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SUMMARY

EnhancerofZeste 2 (EZH2) is theenzymatic subunit of
PolycombRepressiveComplex 2 (PRC2),which cata-
lyzes histone H3 lysine 27 trimethylation (H3K27me3)
at targetpromoters forgenesilencing.Here,we report
that EZH2 activates androgen receptor (AR) gene
transcription through direct occupancy at its pro-
moter. Importantly, this activating role of EZH2 is
independent of PRC2 and itsmethyltransferase activ-
ities. Genome-wide assays revealed extensive EZH2
occupancy at promoters marked by either H3K27ac
or H3K27me3, leading to gene activation or repres-
sion, respectively. Last, we demonstrate enhanced
efficacy of enzymatic EZH2 inhibitors when used in
combination with AR antagonists in blocking the
dual roles of EZH2 and suppressing prostate cancer
progression in vitro and in vivo. Taken together, our
study reports EZH2 as a transcriptional activator, a
key target ofwhich isAR, andsuggests adrug-combi-
natory approach to treat advanced prostate cancer.
INTRODUCTION

Prostate cancer (PCa) is the most frequently diagnosed cancer

and the third most frequent cause of cancer deaths in United

States males (Siegel et al., 2015). PCa patients have benefitted

from androgen deprivation therapies (ADTs) and small molecular

inhibitors targeting the androgen receptor (AR). However, 30%

of patients have primary resistance to both forms of treatment,

and the majority of patients progress from androgen-dependent

PCa (ADPC) to castration-resistant PCa (CRPC). The AR remains

a key driver of CRPC through aberrant activation in the milieu of

low androgen.

Enhancer of Zeste 2 (EZH2) is a bona fide oncogene that is

among the most highly upregulated genes in CRPC relative to

localized PCa (Varambally et al., 2002). EZH2 is a core subunit

of the Polycomb Repressive Complex 2 (PRC2), which also con-

tains embryonic ectoderm development (EED) and suppressor
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of zeste 12 (SUZ12). EZH2 is the catalytic member of PRC2

and contains a C-terminal su(var)3-9, enhancer-of-zeste and

trithorax (SET) domain that specifically catalyzes histone H3

lysine 27 trimethylation (H3K27me3), leading to epigenetic

(defined as histone modifications) silencing of many tumor sup-

pressor genes (Yu et al., 2010; Zhao et al., 2012).

Interestingly, evidence has emerged recently that suggests

noncanonical roles of EZH2 in various cancers. For example, in

addition to histone H3, EZH2 has been shown to methylate non-

histone substrates, such as Jarid2 and STAT3, to regulate their

transcriptional activities (He et al., 2012; Sanulli et al., 2015).

EZH2 can also methylate RORa and PLZF, in which cases the

methylation leads to target protein degradation (Lee et al., 2012;

Vasanthakumar et al., 2017). Moreover, several studies have

reported that EZH2 can also act independently of PRC2 and/or

its histone methyltransferase activities. For instance, in estrogen

receptor-negative breast cancer, EZH2 forms a complex with

RelA and RelB to activate nuclear factor kB (NF-kB) signaling,

which does not involve methylation (Gonzalez et al., 2011). Simi-

larly, EZH2 interacts with the SWI and SNF complex (Kim et al.,

2015) in a PRC2-independent manner to activate target genes.

In PCa, EZH2 has been shown to interact with the AR in CRPC,

but not ADPC, to activate gene expression through a PRC2-inde-

pendent but methylation-dependent mechanism (Xu et al., 2012).

The precise mechanism and target genes remain unclear.

In the present study, we identify the AR as a direct target

of EZH2-mediated transcriptional activation in both ADPC and

CRPC. This activation is independent of PRC2 as well as its

methyltransferase activity but requires EZH2 occupancy at the

AR promoter. AR-driven PCa depends on dual roles of EZH2:

its conventional role in epigenetic silencing of tumor suppressor

genes as well as its newly discovered role in activating AR

and downstream signaling. Significantly, an enzymatic EZH2 in-

hibitor in combination with an AR antagonist led to significant

suppression of PCa growth in vitro and in vivo.

RESULTS

EZH2 Enhances Androgen Signaling in PCa
We recently reported a role of EZH2 in collaborating with the AR

on transcriptional repression (Zhao et al., 2012). Importantly,
thors.
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Figure 1. EZH2 Enhances Androgen

Signaling in Both ADPC and CRPC Cells

(A and B) Androgen-induced genes (A) are enriched

for downregulation upon EZH2 knockdown (false

discovery rate [FDR] q < 0.001), whereas androgen-

repressed genes (B) are enriched for upregulation

upon EZH2 knockdown (FDR q < 0.001). GSEA was

utilized to examine the expression of androgen

(R1881)-induced and -repressed gene sets, ob-

tained from a previous study (Zhao et al., 2012), in

LNCaP cells treated with control (siCtrl) and EZH2

knockdown (siEZH2), as profiled by microarrays.

(C and D) EZH2 knockdown inhibits AR-induced

genes. LNCaP cells (C) were transfected with siCtrl

or two different siEZH2s, and LAPC4 (D) cells were

transfected with siCtrl or a representative siEZH2.

Cells were then analyzed by qRT-PCR. Data were

normalized to GAPDH. Data shown are mean

(±SEM) of technical replicates from one represen-

tative experiment of three.

(E and F) EZH2 overexpression increases AR-

induced genes. LNCaP (E) and LAPC4 (F) cells were

infected with cytomegalovirus (CMV) control or an

EZH2-expressing adenovirus and analyzed by qRT-

PCR. Data were normalized to GAPDH. Data shown

are mean (±SEM) of technical replicates from one

representative experiment of three.

(G and H) EZH2 knockdown reduces AR-induced

genes in CRPC cells. (G) 22Rv1 and (H) C4-2B cells

were infected with control shRNA or shEZH2 or

transfected with either siCtrl or two different

siEZH2s and then subjected to qRT-PCR analysis.

Data were normalized to GAPDH. Data shown are

mean (±SEM) of technical replicates from one

representative experiment of three.
gene set enrichment analysis (GSEA) and Venn diagrams

also showed inhibition of androgen-induced genes by EZH2

knockdown compared with control cells (Figures 1A, 1B, S1A,

and S1B). This AR-equivalent role of EZH2 in regulating global

androgen signaling was confirmed in additional PCa cell lines

(Figure S1C). Moreover, qRT-PCR confirmed that AR-induced

genes such asPSA, TMPRSS2, and FKBP5were indeed remark-

ably downregulated upon EZH2 knockdown using two indepen-

dent small interfering RNAs (siRNAs) (Figure 1C) and confirmed

in additional PCa lines (Figure 1D). Conversely, EZH2 overex-

pression in LNCaP and LAPC4 cells increased the expression

of AR-induced genes (Figures 1E and 1F). To examine this regu-

latory pathway in CRPC cells, we performed EZH2 knockdown in

the CRPC cell line C4-2B with both siRNAs and observed similar

effects (Figure 1G), which was confirmed in an additional CRPC

line, 22Rv1, also with small hairpin RNA (shRNA)-mediated

knockdown of EZH2 (Figure 1H). Therefore, we demonstrate
Cell Repo
robust regulation of AR target genes by

EZH2 in both ADPC and CRPC cells.

EZH2 Positively Regulates AR mRNA
and Protein Levels
Next we attempted to investigate the

molecular mechanisms by which EZH2

enhances androgen signaling in PCa
cells. Previous studies reported that EZH2 activates gene

expression through physical interaction with the AR protein

(Xu et al., 2012). To examine this, we performed co-immuno-

precipitation (coIP) experiments in LNCaP cells and found

that, although SUZ12 interacts with EZH2 as expected,

the AR failed to interact with EZH2 (Figure S2A). To preclude

the potential of antibody competition and masking protein

interaction during coIP experiments, we performed coIP

using EZH2 and AR N- and C terminus-targeting antibodies.

However, we did not observe EZH2 and AR interaction

in LNCaP cells (Figure S2B), suggesting that physical interac-

tion with AR is not required for EZH2 to induce androgen

signaling.

Because EZH2 increases androgen-induced genes but de-

creases androgen-repressed genes, exhibiting an AR-like

effect, we wondered whether EZH2 regulates AR expression.

Importantly, qRT-PCR and western blot analysis of LNCaP
rts 25, 2808–2820, December 4, 2018 2809
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Figure 2. EZH2 Increases AR mRNA and Protein Levels

(A–D) EZH2 knockdown decreases AR mRNA and protein levels. LNCaP (A), LAPC4 (B), C4-2B (C), and 22RV1 (D) cells were transfected with control or siEZH2s

or infected with control shRNA or shEZH2, followed by qRT-PCR (left) and western blot analysis (right). Data shown are mean (±SEM) of technical replicates from

one representative experiment of three.

(E and F) EZH2 overexpression increases ARmRNA and protein levels. LNCaP (E) and LAPC4 (F) cells were infected with CMV or an EZH2-expressing adenovirus

for 48 hr, followed by qRT-PCR (left) and western blot analysis (right). Data shown are mean (±SEM) of technical replicates from one representative experiment of

three.
cells subjected to control and two independent EZH2-target-

ing RNA interferences revealed a drastic decrease of the AR

at both the mRNA and protein levels (Figure 2A), whereas

EZH2 knockdown restored the expression of its previously

reported epigenetic targets such as SLIT2 and CNR1 (Fig-

ure S2C). This downregulation of the AR but upregulation of

epigenetic targets by EZH2 knockdown was observed in

additional ADPC and CRPC cell lines (Figures 2B–2D and

S2D–S2F). To further validate this regulatory pathway, we per-

formed EZH2 overexpression in androgen-dependent PCa cell

lines, which have a relatively lower amount of endogenous

EZH2. qRT-PCR and western blot analysis confirmed that

EZH2 overexpression indeed increased both the AR transcript

and protein levels in these already AR-high cell lines (Figures

2E and 2F) and decreased its epigenetic targets, as expected

(Figures S2G and S2H). Therefore, our data strongly support

that EZH2 increases AR gene expression at both the mRNA

and protein levels.
2810 Cell Reports 25, 2808–2820, December 4, 2018
EZH2 Occupies the AR Promoter to Directly Induce Its
Transcription
Although EZH2, as a core subunit of the PRC2 complex, is best

known as an epigenetic silencer, recent evidence has suggested

that EZH2might also function as a transcriptional activator (Gon-

zalez et al., 2011; Xu et al., 2012). Because our data showed

concordant changes at the AR mRNA and protein levels upon

EZH2 deregulation, it is likely that this regulation occurs at the

step of AR transcription. Moreover, in cells treated with actino-

mycin D, which halts active transcription, we observed compara-

ble AR mRNA levels over time between control and EZH2-

depleted LNCaP cells (Figure S3A), precluding EZH2 regulation

of AR transcript levels through altering its mRNA stability. To

investigate whether EZH2 protein directly occupies the AR pro-

moter, we performed EZH2 chromatin immunoprecipitation

sequencing (ChIP-seq) in LNCaP cells and observed apparent

EZH2 occupancy 1 kb downstream (around exon 1) of the AR

gene transcription start site (TSS) (Figure 3A; Figure S3B). Using
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Figure 3. EZH2 Directly Activates AR Gene Transcription

(A) EZH2 protein occupies the AR gene promoter. EZH2ChIP-seqwas performed in LNCaP cells with an antibody targeting endogenous EZH2 (top). HAChIP-seq

was performed using an anti-HA antibody in LNCaP cells with ectopic HA-EZH2 overexpression. Two biological replicates are shown (center and bottom).

