes such as

PLA1A, PLAT, PLAU, and EZH2 (Tomlins et al, 2008; Yu et al,

2010b). The findings from this study indicate that ERG may

also function as a repressor of AR-dependent transcription by

working together with corepressors including HDACs and

EZH2. However, whether ERG can facilitate prostate cancer

progression through other mechanisms or pathways such as

directly suppressing AR-mediated differentiation is unclear.

Figure 6 Co-recruitment of ERG, HDACs, and EZH2 to ARBS attenuates AR-dependent transcription. (A) Snapshots showing the localization of
HDAC1, HDAC2, HDAC3, and EZH2 with AR and ERG at model AR target genes, PSA and FKBP5. (B) VCaP cells grown in full serum (top) or
depleted with hormones and co-treated with vehicle/10nM DHT for 24 h (bottom) were subjected to varying concentrations of TSA for 24h. Total
RNA from the treated cells were then harvested and converted to cDNA before quantifying for gene expression levels by qPCR. GAPDH was used as
an internal normalization control. Error bars represent s.e.m. of at least 3 independent experiments. (C) VCaP cells grown in full serum (left) or
depleted with hormone and treated with vehicle/10nM DHT for 8h (right) were first subjected to vehicle/3mM DZNep treatment for 24 (left) or 48
(right) h. Total RNAwas extracted and processed as described in Figure 6B. Error bars represent s.e.m. of at least 3 independent experiments. (D)
Western blot analsysis showing the endogenous interactions between AR and ERG with HDAC1, HDAC2, HDAC3, and EZH2 in VCaP cells.
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To examine if ERG inhibition of AR-dependent transcription is

required for prostate cancer development, we performed a

molecular concept map (MCM) analysis with androgen-

upregulated genes that are associated with ERGBS. As

shown in Figure 7A and in Supplementary Table S4, we

found ERG bound androgen induced genes were enriched

in several concepts related to prostate cancer, in particular

with those that are over-expressed in cancer but repressed in

advanced and metastatic prostate cancer. We also performed

additional analysis on a more extensive clinical prostate

cancer dataset (Taylor et al, 2010) and observed similar

findings (Supplementary Figure S7). Specifically, the same

androgen upregulated gene signature was found to be

expressed significantly higher in primary prostate tumors

(compared to normal prostate) but lower in metastatic

prostate tumors (compared to primary tumors).

When we examined in detail the androgen regulated genes

that were associated with ERGBS, we were able to identify

previously reported mediators of mesenchymal epithelial

transition (MET) in breast cancer including KRT8 and KRT18

(Buhler and Schaller, 2005; Tomaskovic-Crook et al, 2009)

(Supplementary Figure S8). We confirmed by RT–qPCR the

expression of these keratin genes are indeed upregulated in

VCaP cells upon androgen stimulation and enhanced after ERG

silencing (Supplementary Figure S8). Besides keratin genes, one

potential AR target gene that we speculated ERGmight suppress

to facilitate metastasis in prostate cancer was Vinculin (VCL).

VCL is a membrane cytoskeletal protein that is required for

regulating focal adhesion turnover, a process that is important

for proper cell movement (Saunders et al, 2006). Moreover, VCL

was recently shown to interact with the MET mediator,

E-Cadherin, to enhance mechanosensing (le Duc et al, 2010).

From clinical data in the Oncomine database, we found the

mRNA expression of VCL was low in primary prostate cancers

and even lower in advanced metastatic counterparts (Figure 7B

and Supplementary Figure S9). In addition, there was a negative

correlation relationship between the mRNA levels of ERG and

VCL, supporting our observations that ERG inhibits the andro-

gen up-regulation of VCL expression (Figure 7C and

Supplementary Figure S9). Finally, survival analysis using

data from the Taylor et al clinical study (Taylor et al, 2010)

showed patients with low expression of VCL have a significantly

lower recurrence free survival (Figure 7D).

