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The Polycomb-repressive complex 2 (PRC2) is important

for maintenance of stem cell pluripotency and suppression

of cell differentiation by promoting histone H3 lysine 27

trimethylation (H3K27me3) and transcriptional repression

of differentiation genes. Here we show that the tumour-

suppressor protein BRCA1 interacts with the Polycomb

protein EZH2 in mouse embryonic stem (ES) and human

breast cancer cells. The BRCA1-binding region in EZH2

overlaps with the noncoding RNA (ncRNA)-binding do-

main, and BRCA1 expression inhibits the binding of EZH2

to the HOTAIR ncRNA. Decreased expression of BRCA1

causes genome-wide EZH2 re-targeting and elevates

H3K27me3 levels at PRC2 target loci in both mouse ES

and human breast cancer cells. BRCA1 deficiency blocks

ES cell differentiation and enhances breast cancer migra-

tion and invasion in an EZH2-dependent manner. These

results reveal that BRCA1 is a key negative modulator of

PRC2 and that loss of BRCA1 inhibits ES cell differentiation

and enhances an aggressive breast cancer phenotype by

affecting PRC2 function.
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Introduction

The evolutionally conserved Polycomb group (PcG) proteins

play pivotal roles in transcription repression by forming

chromatin-modifying complexes termed Polycomb-repressive

complexes (PRCs) such as PRC1 and PRC2 (Kennison, 1995;

Schwartz and Pirrotta, 2007; Simon and Kingston, 2009;

Margueron and Reinberg, 2011). PRC2 contains four core

subunits of EZH2, SUZ12, EED and RbAp46/48 in humans

or E(z), Su(z)12, esc and Nurf55 in Drosophila. EZH2 is an

enzymatic subunit of PRC2 that contains a SET domain

catalysing histone H3 lysine 27 trimethylation (H3K27me3;

Cao et al, 2002; Czermin et al, 2002; Kuzmichev et al, 2002;

Muller et al, 2002). This chromatin mark is commonly

associated with silencing of differentiation genes and has

key roles in developmental patterning in organisms ranging

from plants and flies to humans. PRC2 is important for

embryonic stem (ES) cell self-renewal, cell-fate decisions

and generation of inducible pluripotent stem (iPS) cells

(Boyer et al, 2006; Lee et al, 2006; Ezhkova et al, 2009;

Onder et al, 2012). EZH2 is often overexpressed or mutated in

human solid and hematologic tumours and has been

implicated in cancer progression (Varambally et al, 2002;

Bracken et al, 2003; Kleer et al, 2003; Morin et al, 2010).

Mounting evidence indicates that the potent function of

EZH2 is tightly regulated in diverse biological contexts. EZH2

expression is regulated by RB/p130-E2F pathways, microRNA

101 and sex hormones (Bracken et al, 2003; Varambally et al,

2008; Bohrer et al, 2010). Noncoding RNAs (ncRNAs) such as

HOTAIR and XIST bind to and facilitate PRC2 occupancy on

chromatin (Rinn et al, 2007; Zhao et al, 2008; Gupta et al,

2010). The protein kinase AKT phosphorylates EZH2 at serine

21, which inhibits PRC2-mediated H3K27me3 and gene

silencing but activates Polycomb-independent oncogenic

functions of EZH2 (Cha et al, 2005; Xu et al, 2012). Cyclin-

dependent kinase 1 (CDK1) and CDK2 phosphorylate EZH2 at

threonine 350 (T350) and 487 (T487) residues and regulate

PRC2 recruitment to its target loci (Chen et al, 2010; Kaneko

et al, 2010; Wei et al, 2011). T350 phosphorylation also

enhances EZH2 binding to HOTAIR and XIST ncRNAs and

accelerates turnover of phosphorylated EZH2 (Kaneko et al,

2010; Wu and Zhang, 2011). Moreover, the Jumonji

C-containing protein Jarid2 has been shown to interact with

and regulate PRC2 enzymatic activity and target gene

occupancy in ES cells (Peng et al, 2009; Shen et al, 2009;

Landeira et al, 2010; Li et al, 2010; Pasini et al, 2010).

Breast cancer susceptibility gene 1 (BRCA1) was identified

as a hereditary cancer susceptibility gene (Miki et al, 1994).