(B) ChIP-qPCR showing EZH2 binding along the AR gene promoter. ChIP was performed in LNCaP cells using anti-EZH2 and IgG antibodies and then subjected

to qPCR using primer pairs targeting�60-bp sliding windows within�1 kb to +3 kb of the AR gene. The x axis indicates the central location of the PCR products

relative to the AR TSS. Data shown are mean (±SEM) of technical replicates from one representative experiment of three.

(C) Different regions (of 400 bp) of the AR promoter (from 0 to +3 kb) were cloned into the pRetroX-Tight-Pur-Luc vector and transfected into 293T cells, which

were then subjected to ChIP by anti-EZH2 or IgG. EZH2 occupancy at the ectopically expressed AR promoter was determined by qPCR using a common forward

primer targeting the vector sequence and a reverse primer specific to each fragment. Data shown are mean (±SEM) of technical replicates from one

representative experiment of two.
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an independent antibody, we conducted hemagglutinin (HA)

ChIP-seq in LNCaP cells with HA-EZH2 overexpression in dupli-

cate experiments and observed that ectopic EZH2 also binds to

the same region on the AR promoter. As controls, ChIP-seq

confirmed EZH2 occupancy on previously reported target genes

such asCNR1,NOV, andSLIT2 (Yu et al., 2010; Zhao et al., 2012;

Figure S3C).

To validate the ChIP-seq results, qPCR analysis in primer

walking experiments demonstrated strong EZH2 enrichment,

compared with the immunoglobulin G (IgG) control, by primer

pairs flanking the +1.4, +1.7, +2.1, and +2.6 kb regions of the

AR promoter, further supporting EZH2 occupancy at this region

(Figure 3B). To further examine the ability of AR promoter se-

quences to recruit EZH2 protein, we created an artificial system

by transfecting 293T cells with various AR promoter fragments

spanning 400-bp windows from 0.4 to 2.3 kb downstream of

the AR TSS. To determine whether EZH2 is recruited to these

exogenous DNA fragments, we performed EZH2 ChIP-qPCR

using a forward primer that targets the plasmid backbone

and a reverse primer that targets the inserted AR promoter frag-

ment. Our data showed that EZH2 is strongly enriched at the

ectopically expressed 1.2–1.6 kb and 1.8–2.3 kb AR promoter

fragments, supporting some specificity of these DNA regions in

recruiting the EZH2 protein (Figure 3C).

To determine whether the EZH2-bound AR promoter regions

are indeed involved in EZH2-induced AR gene transcription,

we generated three luciferase reporter constructs containing

the 1.1–1.7 kb, 1.7–2.5 kb, and 1.1–2.5 kb regions of the AR pro-

moter. Luciferase reporter assays demonstrated that EZH2 over-

expression induced the transcriptional activities of distal AR pro-

moter-containing constructs (i.e., 1.7–2.5 kb and 1.1–2.5 kb) but

not the 1.1–1.7 kb construct (Figures 3D and S3D). These data

suggest that, although EZH2 occupies both proximal (centered

at +1.4 kb) and distal (centered at +2.0 kb) AR promoter regions,

as indicated by ChIP-seq data, the regulatory function is depen-

dent on the distal promoter. To identify potential transcription

cofactors that might facilitate EZH2 in activating the AR, we per-

formed a motif analysis of the AR promoter (from 0 to +2,500 bp

to the AR TSS) using Jaspar and identified a total of 2,031 motifs

(Table S1). In particular, there are 127 motifs within the AR distal

promoter, among which are transcription activators such as SP1

and KLF5 that are known to bind GC-rich regions (Höller et al.,

1988; Wei et al., 2018).

Next, we took one further step to characterize the significance

of these EZH2-occuped AR promoter regions in the regulation of

AR transcription in vivo by using the CRISPR-Cas9 system. Four
(D) Various AR promoter regions were cloned into the pGL4.10 vector and transfe

were then subjected to luciferase reporter assays. Results were normalized to th

from one representative experiment of three.

(E) Schematic view of the AR promoter sequence starting from the transcription st

in green font, and their distances to the AR TSS are marked as numbers. The pr

(F and G) The distal AR promoter region is required for EZH2 activation of AR tr

pLENTI.V2 control, sgAR1+2, sgAR3+4, or sgAR1+4 for 48 hr. CRISPR-Cas9-me

DNA PCR (G) using primers F2 and R2 (indicated in A and E).

(H) CRISPR-Cas9-edited LNCaP cells were transfected with control or EZH2-ta

analysis using F2 and R2, which are expected to yield a wild-type (ARWT, top ban

red asterisk) AR mRNA.
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single-guide RNAs (sgARs) were designed and paired to delete

the downstream proximal AR promoter, the distal AR promoter,

or both and were inserted into Cas9-containing lentiviral vectors

(Figure 3E). Because the AR is crucial for LNCaP cell growth and

the sgAR-targeted promoters overlap with the first exon of the

AR gene, which will inadvertently knock out AR expression and

lead to cell death, we opted not to select a pure population of

CRISPR-mediated AR knockout cells for this experiment.

LNCaP cells were infected with Cas9-sgAR lentiviruses, and

genomic DNA was isolated from the pooled cells. Sanger

sequencing using primers (F2 and R2 in Figures 3A and 3E) flank-

ing the sgAR-targeted regions confirmed CRISPR-Cas9-medi-

ated deletion at the expected sites (Figure 3F). Further, PCR

analysis of genomic DNA confirmed the presence of a wild-

type AR in all cells and a shorter PCR product of the expected

size in CRISPR-Cas9-edited cells (Figure 3G). To examine how

deletion of various AR promoter regions impairs the ability of

EZH2 to activate the AR, control and CRISPR-Cas9-edited cells

were subjected to control and EZH2 knockdown (Figure S3E).

Because all sgARs also target the 50 UTR and exon 1 of the AR

gene, the primer set (F2 and R2) that was used to monitor

genomic deletion at the AR promoter was also utilized to analyze

AR mRNA expression and yielded wild-type AR and CRISPR-

Cas9-deleted AR mRNA products (Figure 3H). Importantly,

although EZH2 depletion reduced the levels of wild-type and

CRISPR-Cas9-edited AR mRNA in cells with deletion of the AR

proximal promoter (sgAR1+2), it failed to decrease the levels of

CRISPR-Cas9-edited AR mRNA in cells with distal promoter

deletion (sgAR3+4 or sgAR1+4), suggesting that EZH2 activates

the AR through its distal promoter. Interestingly, in these cells,

we found that the CRISPR-Cas9-deleted AR mRNA is surpris-

ingly increased upon EZH2 knockdown, suggesting that EZH2

could repress AR expression through regulatory elements

beyond the distal promoter. These results are consistent with

our conclusion that EZH2 plays dual roles in its regulation of

AR signaling and PCa.

EZH2 Activates the AR Independently of PRC2 and Its
Histone Methyltransferase Activity
Our data so far suggest that EZH2 directly induces AR transcrip-

tion through promoter binding. However, because the primary

role of EZH2 is to catalyze H3K27me3, we wanted to test

whether EZH2 activation of the AR is dependent on this catalytic

function. First, we analyzed ChIP-seq data and observed EZH2,

but not H3K27me3, occupancy at the AR promoter, suggesting

a methylation-independent function (Figure 4A). Further, the
cted into 293T cells with either control pLVX or HA-EZH2 overexpression. Cells
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Figure 4. EZH2 Activates the AR Independently of Its Histone Methyltransferase Activity

(A) The AR promoter is occupied by EZH2 and H3K27ac but not H3K27me3, whereas the promoter of SLIT2, an epigenetic target of EZH2, is occupied with EZH2

and H3K27me3 but not H3K27ac. HA-EZH2 ChIP-seq was performed using anti-HA in LNCaP cells with HA-EZH2 overexpression. H3K27me3 and H3K27ac

ChIP-seq was performed in LNCaP cells.

(B) EZH2, but not SUZ12, decreased AR expression levels. LNCaP or C4-2B cells were infected with pLKO.1V, shEZH2, shSUZ12, or shAR for 48 hr, and cell

lysates were subjected to western blot analysis.

(C–F) EZH2methyltransferase inhibitors failed to abolish AR expression. LNCaP cells were treatedwith EZH2 inhibitors GSK126 (C and D) or EPZ (E) for 72 hr, and

the cell lysates were subjected to western blot (C and D) and qRT-PCR (E and F) analyses. The data shown in (E) and (F) are mean (±SEM) of technical replicates

from one representative experiment of three.

(G andH) BothWT and the catalytically deadmutant H689A of EZH2 rescued AR expression. LNCaP cells were subjected to EZH2 knockdown (siEZH2), followed

by re-introduction of WT or mutant (H689A) EZH2 for 72 hr. Cell lysates were then collected and analyzed by qRT-PCR (G) or western blotting (H).

(I) Both WT and H689A EZH2 are able to bind to the AR promoter. LNCaP cells were infected with pLVX control, HA-EZH2 WT, or HA-EZH2 H689A for 48 hr and

then subjected to HA ChIP-qPCR. SLIT2 was used as a positive control and KIAA0066 as a negative control. Data shown are mean (±SEM) of technical replicates

from one representative experiment of three. Overexpression of the HA-tagged WT and H689A EZH2 were validated by western blot (inset).
presence of the active histone mark H3K27 acetylation

(H3K27ac) supports that this is an actively transcribed gene.