To determine whether inhibition of VCL directly links ERG

and AR with prostate cancer progression, we first confirmed

VCL is a direct target of AR and ERG. As shown in Figure 7E,

AR and ERG are recruited to an intronic region of VCL.

Moreover, siRNA mediated silencing of ERG enhanced VCL

expression (Figure 7F). From our binding and small molecule

inhibitor studies, we showed ERG most likely also inhibits

VCL together with HDACs and EZH2 (Figure 7G–H). Finally,

to assess if VCL inhibits prostate cancer metastasis we

performed invasion assays with VCaP cells treated with or

without siRNA against VCL. Our results showed that silen-

cing of VCL (Figure 7I) increased the matrigel invasiveness of

VCaP cells (Figure 7J and Supplementary Figure S10), and

this was not due to differences in either cell death (Figure 7K)

or cell proliferation (Figure 7L). Similar results were also

observed in LNCaP cells (Supplementary Figure S11). Overall,

our results suggest ERG promotes prostate cancer cell inva-

sion by suppressing the AR-dependent upregulation of VCL.

Discussion

AR-mediated transcription is a complex multi-step process

involving the coordinated recruitment of the receptor, colla-

borative factors, coactivators, and corepressors in a precise

temporal and spatial manner. While most studies to date have

focused on the role of coactivators such as SRCs and p300 in

the activation of AR-dependent transcription, our understand-

ing of how corepressors attenuate AR transcriptional activity

and the functional consequences downstream of this regula-

tion in prostate cancer, especially at the genomic level, is

currently unclear. In this study, we used chromatin immuno-

precipitation coupled to massively parallel sequencing (ChIP-

Seq) to map the genome-wide binding profiles of AR and

ERG, as well as commonly over-expressed transcriptional

corepressors including HDAC1, HDAC2, HDAC3, and EZH2

in prostate cancer cells before and after androgen stimula-

tion. Our results revealed ERG, HDACs and EZH2 are inte-

grated into an AR transcriptional network that is required for

the direct suppression of AR-dependent transcription.

Moreover, we showed this AR transcription program includes

genes that promote epithelial differentiation and inhibition of

metastasis. Overall, our work implicates HDACs and the

polycomb protein, EZH2 as novel oncogenic corepressors of

Figure 7 ERG, HDACs, and EZH2 promote cell invasiveness and inhibit epithelial differentiation by antagonizing AR-dependent transcription
of cytoskeletal genes. (A) A network showing prostate cancer clinical gene signatures that are related to ERG-associated androgen upregulated
genes. Oncomine Molecular Concept Map analysis was performed to compare ERG-associated (5 kb from TSS) androgen induced genes (42
fold) that were identified in our study against clinical prostate cancer gene signatures available in the Oncomine database. The criteria for
significant associations between node is defined as OD4¼ 2; P-valueo1e-4. (B) Boxplot showing the relative mRNA expression of VCL in
clinical prostate samples from the Yu et al (2004) study, which has been deposited in the Oncomine database. (C) Scatterplot showing the
relative mRNA expression of VCL and its corresponding ERG mRNA expression in clinical prostate samples from the Yu et al (2004) study. (D)
Kaplan-Meier survival curve (using data from the MSKCC dataset) showing the differences in the risk of biochemical relapse between prostate
cancer patients expressing high (red line) or low (green line) VCL levels. (E) Snapshot showing the localization of AR, ERG, HDAC1, HDAC2,
HDAC3, and EZH2 at the regulatory region of VCL. (F) The effect of AR and ERG silencing on VCL gene expression was analyzed as described in
Figure 3D, E. Error bars represent s.e.m. of at least 3 independent experiments. (G) The effect of TSA on the androgen-dependent gene
regulation of VCL was analyzed as described in Figure 6B. Error bars represent s.e.m. of at least 3 independent experiments. (H) The effect of
DZNep on the androgen-dependent gene regulation of VCL was analyzed as described in Figure 6C. Error bars represent s.e.m. of at least 3
independent experiments. (I) Western blot analysis showing VCL expression in VCaP cells growing in normal full serum media treated with
control siRNA or siRNA against VCL. GAPDH was used as a loading control. (J) VCaP cells transfected with control siRNA or siRNA targeting
VCL were subjected to Matrigel invasion assay. The number of cells per high power field (HPF) that passed through the transwell was counted.
Error bars represent s.e.m. of at least 3 independent experiments. (K) The effect of VCL suppression on cancer cell survival was assessed by
flow cytometry. siRNA transfected cells were fixed prior staining with propidium iodide for flow analysis. Analysis was presented as % of total
number of gated cells in the subG1 phase. (L) The effect of VCL suppression on cancer cell proliferation was assessed by flow cytometry. siRNA
transfected cells were incubated with BrdU for 48 h prior to fixing. The fixed cells were then stained with BrdU antibodies and 7-AAD before
flow cytometry analysis was performed. Analysis was presented as % of total number of gated cells in the S phase of the cell cycle.
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androgen signalling, impeding epithelial differentiation and