Heterozygous germline mutations of BRCA1 predispose

women to breast and ovarian cancer with a lifetime risk up

to 85% by age 70 years (King et al, 2003; Wooster and Weber,

2003). Strikingly, the majority of breast cancers arising in

BRCA1 mutation carriers are of the basal-like phenotype with

unique characteristics such as lack of estrogen receptor (ER)

but expression of basal or myoepithelial cell markers
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cytokeratins (CKs) CK5/6, CK14 and CK17 (Foulkes et al,

2003; Sorlie et al, 2003; Foulkes, 2004; Lakhani et al, 2005). It

has therefore been suggested that BRCA1 tumours are

originated from basal-like stem cells (Foulkes, 2004;

Vassilopoulos et al, 2008). To date, a large number of

biochemical activities have been linked to BRCA1 function,

which include DNA damage response and repair (Scully et al,

1997; Cortez et al, 1999), transcription regulation (Chapman

and Verma, 1996; Harkin et al, 1999), chromatin remodelling

(Bochar et al, 2000), heterochromatin maintenance (Zhu

et al, 2011), among others. Moreover, the NH2-terminal

RING domain and the COOH-terminal BRCT domain have

been identified as two major functional domains of BRCA1

(Huen et al, 2010). However, how BRCA1 regulates cell

differentiation and how BRCA1 deregulation contributes to

development of aggressive phenotypes of basal-like breast

tumours remain elusive. In the present study we report that

BRCA1 binds to EZH2 and modulates its functions in

regulation of transcription repression, ES cell differentiation

and breast cancer cell migration and invasion.

Results

BRCA1 associates with the PRC2 complex in ES and

breast cancer cells

It has been shown previously that expression of PRC2 target

genes are downregulated in ER-negative, basal-like breast

cancers in comparison to other subtypes of breast cancer

(Ben-Porath et al, 2008). Given that the vast majority of

breast cancers arising from BRCA1 mutation carriers are of

basal-like phenotype (Foulkes et al, 2003; Sorlie et al, 2003),

we hypothesized that BRCA1 functions as a negative

regulator of PRC2 and that loss of BRCA1 enhances PRC2

function. To test this hypothesis, we assessed whether BRCA1

protein interacts with PRC2. The 293T cells were transfected

with myc-tagged EZH2 and cell lysates were subjected to co-

immunoprecipitation (co-IP). As expected, the PRC2 core

components SUZ12 and EED were detected in the anti-myc

immunoprecipitants (Figure 1A). BRCA1 protein was also

immunoprecipitated by anti-myc antibody, but not nonspe-

cific IgG (Figure 1A). In contrast, BRCA1-associated RING

domain protein 1 (BARD1) was not found in this complex

(Figure 1A), suggesting a specific interaction between EZH2

and BRCA1. Neither BARD1 overexpression nor T350 phos-

phorylation on EZH2 affected the interaction (Supplementary

Figure S1A and B). Next, we examined if endogenous BRCA1

interacts with PRC2. Ethidium bromide was added in co-IP

assays to exclude DNA/chromatin as a potential mediator of

protein interaction as reported previously (van der Vlag and

Otte, 1999; Pasini et al, 2008). Endogenous BRCA1 protein

along with endogenous PRC2 proteins Suz12 and Eed were

immunoprecipitated by anti-Ezh2 from R1 mouse ES cells

(Figure 1B). Reciprocally, endogenous PRC2 proteins Ezh2

and Suz12 were immunoprecipitated by anti-Brca1 antibody

Figure 1 BRCA1 interacts with the PRC2 complex in ES and breast cancer cells. (A) Co-IP of myc–EZH2 with BRCA1 and PRC2 components
SUZ12 and EED in 293T cells. The 293T cells transfected with myc-tagged EZH2 were subjected to Co-IP with anti-myc antibody. #Nonspecific
proteins reacted with the antibodies used. The proportion (%) of each protein involved in the interaction is determined by dividing the
immunoblotting band density of immunoprecipitant with the band density of input (1%), and shown in the right side of each blot. (B) Co-IP of
endogenous Brca1 and PRC2 proteins by anti-Ezh2 antibody in R1 mouse ES cells. #Nonspecific proteins reacted with anti-BRCA1 antibody.
(C) Co-IP of endogenous Ezh2, Suz12 and Brca1 proteins by anti-Brca1 antibody in AB2.2 mouse ES cells. (D) Co-IP of endogenous EZH2,
SUZ12 and BRCA1 proteins by anti-BRCA1 antibody in MCF7 cells. (E) Effect of RNase A treatment on BRCA1–EZH2 interaction. The 293Tcells
transfected with HA–BRCA1 and myc–EZH2 and cell lysates were treated with or without RNase A prior to co-IP with anti-myc antibody (left)
and RT–PCR for the presence of GAPDH mRNA. Source data for this figure is available on the online supplementary information page.
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from AB2.2 mouse ES cells (Figure 1C). Parallel interactions

were detected in human breast cancer cell line MCF7

(Figure 1D). Together, both endogenous and ectopically ex-

pressed BRCA1 and EZH2 interact with each other in various

cell types.