By contrast, strong EZH2 and H3K27me3 occupancy and lack

of the active histone mark H3K27ac were found at the promoter

of the EZH2 epigenetic target SLIT2. ChIP-PCR confirmed differ-

ential H3K27me3 and H3K27ac enrichment at the AR and SLIT2

promoters in LNCaP as well as in C4-2B cells (Figures S4A and

S4B). Our data thus suggest that EZH2 occupancy does not lead

to H3K27me3 at the AR promoter but, rather, co-exists with

H3K27ac, supporting gene activation. To demonstrate that acti-

vation of the AR by EZH2 is PRC2-independent, we performed
EZH2, SUZ12, or AR knockdown side by side in LNCaP and

C4-2B cells by shRNA transfection for 48 hr. Importantly, EZH2

knockdown mimicked AR knockdown in decreasing AR and

prostate-specific antigen (PSA) expression in both LNCaP and

C4-2B cells (Figure 4B). By contrast, SUZ2 knockdown, despite

its ability to decrease total EZH2 protein levels, consistent with

the previously reported regulation of PRC2 stability (Pasini

et al., 2004), failed to decrease AR and PSA in both cell lines

tested, whereas it successfully decreased H3K27me3 levels

similar to EZH2 knockdown. Taken together, these results sug-

gest that short-term SUZ12 knockdown did not affect EZH2
Cell Reports 25, 2808–2820, December 4, 2018 2813



outside of the PRC2 complex and that EZH2 activates AR tran-

scription through PRC2-independent mechanisms.

To further demonstrate that EZH2 induces AR expression

independently of H3K27me3, we took advantage of catalytic

EZH2 inhibitors such as GSK126 and EPZ-6438 (EPZ), which

compete with S-adenosyl-methionine (SAM) to prevent

H3K27me3. LNCaP cells were treated with increasing doses

(0, 0.1, and 1 mM) of GSK126 for 3 days. Western blot analysis

demonstrated that AR and PSA levels were not only not

decreased but also slightly increased upon catalytic EZH2 inhibi-

tion, whereas H3K27me3 showed a dose-dependent reduction,

as expected (Figures 4C and S4C). This increase in AR signaling

by the enzymatic EZH2 inhibitor is consistent with a recent report

(Ku et al., 2017), potentially because of the AR also being an

epigenetic target of EZH2. Similar results were also observed

in cells treated with EPZ (Figure 4D). As a control, qRT-PCR anal-

ysis confirmed restored expression of previously reported EZH2

epigenetic targets such as SLIT2CNR1 andNOV (Figures 4E, 4F,

and S4D).

Because small-molecule inhibitors might have off-target

effects, we next examined the regulatory mechanism utilizing

an EZH2 catalytically dead mutant, H689A. LNCaP cells were

treated with control or EZH2-targeting siRNA to deplete endog-

enous EZH2, which was then subjected to rescue using wild-

type or H689A-mutant EZH2. For this experiment, the siEZH2

that targets the 50 UTR of the EZH2 region was utilized to prevent

it from degrading ectopic EZH2. qRT-PCR analysis showed that

both wild-type and H689A-mutant EZH2 restored the AR mRNA

level in EZH2-depleted cells, supporting methylation-indepen-

dent transcriptional activation of the AR gene by EZH2 (Fig-

ure 4G). Western blot analysis further confirmed that the AR pro-

tein level was decreased upon endogenous EZH2 knockdown,

as expected, and could be rescued by re-expression of either

wild-type or H689A-mutant EZH2 (Figure 4H). By contrast,

H3K27me3 is decreased upon endogenous EZH2 knockdown

and, as expected, can only be rescued by re-introduction of

wild-type EZH2 but not the H689A catalytically dead mutant. In

good agreement with this, HA ChIP-qPCR revealed that, like

wild-type EZH2, the ectopically expressed H689A mutant also

strongly binds to the AR gene promoter (Figure 4I). Therefore,

our data provide strong evidence that EZH2 directly induces

AR gene expression through PRC2- and methylation-indepen-

dent mechanisms that cannot be blocked by enzymatic EZH2

inhibitors.

EZH2 Mediates Dual Transcription Programs in PCa
Our data so far suggest that EZH2 plays dual roles in PCa: as a

transcriptional activator, mediated in part by the AR, and as an

epigenetic silencer, mediated by H3K27me3. To further examine

these dual transcriptional programs on the genome-wide scale,

we performed a global expression analysis of LNCaP cells

treated with control or EZH2 knockdown in parallel with LNCaP

cells treatedwith theDMSO control or EPZ. All experiments were

performed in triplicate. We identified 359 genes that were signif-

icantly increased (adjusted p < 0.01) upon EZH2 depletion (Fig-

ure 5A). Importantly, 224 (62%) of these EZH2-repressed genes

were upregulated by treatment with EPZ, an inhibitor of EZH2

histone methyltransferase function, supporting their being tar-
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gets of EZH2-mediated epigenetic silencing. On the other

hand, gene expression analysis revealed 393 genes (adjusted

p < 0.0005), including the AR and its target genes, such as

TMPRSS2 and KLK2, that were downregulated upon EZH2

depletion. Interestingly, the expression of the majority of these

EZH2-activated genes was not changed upon EPZ treatment,

supporting a methylation-independent mechanism in EZH2-

mediated gene activation (Figure 5A). These dual functions of

EZH2 in epigenetic silencing and gene activation were also vali-

dated in C4-2B cells (Figure S5A).

Next we sought to gain some insights into themechanisms un-

derlying EZH2-mediated gene regulation. We found that EZH2-

repressed and EPZ-induced genes (class I) had the strongest

H3K27me3 enrichment at their promoters, whereas EZH2-acti-

vated genes (class III) were barely enriched for H3K27me3 (Fig-

ure S5B). On the contrary, class III genes were marked with

strong H3K27ac, whereas class I genes were marked the weak-

est. Because our H3K27me3 ChIP-seq intensity was relatively

low, we compared it with previously published H3K27me3

ChIP-seq data (Xu et al., 2012). We observed a significant over-

lap between the datasets, supporting the quality and reproduc-

ibility of our data (Figure S5C). To examine how histonemodifica-

tions on these genes change upon EZH2 knockdown, we

selected EZH2 target genes that contained at least one EZH2

binding site at their promoters (Figure S5D). We found that class

I and II (EZH2-repressed but EPZ-independent) genes showed

increased H3K27ac upon EZH2 knockdown, whereas

H3K27ac was decreased on class III genes (Figure 5B), consis-

tent with their respective expressional regulation by EZH2. As

a controls H3K27me3 was decreased upon EZH2 knockdown

in all three classes of genes, except that it was barely present

on class III genes.

To examine whether the local chromatin environment affects

the role of EZH2 as an activator or repressor, we rank-ordered

all EZH2 binding sites in LNCaP cells by enrichment intensity

and examined H3K27ac and H3K27me3 signals at these sites

(Figures 5C and S5D). We observed that the strongest EZH2

binding sites were enriched for H3K27me3, as expected. Inter-

estingly, there were many EZH2 binding sites that were marked

by strong H3K27ac, which was nearly mutually exclusive with

H3K27me3. We noticed that, although EZH2 knockdown

decreased the EZH2 enrichment signal as expected, it did not

alter H3K27ac and H3K27me3 globally. This is consistent with

previous reports of persistent H3K27me3 on many loci upon

EZH2 inactivation (Neff et al., 2012), likely because of compensa-

tion from EZH1 (Shen et al., 2008). A Venn diagram analysis re-

vealed 8,125 (42%) and 6,449 (34%) EZH2 binding sites that,

respectively, overlapped with H3K27me3 (termed EZH2-me)

and H3K27ac (termed EZH2-ac), supporting association of

EZH2 with both repressed and activated genes (Figure 5D). To

examine whether these distinct chromatin patterns are account-

able for differential regulation by EZH2, we focused on binding

sites with an EZH2 ChIP-seq peak score greater than 12 and

that localize within 1 kb of a TSS, leading to 1,294 and 1,415

EZH2-me and EZH2-ac genes, respectively. Analysis of RNA

sequencing (RNA-seq) data (Zhang et al., 2018) revealed that

genes marked with EZH2-ac were, in general, actively tran-

scribed in LNCaP cells, whereas EZH2-me genes were often



A

)953=n( decudni-2
HZ

Eis

Ctrl    EPZ siCtrl siEZH2

si
E

ZH
2-

re
pr

es
se

d
(3

93
 g

en
es

)

B

E
P

Z-
in

du
ce

d 
(2

24
 g

en
es

)
degnahcnu-Z

P
E

)seneg 531(

TMPRSS2
KLK2

AR

D EZH2 ChIP-seq

6721137020
482

3410
81256449

1189

H3K27me3 ChIP-seqH3K27ac ChIP-seq

C

GSM3018523 GSM3018524

EZH2-ac genes
EZH2-me genes

p=7.8e-25 p=2.3e-18

M
K

PF

50

40

30

20

10

0

E

F

I

II

III

%
 g

en
es

EZH2-ac genes
8
7
6
5
4
3
2
1
0

siEZH2/siCtrl EPZ/DMSO

decreased
increased

p=0.006

p=0.06

EZH2-me genes

%
 g

en
es

25

20

15

10

5

0
siEZH2/siCtrl EPZ/DMSO

decreased
increased

p=0.04
p=0.004

C
hI

P
-s

eq
 In

te
ns

ity

2.0

1.5

1.0

0.5

0

2.0

1.5

1.0

0.5

0

4.0

3.0

2.0

1.0

0
H3K27ac H3K27me3 H3K27ac H3K27me3 H3K27ac H3K27me3

I                         II                       III

siCtrl
siEZH2

siCtrl
siEZH2

siCtrl
siEZH2

p=4.2e-15 p=8e-56

p=6e-04 p=2e-102 p=8e-4 p=2e-214

Figure 5. Methylation-Dependent and -Independent Transcriptional Programs of EZH2 in Prostate Cancer

(A) Dual EZH2 transcriptional programs in prostate cancer (PCa). LNCaP cells were treated with either EPZ versus vehicle control or siEZH2 versus siCtrl and then

profiled in triplicate microarray experiments. Genes that were significantly up- or downregulated by siEZH2 compared with the control were clustered across all

samples and are shown as heatmaps. Each row represents one gene and each column one sample. The siEZH2-induce genes that were also induced by EPZ

were termed class I genes and those unchanged by EPZ class II genes. Genes that were activated by EZH2 were defined as class III genes.

(B) EZH2-regulated genes that contain at least one EZH2 ChIP-seq binding site at their promoter regions (±5 kb) were defined as direct targets of EZH2. H3K27ac

and H3K27me3 ChIP-seq was performed in LNCaP cells with siCtrl or siEZH2, and their intensities around the three classes of direct EZH2-target genes were

analyzed by boxplots. The p values evaluate the differences of ChIP-seq signals in siEZH2 versus siCtrl cells.

(C) All EZH2 binding sites identified in control LNCaP cells were rank-ordered based on EZH2 ChIP-seq intensities. Shown at the top are average intensities, and

at the bottom are heatmaps of EZH2, H3K27ac, and H3K27me3 ChIP-seq around all EZH2 binding sites.

(D) Venn diagram showing overlap among EZH2, H3K27ac, and HEK27me3 binding sites. ChIP-seq was performed in control LNCaP cells.