contributing to prostate cancer progression, in part through

modulating the transcriptional output of AR and ERG.

TMPRSS2:ERG is the most common form of ETS gene

fusion found in prostate cancers (Kumar-Sinha et al, 2008).

Previous studies showed that ERG can bind to the enhancer

ARBS of the androgen-regulated gene, PSA, suggesting a

potential collaboration between AR and ERG (Sun et al,

2008). From our global analysis of these two factors, we

found there is a widespread co-localization of AR and ERG

after 2 h of DHT stimulation (Figure 2), which indicates the

collaboration between these two factors occurs throughout

the prostate cancer genome. During the course of this work, a

genome-wide map of AR and ERG, also in VCaP cells, was

reported (Yu et al, 2010b). Although the experimental

conditions were different, the cistromic maps generated in

both studies overlap well with each other (Supplementary

Figure S12). In contrast to the other study, which only

examined AR binding after a long period of androgen stimu-

lation and ERG binding only under full serum condition, our

study here provides an extensive profile of AR and ERG

binding before and after androgen stimulation at short and
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long time intervals. From our time-course ChIP-Seq of AR and

ERG, we uncovered several surprising insights into the

mechanism of AR- and ERG-mediated transcriptional regula-

tion during androgen signalling. Specifically, our study re-

vealed that ERG in general was pre-bound to chromatin at

ERG unique and ARþERG co-localized binding sites prior to

androgen stimulation (Figure 2). This finding was unex-

pected since the expression of ERG is thought to be andro-

gen-regulated due to a fusion event (Tomlins et al, 2005).

However, as shown in our western blot analysis of ERG

(Figure 1B), there is already a significant level of the protein

expressed in VCaP cells before androgen stimulation, which

likely explains why ERG can bind to chromatin before

androgen stimulation. Although ERG is pre-bound to chro-

matin, our time-course ChIP-Seq showed that the recruitment

of ERG to ARþERG co-localized binding sites can be further

enhanced with short-term DHT stimulation, while the incre-

ment of ERG at ERG unique sites occurred mainly after a rise

in ERG levels stemming from prolonged androgen stimula-

tion (Figure 2). This observation suggests that additional ERG

recruitment to ARBS may be enhanced by AR binding.

Moreover, this result shows that ERG is unlike other tran-

scriptional repressors of nuclear receptors such as NKX3-1

and LEF-1, which compete with the Estrogen Receptor (ER)

for binding to the ER binding sites (Holmes et al, 2008).

Finally, we also noticed from our ChIP-Seq study that apart

from being recruited at AR-bound enhancers, ERG was

frequently located at the promoters of AR target genes as

well (Supplementary Figure S13). This binding was usually

independent of AR recruitment. Whether ERG binding at the

promoter region is required for the repression of AR target

genes will require further studies in the future.