(E) EZH2 target genes marked with H3K27ac are abundantly expressed, whereas those marked by H3K27me3 are repressed. Genes whose promoters (±1 kb to

the TSS) contain at least one EZH2 binding site with a peak score greater than 12 were selected. The subset (1,415) marked by H3K27ac, but not H3K27me3, was

defined as EZH2-ac genes, whereas the subset (1,294) marked by H3K27me3, but not H3K27ac, was defined as EZH2-me genes. The expression levels (FPKM)

of these genes in publicly available RNA-seq data (GSM3018523 and GSM3018524) that were performed in LNCaP cells are shown as boxplots.

(F) EZH2-me genes are enriched for upregulation by EZH2 knockdown or EPZ treatment, whereas EZH2-ac genes are enriched for downregulation by EZH2

knockdown independently of EPZ. About 800 of 1,415 (57%) EZH2-ac genes, but only 60 of 1,294 (4.6%) EZH2-me genes, were detected in microarray ex-

periments. The percentages of the genes that were significantly up- or downregulated by siEZH2 comparedwith siCtrl or by EPZ treatment comparedwith DMSO

were calculated and plotted.
repressed, with FPKM (fragments per kilobase million) values of

less than 1 (Figure 5E). Integration with microarray data showed

that a significantly larger percentage of EZH2-me genes were

upregulated than downregulated by EZH2 knockdown, and

they were similarly regulated by EPZ, supporting their being

epigenetic targets of EZH2 (Figure 5F). On the other hand,

more EZH2-ac genes were decreased by EZH2 knockdown

but not by EPZ, supporting that these genes are more likely to

be activated by EZH2 through methylation-independent path-

ways. Further, gene ontology (GO) analysis showed that EZH2-
ac genes are strongly enriched for cell cycle-related pathways,

including mTORC1, MYC, p53, and E2F regulation (Table S2),

whereas EZH2-me genes are involved in epithelial-mesen-

chymal transition (EMT), apical junction complex, and inflamma-

tory responses (Table S3). Moreover, a motif analysis demon-

strated that the promoters of EZH2-ac genes were enriched for

motifs of transcription activators such as SP1 and KLF5, which

were also identified in the AR promoter (Figure S5E). By contrast,

the promoters of EZH2-me genes were enriched for motifs of

transcriptional repressors such as RE1-silencing transcription
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factor (NRSF) and non-prostate lineage transcription factors

such as E2A and LHX2, supporting their repressed state in

PCa cells.

Last, we attempted to examine the presence of these dual

EZH2 transcription programs in PCa cells. First, we obtained

an epigenetic signature composed of genes that were restored

following EPZ treatment. GSEA demonstrated that this

epigenetic signature was remarkably enriched for higher expres-

sion by EZH2 knockdown in both androgen-depleted and

androgen-stimulated cells (Figure S5F). These data support

that EZH2-mediated epigenetic silencing is a general phenome-

non that is independent of AR signaling. We have shown previ-

ously that, in the presence of androgen, androgen-induced

genes were markedly downregulated upon EZH2 depletion,

whereas androgen-repressed genes were upregulated (Figures

1A and 1B). However, in androgen-depleted cells, we found

that androgen-induced genes were only marginally reduced by

EZH2 knockdown (Figure S5G), suggesting a mechanism

dependent on active AR signaling. Androgen-repressed genes,

on the other hand, remained significantly upregulated upon

EZH2 depletion, which is likely due to many of these genes

also being epigenetic targets of EZH2 (Zhao et al., 2012). Further,

qRT-PCR analysis of gene expression in hormone-deprived

LNCaP cells confirmed that AR-induced genes were no longer

regulated by EZH2 in the absence of active androgen signaling,

whereas epigenetic EZH2 targets, such as CNR1, SNCA, and

AR-repressed genes, continued to be upregulated upon EZH2

knockdown (Figure S5H). In conclusion, our data support an

epigenetic role of EZH2 that is present in both androgen-depen-

dent and -independent PCas and an AR-activating role of EZH2

that may be blocked by androgen deprivation therapy.

Complete Blockade of EZH2 Dual Functions Abolishes
Prostate Tumorigenesis In Vitro

Because EZH2 increases AR transcription, we examined co-ex-

pressed patterns of these two genes in human PCa samples and

indeed observed that EZH2 and AR expression levels are signif-

icantly correlated in a number of publicly available cancer

profiling datasets (Figure S6A). Cell growth assays of C4-2B cells

demonstrated that EZH2 knockdown showed a much stronger

growth-inhibitory effect than knockdown of SUZ12 and

blockade of PRC2 epigenetic effects and of AR, blockade of

AR signaling alone (Figure S6B). This suggests that full blockade

of EZH2 function has stronger tumor-inhibitory effects than

blocking either its catalytic function or its non-catalytic gene

activation function alone. Because EZH2 degradation is not yet

possible, in the present study, we attempted to combine an

EZH2 enzymatic inhibitor that blocks its catalytic function with

an AR antagonist that targets one key downstream pathway of

the EZH2-activating role in PCa. We treated LNCaP cells with

vehicle control, 0.5 mM GSK126, 0.5 mM enzalutamide (Enz), or

both over a period of 60 days. When reaching 80% confluence,

cells were counted, split in proportion, and cultured in media

containing the corresponding drugs. Our results demonstrated

that Enz-treated cells initially grew at a much slower rate,

decreased in cell number at 10 days of treatment, but rapidly

gained resistant growth after 15 days of treatment, whereas

GSK126-treated cells continued to grow but at a slightly reduced
2816 Cell Reports 25, 2808–2820, December 4, 2018
rate. Remarkably, LNCaP cells treated with both drugs were

reduced in number after 10 days of treatment and remained un-

able to grow, highlighting the potential of this drug combination

to overcome resistance (Figure 6A). To further test the combina-

torial effects of the drugs, we treated LNCaP and C4-2B cells

with Enz and EPZ either alone or in combination. Because

CRPC cells are much less sensitive to Enz than ADPC cells, a

higher dose of Enz was utilized in C4-2B cells. Importantly, our

data revealed strong combinatorial effects of EPZ and Enz treat-

ment in suppressing the proliferation of both LNCaP and C4-2B

cells (Figures 6B and 6C). Moreover, the drug combination also

showed synergy in suppressing LNCaP and C4-2B cell colony

formation (and in eliminating their colony formation ability) (Fig-

ures 6D and 6E). Cell cycle analysis by flow cytometry revealed

that combined use of Enz and EPZ led to global cell cycle arrest

at G0 and G1 and G2 and M phases, leading to a marked reduc-

tion in S phase cells (Figures 6F and 6G). Taken together, our

data suggest that blockade of EZH2 dual functions through com-

bined use of an enzymatic EZH2 inhibitor and an AR antagonist

may overcome or delay the onset of drug resistance when treat-

ing PCa patients with either drug alone.

Dual EZH2 Targeting through Combinatorial Use of an
Enzymatic EZH2 Inhibitor andARAntagonist Diminished
Xenograft Tumor Growth In Vivo

To examine the molecular effects of the drug treatment, we per-

formedRNA-seqanalysis ofC4-2Bcells treatedwith either Enzor

EPZ, alone or in combination, in triplicate experiments. Signifi-

cantly, we found that EZH2-induced genes were downregulated

only partially by either Enz or EPZ alone but were remarkably

repressed by combinatorial treatment (Figure 7A). A similar

synergy of these two drugs was also observed in their ability

to restore EZH2-repressed gene expression. In addition, GO

pathway analyses revealed that cancer cell cycle hallmarks,

such as E2F_targets, G2M_checkpoint, Mitotic Spindle, and

Myc_targets, were remarkably more enriched with drug combi-

nation than either EPZ or Enz alone (Table S4). Further, the

androgen response gene signature is significantly inhibited by

Enz alone but is induced by EPZ as a single agent (Figure S7A),

which is consistent with the findings from Ku et al. (2017) and ex-

plains at least partially the failure of the enzymatic EZH2 inhibitor

in PCa. However, this ‘‘side effect’’ of EPZ was blocked by Enz

in the drug combination because the androgen response gene

signature remained inhibited. Therefore, Enz and EPZ combina-

tion ismuchmore effective in fully blocking the transcriptional ac-

tivities of EZH2 than either drug alone, justifying further investiga-

tion of this combinatorial therapeutic strategy in in vivo models.

To investigate the efficacy of the Enz and EPZ combination in

in vivo, CRPC cell line C4-2B cells were inoculated subcutane-

ously into non-obese diabetic (NOD).severe combined immuno-

deficiency (SCID) mice that were surgically castrated. When the

initial tumor volume reached �200 mm3, the tumor-bearing mice

were randomized to receive vehicle control or Enz or EPZ alone

or in combination daily, and the tumor volume was measured

every 3 days. Importantly, we observed that combinatorial treat-

ment significantly reduced xenograft tumor growth (ANOVA,

p < 0.001), whereas either drug as a single agent had aminimal tu-

mor-suppressive effect (Figures 7BandS7B). The tumorweight at
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Figure 6. Simultaneous EZH2 and AR Targeting Remarkably Inhibited PCa Cell Growth

(A) Combinatorial GSK126 and enzalutamide (Enz) treatment significantly inhibited LNCaP cell growth and drug resistance. LNCaP cells were maintained in

DMSO, GSK126 (0.5uM), Enz (0.5uM), or both for 55 days. Cells were counted and re-plated whenever needed, and accumulated cell numbers were determined.

Data shown are for one representative experiment of two.

(B and C) LNCaP (B) or C4-2B (C) cells were treated with DMSO, Enz (1 mM for LNCaP and10 mM for C4-2B), EPZ (1 mM), or both. Cell growth was measured with

WST-1 reagent every 2 days. Data shown are mean ± SEM of technical replicates from one representative experiment of three.

(D and E) LNCaP (D) or C4-2B (E) cells were treated with DMSO, Enz (1 mM for LNCaP and 10 mM for C4-2B), EPZ (1 mM), or both for 2 weeks, followed by 0.002%

crystal violet staining to assay colony formation. Data shown are technical replicates from one representative experiment of three.

(F and G) Combinatorial Enz and EPZ treatment induced cell cycle arrest. LNCaP (F) or C4-2B (G) cells were treated with DMSO, Enz (1 mM for LNCaP and 10 mM

for C4-2B), EPZ (1 mM), or both for 3 days, followed by cell cycle analysis via flow cytometry with propidium iodide staining.
the endpoint was significantly lower in mice treated with the drug

combination (ANOVA, p < 0.02), whereas Enz or EPZ alone failed

to inhibit CRPC tumor growth (Figures 7C and S7B).