Besides AR and ERG, numerous transcriptional corepres-

sors are also frequently over-expressed in prostate cancers

(Varambally et al, 2002; Weichert et al, 2008). Through

genome-wide binding analysis, we discovered the

existence of a closely knitted and intricate transcriptional

network between AR and ERG, as well as the frequently

over-expressed corepressor proteins, HDAC1, HDAC2, HDAC3,

and EZH2. Strikingly, this transcriptional network is highly

regulated by and responsive to androgen stimulation

(Figure 5). In general, our study showed that androgen signal-

ling culminates in an increased occupancy of AR, ERG, HDAC2,

HDAC3, and EZH2 to shared elements in the network

(Figure 5). Although HDACs have been shown to play a role

in nuclear receptor transcription (Shang et al, 2002; Burd et al,

2006), our finding that EZH2 is co-localized at ARBS was rather

surprising since EZH2 is mainly associated with the

methylation of histones at the promoter of repressed genes

(Yu et al, 2007a; Ku et al, 2008; Margueron et al, 2008). Even

though our results suggest that ERG can engage HDACs and

EZH2 (Figures 5 and 6) to suppress androgen signalling in ERG-

positive VCaP prostate cancer cells, the specificity and mechan-

ism of their transcriptional co-operation are still not completely

clear and will therefore require further detailed analysis.

Since TMPRSS2:ERG is a recurrent gene fusion widely ex-

pressed in prostate cancers, it was not surprising to find that it

has important roles in prostate cancer initiation and progression

(Zong et al, 2009). Although our work and others (Sun et al,

2008; Yu et al, 2010b) showed that ERG repressed AR-mediated

induction of differentiation markers such as PSA and FKBP5,

these markers have no major known functional role in prostate

cancer differentiation and progression (Chen and Sawyers,

2010). However, from our gene association analysis, we found

that ERG-associated androgen induced genes are highly

associated with metastatic prostate cancers and thus might be

involved in cellular processes such as Epithelial Mesenchymal

Transition (EMT) that promote cell invasion.

In the EMT process, epithelial markers including keratins

and E-Cadherins will be replaced with mesenchymal markers

such as Vimentin and N-Cadherins (Lee et al, 2006). This

change in the composition of the cell adhesion and

cytoskeleton molecules will inevitably lead to a decrease in

cell adhesion as well as cell-cell cohesion and in turn,

culminate into an increase in cell invasiveness (Lee et al,

2006). Interestingly, from our work we noticed several

epithelial keratin proteins (e.g. KRT8 and KRT18) that were

upregulated by androgen stimulation (Supplementary Figure

S8). Thus, our findings suggest that by repressing the expres-

sion of epithelial cell adhesion and cytoskeletal molecules

through inhibition of AR signalling, ERG could potentially

promote EMT and confer metastatic properties. Indeed, we

identified the AR-induced but ERG repressed gene, VCL, as a

novel suppressor of prostate cancer cell invasiveness. Inter-

estingly, VCL was recently shown to potentiate E-cadherin

mechanosensing (le Duc et al, 2010) and therefore may be

required for the optimal function of E-cadherin.

Given that androgen is the main driver of prostate cancer

progression, it was contradicting that studies showed high

doses of DHT treatment could slow prostate cancer progression

(Tsihlias et al, 2000; Hofman et al, 2001). This phenomenon

could be partially explained by the dual opposing role of AR in

prostate cancer progression. On one hand, AR can promote

proliferation and inhibits apoptosis. On the other hand, AR can

also halt cancer progression and metastasis by inducing

differentiation and enhancing an epithelial phenotype.

Moreover, a recent study by Zhu and Kyprianou (Zhu and

Kyprianou, 2010) showed that a low AR content is required for

an EMT phenotype in prostate cancers. These findings suggest

that AR signalling requires fine-tuning to an optimal level in

order to favor prostate cancer progression. Our study is in

agreement with these observations and provides a molecular

explanation for how AR can regulate these two distinct

processes in prostate cancer. Taken together, our findings

show that a highly integrated transcriptional network of AR

and ERG, together with HDACs and EZH2, exists to advance

the development of prostate cancers to a metastable state by

restraining epithelial differentiation and promoting EMT

through regulated suppression of AR signalling.

Materials and methods

Cell culture
The human prostate cancer cell lines, LNCaP and VCaP were
obtained from American Type Culture Collection. VCaP cells were
maintained in DMEM supplemented with 10% fetal bovine serum
(FBS), sodium pyruvate, sodium bicarbonate, and penicillin/strep-
tomycin at 371C under 5% CO2. LNCaP cells were maintained in
RPMI medium 1640 supplemented with 10% FBS, sodium pyruvate,
gentamycin and penicillin/streptomycin at 371C under 5% CO2.
Unless otherwise stated, for experiments requiring DHT (Tokyo
Chemical Industry) treatment, VCaP cells were grown for 24 h
prior to stimulation in phenol red free DMEM supplemented with
10% charcoal-dextran stripped fetal bovine serum (CDFBS), sodium
pyruvate, sodium bicarbonate, and penicillin/streptomycin, while
LNCaP cells were grown for 72 h prior to stimulation in phenol red
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free RPMI supplemented with 5% CDFBS, sodium pyruvate, genta-
mycin, and penicillin/streptomycin.

Gene expression analysis
Cells were harvested and total RNA was collected in TRI-reagent
(Sigma) and purified with PureLinkt RNA Mini Kit (Invitrogen).
Reverse transcription of RNA to cDNAwas carried out using M-MLV
reverse transcriptase (Promega). RNA expression levels were mea-
sured using quantitative PCR and normalized to GAPDH. The
primers for cDNA quantification can be found in Supplementary
Table S5.

Microarray expression profiling
Purified total RNA from three independent biological replicates of
VCaP cells exposed to varying lengths of DHT stimulation were
converted to cRNA using the Illuminas TotalPrepTM-96 RNA
Amplification Kit (Ambion) according to the manufacturer’s
instructions. cRNA was hybridized onto Sentrixs HumanRef-8 v3
Expression BeadChip Kit (Illumina). The BeadChips were scanned
with the BeadArray Reader and the image data was processed using
GenomeStudio. The gene expression data was analyzed using
GeneSpring GX 11.0 software.

Western blot analysis
The antibodies used for western blot analysis include anti-AR
(sc-816), anti-ERG (sc-354), anti-Vinculin (sc-25336) from Santa
Cruz, anti-AR (AR441) from Labvision, anti-HDAC1 (#05-100), anti-
HDAC2 (#05-814) from Millipore, anti-HDAC3 (#3949) and anti-
EZH2 (#3147) from Cell signalling Technology.

Chromatin immunoprecipitation (ChIP)
ChIP assay was performed as described previously (Tan et al, 2011).
All ChIP-qPCR primer sequences can be found in Supplementary
Table S6 and S7. For HDAC1, HDAC2, HDAC3, and EZH2 ChIP,
a double cross-linking strategy was used to stabilize protein-protein
interactions. Specifically, cells were first fixed with 2 mM DSG
(Pierce) for 45min prior to formaldehyde fixation. Antibodies that
were used for ChIP analysis include anti-AR (sc-815x), anti-ERG (sc-
353), anti-HDAC3 (sc-11417) from Santa Cruz Biotechnology, anti-
HDAC1 (ab7028-50), anti-HDAC2 (ab7029-50) from Abcam, and
anti-EZH2 (39639/39901) from Active Motif. The specificity of the
antibodies used for ChIP assays were validated in western blot
assays with VCaP cells that were treated with siRNAs targeting the
different specific transcription factor (Supplementary Figure S14).