To confirm the on-target effects of the drugs, we dissected out

xenograft tumors for molecular analysis. Western blotting

showed that EPZ treatment decreasedH3K27me3, as expected,

but also inadvertently increased AR expression (Figure 7D),

which is consistent with our in vitro data and a recent report

(Ku et al., 2017). Further, we found that PSA levels in these xeno-

graft CRPC tumors, which were grown in castrated mice, were,

in general, very low but could be detected by qRT-PCR and

showed an on-target suppression by Enz (Figure S7C). Further,

although PSA expression was inadvertently increased by EPZ

as a single agent, it remained repressed by EPZ and Enz drug
combination. In addition, we found that the EPZ and Enz

combination strongly decreased the expression of the cell cycle

regulator Cyclin D1, consistent with their synergetic roles in

regulating global cell cycle arrest. Moreover, immunohistochem-

istry staining revealed a substantial decrease in Ki67 staining in

cells treated with the drug combination (Figures 7E and S7D).

Therefore, our data support that combinatorial Enz and EPZ

treatment has synergistic effects in completely abolishing dual

EZH2 pathways and in inhibiting CRPC tumor growth.

DISCUSSION

EZH2 was first found to be one of the most upregulated genes in

aggressive PCa more than a decade ago (Varambally et al.,
Cell Reports 25, 2808–2820, December 4, 2018 2817
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Figure 7. Combination of the Enzymatic EZH2 Inhibitor with Enz Markedly Reduced Xenograft Tumor Growth

(A) EZH2-mediated transcription activities were blocked by combinatorial EPZ and Enz treatment. C4-2B cells were treated with DMSO, EPZ (1 mM), Enz (10 mM),

or both for 7 days and then subjected to RNA-seq. FPKM values of EZH2-induced and -repressed gene sets across all samples were clustered and visualized as

heatmaps.

(B and C) Enz and EPZ combination greatly reduced C4-2B xenograft tumor growth in vivo. C4-2B cells were implanted subcutaneously in surgically castrated

NOD.SCIDmice. Upon palpable tumor formation, themice (n = 7/group) were randomized to receive vehicle (1% carboxymethylcellulose sodium [CMC-Na+] and

1%Tween 30), 10mg/kg Enz (once a day), 250mg/kg EPZ (twice a day), or both by oral gavage for 3 weeks. Tumor volume (B) andweight at the endpoint (C) were

measured by a second person in a blinded fashion. Statistical differences in tumor volume and tumor weight among groups were determined using two-way

repeated-measures ANOVA (p < 0.001) and one-way ANOVA (p < 0.02), respectively.

(D) Western blotting of target genes in C4-2B xenograft tumors at the endpoint.

(E) Representative H3K27me3 and Ki-67 immunohistochemistry images of tumor sections from each treatment group.

(F) A model depicting dual roles of EZH2 as an epigenetic silencer, a function that can be blocked by enzymatic inhibitors such as GSK126 and EPZ, and as a

transcriptional activator of AR, which can be blocked by AR antagonists such as enzalutamide.
2002). Ever since, a large body of literature, including by us, has

examined the function and molecular mechanisms of EZH2 in

PCa, but this is largely limited to epigenetic targets of EZH2

(Yu et al., 2010). However, evidence has accumulated recently

suggesting that EZH2 is capable of stimulating or repressing

gene expression beyond PRC2 and H3K27me3 (Gonzalez

et al., 2011). Of most relevance, Xu et al. (2012) reported that,

in CRPC cells, EZH2 activates gene expression independently

of PRC2 but still requires methylation activity. They postulated

that this could be due to methylation of non-histone substrates

that have yet to be characterized. Quite distinct from their study,

here, we demonstrate a non-catalytic role of EZH2 in PCa that is

independent of both PRC2 and its methyltransferase activity.

Extensive analyses of the target AR gene promoter using ChIP-

seq, luciferase, andCRISPR-Cas9 assays support that this regu-

lation occurs at the transcription level and involves EZH2 protein

occupancy at the AR promoter, a locus previously implicated in
2818 Cell Reports 25, 2808–2820, December 4, 2018
AR gene activation (Wang et al., 2016). We speculate that EZH2

binding at the AR promoter may recruit additional transcriptional

coactivators, such as SP1 or KLF5, to induce gene expression,

which will be interesting lines for future investigation. In support

of this, recent studies have reported EZH2 interaction with

Elongin A to increase transcription of target genes (Ardehali

et al., 2017), and its paralog EZH1 has likewise been shown to

associate with H3K4me3, RNA polymerase II, and transcription

activation (Mousavi et al., 2012).

Through the use of diverse of PCa cell lines,we show that EZH2

activation of AR gene transcription and AR signaling occurs in

both ADPC and CRPC, which is distinct from a previous report

of EZH2-AR interaction only in CRPC but not ADPC (Xu et al.,

2012). This disparity supports the novelty of our finding and its be-

ing a different mechanism. Further, through comparative expres-

sion profiling of cells treated with EZH2 knockdown or the enzy-

matic EZH2 inhibitor EPZ, we showed that a large set of genes



thatweredownregulateduponEZH2knockdown is not repressed

by EPZ, providing a potential list of methylation-independent

EZH2-activated genes. Using ChIP-seq, we demonstrated a

very interesting pattern of EZH2-occupied genomic loci: about

one-third of them are co-occupied by H3K27me3 (potential

EZH2-repressed targets) and another one-third are co-occupied

by H3K27ac (potential EZH2-activated genes), supporting EZH2

beingbotha transcriptional repressorandactivator.Ourdata sug-

gest that the local chromatinenvironmentmaydictate the function

of EZH2 at a specific genomic locus. The EZH2-bound AR pro-

moter locus harbors the features of gene-activating elements,

including highH3K27acbut noH3K27me3, andpossessesmotifs

of many transcription activators.

Last, we demonstrate that the role of EZH2 as a transcriptional

activator, with AR being a key target, coexists with its conven-

tional catalytic role in gene repression and plays important onco-

genic functions in AR-driven PCa (Figure 7F). Enzymatic EZH2 in-

hibitors such as EPZ and GSK126, although effective in blocking

the enzymatic roles of EZH2, are unable to suppress EZH2-medi-

ated activation of the AR. Instead, they inadvertently increase AR

expression, as demonstrated in our data and in a recent report

(Ku et al., 2017), which may account for their failure in suppress-

ing AR-positive PCa, as noted previously (Dardenne et al., 2016)

and also as observed in our study. In addition, these studies have

found that enzymatic EZH2 inhibitors are much more effective in

AR-negative NEPC cells, which is consistent with our model.

Moreover, understanding the molecular mechanisms of EZH2

functions in PCa allowed us to propose a strategy for the use of

these clinically available enzymatic EZH2 inhibitors, through

combination with AR antagonist, in a subtype of PCa (i.e.,

CRPC) that is driven by AR and expresses high levels of EZH2.

We understand that the AR antagonist will target all ARs, induced

either by EZH2 or through other mechanisms such as AR gene

amplification. Nevertheless, it is legitimate and a common prac-

tice to target a key downstream pathway when the upstream

regulator itself is not yet targetable. Our results suggest that

compounds capable of degrading EZH2 protein, similar to

EZH2 knockdown, might greatly outperform enzymatic EZH2

inhibitors and would have higher specificity in blocking the dual

roles of EZH2. It would be important to develop such small-mole-

cule inhibitors in future studies. In summary, our study reports a

non-catalytic role of EZH2 in transcriptional activation and pro-

vides compelling preclinical data to support clinical applications

of combinatorial Enz and EPZ treatment in CRPC.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Cell Lines and Chemical Reagents

B Animal Studies

d METHOD DETAILS

B Plasmids

B CRISPR-Cas9-mediated editing of AR promoter
B PCR, Quantitative PCR and Western Blot

B WST-1 Cell Proliferation, Incucyte Cell Confluence

Assay and Colony Formation Assay

B Cell Cycle Analysis

B Luciferase reporter assay

B Chromatin Immunoprecipitation (ChIP) and ChIP-seq

B ChIP-seq data analysis

B RNA-seq and analysis

B Microarray and expression analysis

B Xenograft Experiments

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND SOFTWARE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and five tables and can be

found with this article online at https://doi.org/10.1016/j.celrep.2018.11.035.

ACKNOWLEDGMENTS

We thank Dr. Ming Hu (Cleveland Clinic) for discussions regarding statistical

analysis and Bin Zheng and Galina Gritsina for technical help. This work was

supported in part by National Cancer Institute R01CA172384 (to J.Y.),

P50CA180995 (pilot project, to J.Y.), and R50CA211271 (to J.C.Z.); American

Cancer Society Research Scholar Award RSG-12-085-01 (to J.Y.); Depart-

ment of Defense PC160328 (to J.Y.); and an institutional Ruth L. Kirschstein

National Research Service award from the National Institute of Diabetes and

Digestive and Kidney Diseases T32 DK007169 (to J.K.).

AUTHOR CONTRIBUTIONS

Conceptualization, J.Y. and J.C.Z; Investigation, J.K., Y.L., X.L., B.S., K.-W.F.,

Q.C., J.D.L., J.C.Z., and J.Y.; Writing, J.K., Y.L., J.C.Z., and J.Y. with input

from all authors; Funding Acquisition, J.Y. and J.C.Z.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 12, 2018

Revised: October 15, 2018

Accepted: November 7, 2018

Published: December 4, 2018

REFERENCES

Ardehali, M.B., Anselmo, A., Cochrane, J.C., Kundu, S., Sadreyev, R.I., and

Kingston, R.E. (2017). Polycomb Repressive Complex 2 Methylates Elongin

A to Regulate Transcription. Mol Cell 68, 872–884.e6.

Dardenne, E., Beltran, H., Benelli, M., Gayvert, K., Berger, A., Puca, L., Cyrta,

J., Sboner, A., Noorzad, Z., MacDonald, T., et al. (2016). N-Myc Induces an

EZH2-Mediated Transcriptional Program Driving Neuroendocrine Prostate

Cancer. Cancer Cell 30, 563–577.

Gonzalez, M.E., DuPrie, M.L., Krueger, H., Merajver, S.D., Ventura, A.C., Toy,

K.A., and Kleer, C.G. (2011). Histone methyltransferase EZH2 induces Akt-

dependent genomic instability and BRCA1 inhibition in breast cancer. Cancer

Res. 71, 2360–2370.

He, A., Shen, X., Ma, Q., Cao, J., von Gise, A., Zhou, P., Wang, G., Marquez,

V.E., Orkin, S.H., and Pu, W.T. (2012). PRC2 directly methylates GATA4 and

represses its transcriptional activity. Genes Dev. 26, 37–42.
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Antibodies

Rabbit monoclonal anti-Ezh2 Cell Signaling Technology Cat# 5246S; RRID:AB_10694683

Rabbit polyclonal anti-AR Millipore Cat# 06-680; RRID:AB_310214

Rabbit monoclonal anti-SUZ12 Cell Signaling Technology Cat# 3737S; RRID:AB_2196850

Rabbit monoclonal anti-H3K27me3 Cell Signaling Technology Cat# 9733S; RRID:AB_2616029

Rabbit polyclonal anti-H3K27me3 Millipore Cat# ABE44; RRID:AB_10563660

Rabbit monoclonal anti-Ki67 Cell Signaling Technology Cat# 9027S; RRID:AB_2636984

Rabbit polyclonal anti-Cyclin D1 Abcam Cat# ab24249-100; RRID:AB_447956

Rabbit polyclonal anti-H3 Abcam Cat# ab1791-100; RRID:AB_302613

Rabbit monoclonal anti-PSA Cell Signaling Technology Cat# 2475S; N/A

Rabbit polyclonal anti-H3K27ac Abcam Cat# ab4729; RRID:AB_2118291

Rabbit polyclonal anti-HA Abcam Cat# ab9110; RRID:AB_307019

Rabbit polyclonal anti-HA Santa Cruz Biotechnology Cat# sc-805x; RRID:AB_631618

Normal Rabbit unconjugated-IgG Santa Cruz Biotechnology Cat# sc-2027; RRID:AB_737197

Chemicals, Peptides, and Recombinant Proteins

Tazemetostat (EPZ-6438) Ezh2 inhibitor Selleck Chemicals Cat# S7128

Enz (MDV3100) AR antagonist Selleck Chemicals Cat# S1250

GSK 126 Ezh2 inhibitor BioVision Cat# 2282-5

Critical Commercial Assays

Cell Proliferation Reagent WST-1 Clonetech Cat# MK400

ECL prime Western Blotting Detection Reagent Amersham N/A

ECL Western Blotting Detection Reagent Amersham Cat# RPN2106

Nucleospin RNA isolation kit Takara Cat# 740955.25

qscript CDNA synthesis supermix Qunatabio Cat# 95048-25

2X bullseye EvaGreen qPCR mastermix Midsci Cat# BEQPCR-IC

Propidium iodide solution ThermoFisher Scientific Cat# P1304MP

Lipopectamine 2000 ThermoFisher Scientific Cat# 11668019

Dual-Luciferase Reporter Assay System Promega Cat# E1910

NEBNext Ultra RNA Library Prep Kit NEB Cat# E7530S

Deposited Data

https://data.mendeley.com/datasets/jxptxx985d/1 Unprocessed imaging data N/A

https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE107782

High-throughput genomics data N/A

Experimental Models: Cell Lines

Human: Passage 10-20 LNCaP ATCC Cat# CRL-1740; RRID:CVCL_1379

Human: Passage 39-50 C4-2B Laboratory of Dr. Arul Chinnaiyan

(University of Michigan, Ann Harbor)

N/A

Human: Passage 10-20 22Rv1 ATCC Cat# CRL-2505; RRID:CVCL_1045

Human: Passage 10-20 LAPC4 Laboratory of Dr. C Shad Thaxton

(Northwestern University)

N/A

Human: Passage 5-10 293T ATCC Cat# CRL-3216; RRID:CVCL_0063

Experimental Models: Organisms/Strains

Mouse: NOD.CB17—Prkdcscid/NCrCrl 4-6 weeks

old male

Charles river Cat# 394

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

See Table S5.

Recombinant DNA

pLKO.1V Addgene Cat# 10878; RRID:Addgene_10878

LentiCRISPR v2 Addgene Cat# 52961; RRID:Addgene_52961

pGL4.10 Promega Cat# E6651

HAF-GFP This paper N/A

HAF-EZH2 This paper N/A

HAF-EZH2H689A This paper N/A

pAd-GFP control This paper N/A

pAd-EZH2 This paper N/A

Software and Algorithms

Incucyte softeware Essen Bioscience https://www.essenbioscience.com/en/

products/software/incucyte-base-software/

ModFit LT Verity Software http://www.vsh.com/products/mflt/index.asp

Cluster http://bonsai.hgc.jp/�mdehoon/software/

cluster/software.htm

TreeView https://sourceforge.net/projects/jtreeview/

GSEA http://software.broadinstitute.org/gsea/

index.jsp

BWA http://bio-bwa.sourceforge.net/

STAR https://github.com/alexdobin/STAR/releases

JASPAR2014 http://jaspar2014.genereg.net/

HOMER (Hypergeometric Optimization of Motif

EnRichment) suite

http://homer.ucsd.edu/homer/

deepTools https://deeptools.readthedocs.io/en/develop/

DESeq2 R Bioconductor package https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

Vennerable R package https://github.com/js229/Vennerable
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Jindan Yu

(jindan-yu@northwestern.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Chemical Reagents
Human embryonic kidney cell line 293T and PCa cell lines LNCaP and 22RV1 were obtained from American Type Culture Collection

(ATCC) and C4-2B cells were a provided by Dr. Arul Chinnaiyan (University of Michigan, Ann Arbor). 293T cells was cultured in DMEM

with 10% fetal bovine serum (FBS) and 1x Penicillin Streptomycin and PCa cells were cultured in RPMI1640 with 10% fetal bovine

serum (FBS) and 1x Penicillin Streptomycin solution. LAPC4 cells were provided by Dr. C Shad Thaxton (Northwestern University)

and cultured in IMEM with 10% FBS and 1nM fresh R1881. All cell lines were authenticated (Genetica DNA Laboratories) and free

of mycoplasma. GSK126 was purchased from BioVision (2282-5), Enz (S1250) and EPZ6438 (S7128) were purchased from Selleck

Chemicals.

Animal Studies
Animal study were performed with approved protocol #IS00005301 by the Center for Comparative Medicine at Northwestern Uni-

versity. Male NOD.SCID (C.B-17/IcrHS-Prkdcscid) immune-deficient mice of 4 weeks old were purchased from Charles River.

Only male, adult mice were utilized for the study as PCas only occur in adult men. Mice were housed (3-4 mice per cage) in sterilized

filter-topped cages and maintained in an ABSL-2 immunodeficient animal housing facility at Northwestern University. Mice were

randomly assigned to treatment groups.
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METHOD DETAILS

Plasmids
AR promoter regions P1 (+1.1kb-1.7kb), P2 (1.7kb-2.5kb), P1+P2 (+1.1kb-2.5kb) and AR promoter fragments (0.4-0.8kb, 0.8-1.2kb,

1.2-1.6kb, 1.6-1.8kb, 1.8-2.3kb) were amplified by PCR from LNCaP genomic DNA. The AR promoter P1, P2 and full length were

inserted into pGL4.10 vector (catalog number E6651; Promega) by using XhoI and HindIII sites and AR fragments were cloned

into the pRetroX-Tight-Pur-Luc plasmid (Clontech laboratories, Inc.) by using BamHI and BglII. All plasmids were verified by

sequencing.

CRISPR-Cas9-mediated editing of AR promoter
sgRNAs targeting indicated AR promoter regions (Table S5) were designed using the MIT CRISPR Design software (crispr.mit.edu).

Each sgRNA oligos were synthesized and cloned into lentiCRISPR v2 vector as a gift from Dr. Feng Zhang (Addgene pladmid

#52961). Lentiviral particles was produced in 293T with PEI transfecting reagent (VWR). LNCaP cells were then infected with sgRNAs

lentiviral particles combination for 48 hours, then split, and transfected with either control or siEZH2 using Lipopectamine 2000

(Invitrogen) for 48 hours. Genomic DNA was prepared using the PureLink Genomic DNA kit (Life Technology). PCR of genomic

DNA was performed with indicated primers flanking the sgRNA target sites on AR promoter region (Table S5). PCR products

were purified from agarose gel and sequenced to assess the effects of CRISPR-Cas9-mediated editing of AR promoter. Total

RNA was isolated from cells with Nucleospin RNA isolation kit (Clonetech) and 250 ug of RNA per sample was used for cDNA syn-

thesis using qscript cDNA synthesis supermix (Quantabio). PCR of cDNA were then performed using specific AR promoter (also

exon 1) primers (Primer F2 and R2) and subjected for agarose gel analysis. Protein extracts were subjected for western blot analysis

to confirm EZH2 knockdown.

PCR, Quantitative PCR and Western Blot
Genomic DNA was isolated from cells with Blood & Cell culture DNA midi kit (QIAGEN). PCR was performed with indicated primers

flanking the sgRNA target sites. PCR products were purified from agarose gel and sequenced. Total RNAwas isolated from cells with

Nucleospin RNA isolation kit (Clonetech). For cDNA synthesis, 250 ug of RNA per sample was used for cDNA synthesis using qscript

cDNA synthesis supermix (Quantabio). qRT-PCRs were performed using 2xBullseye EvaGreen qPCR MasterMix (MIDSCI) and

StepOne Plus (Applied Biosystems). Primers were designed using primer3 and synthesized by Integrated DNA Technologies

(Table S5). Western blotting analyses were performed using standard protocols. Briefly, cell lysates were harvested with RIPA buffer

and prepared in 1X-SDS sample buffer, boiled for 10 min at 95 �C, separated on a 10%SDS-polyacrylamide gel and transferred to an

Amersham Hybond PVDFmembrane. The membranes were blocked with either 5%w/v BSA or milk in TBST for 1h at RT, incubated

in primary antibody diluted in blocking solution overnight at 4�C, washed 3 times for 5 min with TBST and incubated for 1 h in a

secondary antibody (1:10,000). Membranes were washed 3 times for 10 min with TBST and chemiluminesce signal was detected

by ECL solution and film (GE Healthcare).

WST-1 Cell Proliferation, Incucyte Cell Confluence Assay and Colony Formation Assay
Cell proliferation assay wasmeasured with WST-1 (promega) reagent according to the manufacturer’s instruction (Clontech). Briefly,

cells were treated with WST-1 for 2hours at 37oC incubator prior to absorbance reading at 440nm using the KC4 microplate reader

(BioTek). Each absorbancewas normalized to themedia control without any cells. For the Incucyte cell confluence assay, C4-2B cells

were infected with pLKO.1V, shEZH2, shSUZ12 or shAR for 24 hours and harvested by trypsinization. 5,000 cells were counted on a

Countess automated cell counter (Life Technologies, Carlsbad, CA) and plated on 24 tissue culture plates in 3 replicates. Photomi-

crographs were taken every two hours using an Incucyte live cell imager (Essen Biosciences, Ann Arbor, MI). Cell confluence were

measured using Incucyte software (Essen Biosciences, Ann Arbor, MI) over 5 days in culture. Data were normalized to the pLKO.1

control cells and analyzed using Incucyte software (Essen Biosciences, Ann Arbor, MI).

For colony formation assay, 1,000-2,000 cells were plated in each well of a 6-well plate and treated with indicated concentration of

DMSO, Enz, EPZ or both for 10-14 days, cells were fixed by 4% paraformaldehyde and stained by 0.05% crystal violet.

Cell Cycle Analysis
For cell cycle analysis, LNCaP and C4-2B cells were treated with either DMSO, Enz, EPZ or Enz+EPZ6438 for 72 hours. Cell were

harvested and washed with PBS. Cells were fixed with absolute ethanol for 15 min at �20�C. Ethanol fixed cells were rehydrated

with PBS at room temperature for 5 min and then stained with 3mM of propodium iodide solution (Thermo Fisher) and subjected

for flow cytometry analysis using LSR Fortessa cell analyzer (BD Science). Data were analyzed by ModFit LT (Verity Software).