Co-immunoprecipitation
All co-IP experiments were performed with VCaP cells grown in full
serum conditions. VCaP cells were trypsinized and lysed to obtain
whole cell lysate. The cell lysate was subsequently pre-cleared with
Protein A/G-Agarose beads (Roche Applied Science) at 41C for 4 h.
An aliquot of the whole cell lysate was collected and stored at -801C
as input for the western blot analysis. After pre-clearing, the super-
natant was incubated overnight at 41C with 5 mg of anti-AR (sc-
815x) or anti-ERG (sc-353). Roche beads were added into the
mixture on the next day and incubated for 1.5 h at 41C, and then
washed with TBS for four times. Finally, the beads were heated to
991C for 5min and eluted with SDS loading buffer for western blot
analysis.

Short interfering RNAs (siRNAs)
Unless otherwise stated, siRNA studies were carried out using a
double knockdown approach. Briefly, VCaP cells were transfected
twice with the selected siRNA at a concentration of 100 nM/trans-
fection using Lipofectamine RNAi Max (Invitrogen) with a 24h
interval between each transfection. The siRNAs used in this study
were siAR (ON-TARGETplus SMARTpool L-003400-00), siERG
(SiGENOME D-003886-01), siHDAC1 (ON-TARGETplus SMARTpool
L-003493-00), siHDAC2 (ON-TARGETplus SMARTpool L-003495-
00), siHDAC3 (ON-TARGETplus SMARTpool L-003496-00), siEZH2
(ON-TARGETplus SMARTpool L-004218-00) from Dharmacon,
and siVCL synthesized from 1stBase. The siVCL sequence is
rCrUrGrGrCrUrUrGrCrArGrArUrCrCrArArArUrUrU. The control
siRNA for the siAR, siERG, siHDAC1/2/3 and siEZH2 experiments
was from Dharmacon (D-001206-13), while the control siRNA for the

siVCL experiments was from 1stBase (rUrUrCrUrCrCrGrArArCrGr
UrGrUrCrArCrGrUTT).

ChIP-Seq
ChIP-Seq was performed as described previously (Tan et al, 2011).
ChIP-Seq reads were aligned to the reference human genome
(UCSC, hg18) and binding peaks using input reads as control
were determined with CCAT (Xu et al, 2010).

Matrigel invasion assay
Invasion assay was performed using (8.0mm pore size) HTS
FluoroBlok Cell Culture Inserts (BD). Briefly, 750 ml of media
(with 20% FBS) was added into each well of a 24-well plate and
inserts were placed individually into each well. Each insert was first
coated with 80ml of the pre-diluted (250mg/ml) Matrigel Basement
Matrix (BD). Next, 4�105 siRNA-treated VCaP cells/2�105 siRNA-
treated LNCaP cells in 200ml media (with 0.5% FBS) were seeded
into each well. After 48 h, the cells at the bottom of the inserts were
fixed with 3.7% formaldehyde for 15–30min prior to staining with
25 mg/ml propidium iodide for 30–60min in the dark. Any cells that
passed through the base membrane of the inserts were then
scanned by a Cellomics Arrayscan. Ten different fields were taken
for each insert. Each condition was assayed in technical triplicates
for biological triplicates.

Conservation analysis for binding peaks
Conservation scores for the alignment of 27 vertebrate genomes
with Human (PhastCons28way) were downloaded from the UCSC
Genome Browser database. The sequence conservation score for
every position in a 2000 bp window centering on the defined ChIP-
Seq peak/cluster were plotted for comparison.

Generation of heatmap binding signals
ERG and AR binding peaks that were within 500 bp of each other
were clustered together for the generation of the plot. For a fair
comparison of tag intensity, the AR and ERG libraries were re-
sampled to 10 million reads before being plotted out as binding
signals around a region of � /þ 2 kb centralized at the respective
AR/ERG ChIP-Seq peak or defined AR/ERG clusters (� /þ 2 kb).
The individual binding region was sorted by their binding signals at
their respective categories (AR only, ERG only and AR/ERG overlap)
for easy visualization.

Data deposition
Raw ChIP-Seq and gene expression profiling data generated from
this study have been deposited at the NCBI GEO repository under
accession number GSE28951.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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