Luciferase reporter assay
pGL4.1 reporter constructs containing AR promoter fragment were co-transfected with pLVX-HA or pLVX-EZH2 and pRL-TK for

internal control. Absorbance reading for luciferase activities were measured in 24 h post transfection at 440nm using the KC4 micro-

plate reader (BioTek). Each absorbance was normalized to the renilla internal control values.
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Chromatin Immunoprecipitation (ChIP) and ChIP-seq
ChIP and ChIP-seq was performed using previously described protocol with following modifications. 2x107 LNCaP cells were

cross-linked with 1%paraformaldehyde for 10min at room temperature with gentle rotation and then quenchedwith 0.125Mglycine.

After washing, nuclei were sonicated on a Covaris M220 Focused-ultrasonicator, and the supernatant was used for immunoprecip-

itation with the indicated antibody (Table S2). ChIP-qPCR primers used in the ChIP assays were listed in Table S5. For EZH2 ChIP on

AR promoter fragment in 293T cells. 293T cells were transfected with pRetroX-Tight-Pur-Luc vector containing AR promoter frag-

ments, after 7 days puromycin selection, ChIP was performed as above. ChIP-qPCR using a forward primer that targets the plasmid

backbone and a reverse primer that targets the inserted AR promoter fragment.

ChIP-seq data analysis
ChIP-seq reads were aligned to the Human Reference Genome (assembly hg19) using Burrows-Wheeler Alignment (BWA) Tool

Version 0.6.1. ChIP-seq peak identification, overlapping, subtraction and feature annotation of enriched regions were performed

using HOMER (Hypergeometric Optimization of Motif EnRichment) suite. Weighted Venn diagrams were created by R package

Vennerable. Transcription factor motif analysis on the AR promoter sequence was performed with JASPAR. Heatmap views of

ChIP-seq were generated by deepTools.

RNA-seq and analysis
For RNA-seq, total RNA was isolated from cells using PureLinkTM RNA Mini Kit (Life Tech). RNA-seq libraries were prepared from

0.5 mg high-quality DNA-free total RNA by using NEBNext�Ultra RNA Library Prep Kit, according to the manufacturer’s instructions.

The libraries were sequenced using Illumina Hi-Seq platform. RNA-seq reads were mapped to NCBI human genome GRCh38 using

STAR version 1.5.2. Raw counts of genes were calculated by STAR. FPKM values (Fragments Per Kilobase of transcript per Million

mapped reads) were calculated by in house perl script. Differential gene expression was analyzed by R Bioconductor DESeq2

package, which uses shrinkage estimation for dispersions and fold changes to improve stability and interpretability of estimates.

Microarray and expression analysis
Microarray expression profiling was performed using HumanHT-12 v 4.0 Expression BeadChip (Illumina). Bead-level data were

preprocessed and normalized by GenomeStudio. Differentially expressed genes were identified by Bioconductor limma

package (cutoff p < 0.005). Clustering and heatmap view of differentially expressed genes were performed using Cluster and

Java Treeview 7. GSEA was performed as previously described.

Xenograft Experiments
For Xenograft, 23 106 of C4-2B cells were suspended in 200 mL PBS with 50%Matrigel (BD Science) and injected subcutaneously

into the dorsal flank of the mice one week after surgical castration. Mice were randomly divided into four different groups and treated

with 200 mL of vehicle control, Enz (10mg/kg), EPZ6438 (250mg/kg), or combination of Enz (10mg/kg) and EPZ6438 (250mg/kg) by

oral gavage. Enz were administered once a day and EPZ6438 were given twice a day. Tumor volumes were measured with digital

caliper once a week in a blinded fashion and calculated with the formula, V = p/6 (length X width2). When tumor size reached

�1,000mm3,micewere euthanized, tumors were excised andweighed. The effects of drug treatment in suppressing target pathways

were examined via western blot and immunohistochemistry analysis. For western blot analysis, dissected tumor were homogenized

with standard glass beads (1.0mm) using BeadBug homogenizer (Benchmark) in RIPA buffer supplemented with protease inhibitor

and protein were subjected for western blot analysis. For immunohistochemistry analysis, tumor sections were fixed with formalin

and embedded in paraffin. Formalin-fixed and paraffin embedded tumor section were then stained with Ki-67 and H3K27me3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics for qPCR,WST-1 cell Proliferation, Incucyte cell confluence assay, luciferase reporter assay (n = 3) and the xenograft tumor

growth curves (n = 7) were reported as mean ± standard deviation and graphs were generated using Microsoft Excel. The results

were considered significant if the p value is less than 0.05. Analysis of cell cycle upon drug treatments were performed with Modfit

FT software (Verity Software, Santa Clara, CA). All the quantification and statistical analysis for the high-throughput data including

microarray, RNA-seq and motif analysis were performed using R package Vennerable. R Bioconductor DESeq2 package.

DATA AND SOFTWARE AVAILABILITY

The accession number for microarray, ChIP-seq, and RNA-seq data reported in this paper is in the GEO database: GSE107782.

Raw image data of western blots were deposited to Mendeley Data with URL: https://data.mendeley.com/datasets/jxptxx985d/1
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Figure S1. EZH2 positively regulates AR signaling, related to Figure 1. Venn diagram 
showing overlap between genes that were activated (A) or repressed (B) by EZH2 with those that 
are induced or repressed by androgen in LNCaP cells. (C) R1881 induced genes are enriched for 
downregulation upon EZH2 knockdown (FDR q <0.001), whereas R1881 repressed genes are 
enriched for restoration upon EZH2 knockdown (FDR q=0.003). GSEA was utilized to examine 
the expression of R1881-induced and -repressed gene sets in LAPC4 cells with control (siCtrl) or 
EZH2 knockdown (siEZH2), which were profiled by microarrays.  



                 

     

Figure S2. EZH2 and AR does not interact in LNCaP cells, related to Figure 2. (A) LNCaP 
cell lysate was pulled down with IgG or EZH2 antibody followed by immunobloting with 
SUZ12, a positive control, and AR antibodies. (B) LNCaP total cell lysate was pulled with either 
N or C-terminal epitope EZH2 or AR antibodies followed by immunobloting with AR and EZH2 
antibodies.  (C-D) QRT-PCR showing that EZH2 knockdown increases its well-known 
epigenetic targets, SLIT2 and CNR1, in LNCaP and LAPC4 cells. (E-F) QRT-PCR showing that 
EZH2 knockdown increased SLIT2 and CNR1 expression in C4-2B and 22Rv1. (G-H) EZH2 
overexpression decreased SLIT2 and CNR1 in LNCaP and LAPC4 cells. 

 



       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3.  EZH2 directly induces AR gene transcription, related to Figure 3. 
(A) EZH2 knockdown does not reduce AR mRNA stability. LNCaP pLKO.1 and EZH2 
knockdown cells were plated and treated with actinomycin D for 2, 4, 6, 8, and 16 hrs prior to 
RNA isolation followed by qRT-PCR. 
(B-C) EZH2 ChIP-seq was performed in LNCaP cells with antibody targeting endogenous EZH2 
(top panel). HA-EZH2 ChIP-seq were performed using an anti-HA antibody in LNCaP cells with 
ectopic HA-EZH2 overexpression. Two biological replicates are shown (middle and bottom 
panel). EZH2 and HA-EZH2 ChIP-seq genome browser tracks for the entire AR gene (B) in 
LNCaP.  Shown in (C) are EZH2 occupancy at the promoters of CNR1, NOV, and SLIT2 genes, 
which are previously reported targets of EZH2. 
(D) HA-EZH2 overexpression confirmed by western blot analysis. 293T cells were transfected 
with either pLVX or HA-EZH2 along with different AR promoter constructs: 1.1-1.7kb, 1.7-
2.5kb, or 1.1-2.5kb.  
(E) EZH2 knockdown confirmed by western blot analysis. LNCaP cells were infected with 
lentiCRISPR/Cas9 containing pLENTI.V2 control, sgAR1+2, sgAR3+4, or sgAR1+4 for 48 hrs 
followed by EZH2 knockdown by transfection. EZH2 knockdown was validated using EZH2 
immunoblot with tubulin loading controls. 



Figure S4. EZH2 activates AR through methylation-independent mechanisms, related to 
Figure 4.  

(A-B) EZH2, H3K27me3, H3K27ac, and IgG ChIP was performed in LNCaP (A) and C4-2B (B) 
cells and then analyzed by qPCR for enrichment at the AR and SLIT2 promoters. Data shown 
are mean (±SEM) of technical replicates from one representative experiment of two. 
(C-D) EZH2 methyltransferase inhibitors did not alter AR expression in C4-2B cells. C4-2B 
cells were treated with indicate doses of GSK126 for 72hrs and the cell lysates were subjected to 
(C) western blot analysis and (D) qRT-PCR. Data shown are mean (±SEM) of technical 
replicates from one representative experiment of three.  
  



  

 

Figure S5. Dual roles of EZH2 in prostate cancer, related to Figure 5.  (A) siEZH2-induced 
(left panel) or -repressed genes (right panel) were identified through analysis of microarray data 
profiling C4-2B cells with control (siCtrl) or EZH2 knockdown (siEZH2). Their expression 
levels in all samples including additional C4-2B cells treated with DMSO control (Ctrl) or 
EPZ6438 (EPZ) were clustered and visualized by heatmaps. (B) Boxplots showing EZH2, 
H3K27ac, and H3K27me3 ChIP-seq intensity for the 3 classes of EZH2-regulated genes 
identified in LNCaP as shown in Fig.5A. (C) Venn Diagram comparing H3K27me3 ChIP-seq 
performed in our lab (m415 and m416) with that presented in Xu et al. 2012 Science paper 
(GSM969574). (D) Average intensity plots and heatmaps showing EZH2, H3K27ac, and 
H3K27me3 ChIP-seq signals around the 3 classes of EZH2-regulated genes identified in Fig.5A.  
ChIP-seq was performed in LNCaP cells with control (siC) and EZH2 (siE) knockdown. (E) De 
novo motif analysis of EZH2-H3K27ac or EZH2-H3K27me3 genes that were identified in 
Fig.5D. (F). Epigenetic signature were obtained as genes (94 genes) that were up-regulated 
(adjusted p value <0.05) by EPZ-6438 as compared to control DMSO in LNCaP cells. GSEA 
showed that these genes are significantly enriched for up-regulation upon EZH2 knockdown 
(siEZH2) in both ethanol (Upper panel) and R1881-treated (Lower panel) LNCaP cells. G. 



Androgen-induced and –repressed gene sets were obtained from microarray data of LNCaP cells 
as previously described (Zhao et al., 2012). GSEA showed that, in the absence of androgen 
(ethanol condition), androgen-induced genes (Upper panel) are only marginally enriched for 
down-regulation by siEZH2, whereas androgen-repressed genes (Lower panel) remained 
strongly enriched for up-regulation by siEZH2. H. LNcaP cells were hormone-starved for 3 days 
and subjected for control (siCtrl) or EZH2 (siEZH2) knockdown. The expression of target genes 
were assayed by qRT-PCR and normalized to GAPDH.  

 
 
 
 
 
 
 
 
 
 
 
      



 
Figure S6. Targeting of prostate cancer using combinatorial EPZ6438 and  
Enzalutamide treatment, related to Figure 6.   
(A) EZH2 and AR mRNA expression are positively correlated. Previously published prostate 
cancer gene expression data sets were downloaded from the GEO database (Ambs et al., 2008; 
Grasso et al., 2012; Lapointe et al., 2004; Sun and Goodison, 2009; Taylor et al.; Yu et al., 
2004). The expression value of EZH2 and AR are retrieved and plotted by R ggplot2 package. 
Blue line represents best line of fit, and gray shades represent 95% confidence interval.  
(B) C4-2B cells were infected with PLKO.1V, shEZH2, shSUZ12 or shAR and cell confluence 
were examined by Incucyte live imaging system.  



 
Figure S7. Combinatorial Enz and EPZ treatment inhibits AR signaling and xenograft 
tumor growth, related to Figure 7.  
(A) C4-2B cells were treated with DMSO, EPZ-6438 (1µM, EPZ), enzalutamide (10µM, Enz), 
or both for 7 days and then subjected to RNA-seq. Experiments were done in biological 
triplicate.  The expression (FPKM values) of androgen (R1881)-induced and androgen-repressed 
gene sets across all samples of varying treatments were clustered and visualized using heatmap. 
(B) C4-2B (2x106) cells were implanted subcutaneously in surgically castrated NOD.SCID mice. 
Upon palpable tumor formation, the mice were randomized to receive indicated treatments 
(Vehicle control: 1% CMC-Na+1% tween30, 10mg/kg enzalutamide (once a day), 250mg/kg 
EPZ6438 (twice a day)) by oral gavage for three weeks. Xenograft tumors at the endpoint were 
dissected out and shown here.  
(C) qPCR analysis of PSA from C4-2B xenograft tumors at the end points. Xengorafts from 
seven mice from each treatment group were used for qPCR analysis. 
(D) Quantification of Ki-67 IHC staining. Xengorafts tissues from three mice of each group were 
randomly selected for Ki-67 analysis and quantification of Ki-67 was performed with Image J.  
 



Table S5. Oligonucleotide sequences that were used in this study. 
Primer Name Sequence Application 
GAPDH F1 TGCACCACCAACTGCTTAGC qRT-PCR 

GAPDH R1 GGCATGGACTGTGGTCATGAG qRT-PCR 

EZH2 F1 TGCAGTTGCTTCAGTACCCATAAT qRT-PCR 

EZH2 R1 ATCCCCGTGTACTTTCCCATCATAAT qRT-PCR 

PSA F1 ACGCTGGACAGGGGGCAAAAG qRT-PCR 

PSA R1 GGGCAGGGCACATGGTTCACT qRT-PCR 

TMPRSS2 F1 CAGGAGTGTACGGGAATGTGATGGT qRT-PCR 

TMPRSS2 R1 GATTAGCCGTCTGCCCTCATTTGT qRT-PCR 

FKBP5 F1 TCTCATGTCTCCCCAGTTCC qRT-PCR 

FKBP5 R1 TTCTGGCTTTCACGTCTGTG qRT-PCR 

AR F1 CAGTGGATGGGCTGAAAAAT qRT-PCR 

AR R1 GGAGCTTGGTGAGCTGGTAG qRT-PCR 

ARV7 F1 CAGGGATGACTCTGGGAGAA qRT-PCR 

ARV7 R1 GCCCTCTAGAGCCCTCATTT qRT-PCR 

SLIT2 F1 CCGCAACACCGAGAGACT qRT-PCR 
SLIT2 R1 CCTGGAATGCTCCTCTTTCA qRT-PCR 
CNR1 F1 AGGAGTAAGGACCTGCGACA qRT-PCR 
CNR1 R1 TCTTGACCGTGCTCTTGATG qRT-PCR 
AR -0.7 pF1 GGGTGATTTTGCCTTTGAGA ChIP-PCR 
AR -0.7 pR1 CTGCCTTTCTTCCTGTCTGG ChIP-PCR 
AR +0.5 pF1 GCCCGAGTTTGCAGAGAG ChIP-PCR 
AR +0.5 pR1 AGTCGCCTGGCTCCTAA ChIP-PCR 
AR +1.0 pF1 TCCCGCAAGTTTCCTTCTC ChIP-PCR 
AR +1.0 pR1 GGCTGAATCTTCCACCTACTT  ChIP-PCR 
AR +1.4 pF1 CACAGGCTACCTGGTCCT  ChIP-PCR 
AR +1.4 pR1 TCTGGGACGCAACCTCT ChIP-PCR 
AR +1.7 pF1 CCACTTCCTCCAAGGACAATTA ChIP-PCR 
AR +1.7 pR1 CTGGACTCAGATGCTCCAAC ChIP-PCR 
AR +2.1 pF1 AAGGGCTAGAAGGCGAGA ChIP-PCR 
AR +2.1 pR1 GACTTGTAGAGAGACAGGGTAGA ChIP-PCR 
AR +2.6 pF1 TTCTGGGTCACCCTCAGC ChIP-PCR 
AR +2.6 pR1 CACCACCACCACACGGT ChIP-PCR 
AR +3.3 pF1 GTAGTTGCTTGGGTCGGTTT ChIP-PCR 
AR +3.3 pR1 CTGATGCAAACCTGAAGTAGGG ChIP-PCR 
SLIT2 pF1 CCAAGTTCATCCTTGGGAGA ChIP-PCR 



SLIT2 pR1 AAGGCAGTAGAGCCCACTCA ChIP-PCR 

KIAA0066 pF1 CTAGGAGGGTGGAGGTAGGG ChIP-PCR 

KIAA0066 pR1 GCCCCAAACAGGAGTAATGA ChIP-PCR 

pRetroX-Tight-
Pur-Luc-pF 

TATCCAGCCCTCACTCCTT ChIP-PCR 

0.4-0.8kb pR AGTCGCCTGGCTCCTAA ChIP-PCR 

0.8-1.2kb pR GGCTGAATCTTCCACCTACTT  ChIP-PCR 

1.2-1.6kb pR TCTGGGACGCAACCTCT ChIP-PCR 

1.6-1.8kb pR CACTGCCTTACACAACTCCTTG ChIP-PCR 

1.8-2.3kb pR GACTTGTAGAGAGACAGGGTAGA ChIP-PCR 

1.1-1.7kb-luc F  TACTCGAGGGATGGAAGTGCAGTTAGGG cloning 
1.1-1.7kb-luc R CGCAAGCTTGCCTTCGGATACTGCTTCCT cloning 
1.7-2.5kb-luc F CGCCTCGAGCGACCATTTCTGACAACGC cloning 
1.7-2.5kb-lucR ACTAAGCTTCCTTCTTCGGCTGTGAAGAG cloning 
1.1-2.5kb-luc F TACTCGAGGGATGGAAGTGCAGTTAGGG cloning 
1.1-2.5kb -lucR ACTAAGCTTCCTTCTTCGGCTGTGAAGAG cloning 
EZH2 WT F ATGGGCCAGACTGGGAAGAAATC cloning 
EZH2 WT R TCAAGCGTAATCTGGAACATCGTATGGGTAAGCGT

AATCTGGAACATCGTATGGGTAAGGGATTTCCATT
TCTCTTTC 

cloning 

siEZH2 (CDS) AAGAGGUUCAGACGAGCTGAU knockdown 
siEZH2-5’UTR CGGTGGGACTCAGAAGGCATT knockdown 
shEZH2 CCGGGCTAGGTTAATTGGGACCAAACTCGAGTTTG

GTCCCAATTAACCTAGCTTTTTG 
knockdown 

shSUZ12 AAGCTGTTACCAAGCTCCGT knockdown 
shAR CCCAAGATCCTTTCTGGGA knockdown 
0.4-0.8kb F cgcagatctCCGAGTTTGCAGAGAGGTAAC Cloning 
0.4-0.8kb R cgcggatccAAACAAAATCCTCCACCTTCC Cloning 
0.8-1.2kb F cgcagatctGAGACAGACTGTGAGCCTAG Cloning 
0.8-1.2kb R cgcggatccGGAACAGATTCTGGAAAGCTC Cloning 
1.2-1.6kb F cgcagatctTTTCCAGAATCTGTTCCAGAG Cloning 
1.2-1.6kb R cgcggatccCAGGATGTCTTTAAGGTCAG Cloning 
1.6-1.8kb F cgcagatctCTGACCTTAA AGACATCCTG Cloning 
1.6-1.8kb R cgcggatccCACTGCCTTACACAACTCCTTG Cloning 
1.8-2.3kb F cgcagatctCAAGGAGTTGTGTAAGGCAGTG Cloning 
1.8-2.3kb R cgcggatccAGAGAGTGTGCCAGGATGAG Cloning 
EZH2 H689A F GTTTGGATTTACCGAAGCATTTGCAAAACGAATTT

TGTTACCCTTGCG 
Mutagenesis 

EZH2 H689A R CGCAAGGGTAACAAAATTCGTTTTGCAAATGCTTC
GGTAAATCCAAAC 

Mutagenesis 

sgRNA1-F GCGGGGTAAGGGAAGTAGGG CRISPR 



sgRAN1-R CCCTACTTCCCTTACCCCGC CRISPR 
sgRNA2-F GCCGCCGTGGCCGCCAGCAA CRISPR 
sgRNA2-R TTGCTGGCGGCCACGGCGGC CRISPR 
sgRNA3-F GCCCCCTAAGTAATTGTCCTTGG CRISPR 
sgRNA3-R CCAAGGACAATTACTTAGGGGGC CRISPR 
sgRNA4-F AGTTGTAGTAGTCGCGACTCTGG CRISPR 
sgRNA4-R CCAGAGTCGCGACTACTACAACT CRISPR 
sgRNA5-F TGCATGTACGCCCCACTTTTGGG CRISPR 
SgRNA5-R CCCAAAAGTGGGGCGTACATGCA CRISPR 
Primer-F2 CGCAAGTTTCCTTCTCTGGA CRISPR/Cas

9 DNA PCR 
and RT-PCR 

Primer-R2 TCCCCTTCTCTTGCTCAGAA CRISPR/Cas
9 DNA PCR 
and RT-PCR 
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