Identification of region(s) in BRCA1 and EZH2

responsible for their interaction

We performed glutathione S-transferase (GST) pull-down

assays to determine if BRCA1 directly interacts with EZH2

and which region(s) in BRCA1 and EZH2 proteins mediates

their interaction. EZH2, SUZ12, EED and Ezh1 were produced

individually by in vitro transcription and translation and

incubated separately with bacteria-purified five GST-BRCA1

fusion proteins (Figure 2A). Only EZH2, but not SUZ12, EED

and Ezh1 interacted with BRCA1, although similar amounts

of proteins were used (Figure 2B). There were two regions in

BRCA1 (BR2, amino acids 252–551 and BR3, amino acids

501–1021) that interacted with EZH2 (Figure 2B). When the

recombinant PRC2 complex containing Ezh2, SUZ12, EED

and RbAp48 copurified from insect Sf9 cells was employed in

GST pull-down assay, we found that the most NH2-terminal

region in BRCA1 (BR1, amino acids 1–304) also interacted

with EZH2 and EED in the PRC2 complex (Figure 2C),

indicating that other subunits of PRC2 contribute to the

interaction of BRCA1 with EZH2. The interaction between

BRCA1 NH2-terminus and EZH2 was confirmed by co-IP and

mass spectrometry analyses (Supplementary Figure S1C–F).

Figure 2 Analysis of the regions in BRCA1 and EZH2 responsible for their interaction. (A) Schematic diagram of the five GST-BRCA1 fusion
proteins (BR1 to BR5). NLS, nuclear localization signal. (B) GST pull-down assay detecting the regions of BRCA1 that bind to PRC2 proteins.
Top, western blot analysis of in vitro transcribed and translated Polycomb proteins EZH2, SUZ12, EED and Ezh1 pulled down by GST or GST-
BRCA1 fusion proteins BR1-BR5. #Nonspecific proteins reacted with anti-EZH2 antibody. Bottom, Coomassie blue staining of GST and GST-
BRCA1 fusion proteins BR1–BR5. Asterisks indicate proteins with correct molecular masses. (C) Top, western blot analysis of Ezh2 and EED in
baculovirally expressed PRC2 complex pulled down by GST or GST-BRCA1 fusion proteins. Bottom, Coomassie blue staining of GST and GST-
BRCA1 fusion proteins BR1–BR5. Asterisks indicate proteins with correct molecular masses. (D) GST pull-down assay detecting the regions of
EZH2 that bind to BRCA1. Top, schematic diagram of the four GST-EZH2 fusion proteins designated as EZ1 to EZ4. EBD, EED binding domain;
ncRBD1, ncRNA binding domain 1. Middle, western blot analysis of baculovirally expressed BRCA1 pulled down by GST or GST-EZH2 fusion
proteins EZ1-EZ4. #Nonspecific proteins reacted with anti-BRCA1 antibody. Bottom, Coomassie blue staining of GST and GST-EZH2 fusion
proteins EZ1–EZ4. Asterisks indicate proteins with correct molecular mass. Source data for this figure is available on the online supplementary
information page.
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Reciprocally, recombinant BRCA1 proteins purified from Sf9

cells were incubated with GST-EZH2 fusion proteins.

As shown in Figure 2D, BRCA1 interacted with a region in

EZH2 containing amino acids 341–559, which overlaps with

the ncRNA binding domain 1 (ncRBD1, amino acids 342–370)

(Kaneko et al, 2010). Because the EZH2 interaction region in

BRCA1 contains a RING domain and a similar domain in

other proteins enables to bind to RNA (Lai et al, 1998),

we sought to determine if the BRCA1–EZH2 interaction is

RNA mediated. Cell lysates were treated with RNase

A prior to co-IP. The effectiveness of RNase A treatment

was evident by complete depletion of GAPDH mRNA from

the cell lysates (Figure 1E, right). However, RNase A treat-

ment had little or no effect on the BRCA1–EZH2 interaction

(Figure 1E, left), suggesting that their interaction is not RNA

mediated.

BRCA1 regulates genome-wide occupancy of EZH2 on

chromatin

The interaction between BRCA1 and EZH2 prompted us to

determine if BRCA1 affects EZH2 occupancy on its target

genes. We employed a chromatin immunoprecipitation

coupled with DNA microarray (ChIP-chip) approach to inter-

rogate genome-wide chromatin occupancy of EZH2 in two

independent mouse ES cell lines. Consistent with the pre-

vious report (Chang et al, 2009), Brca1 protein levels were

significantly reduced in Brca1-heterozygous PL2F8 cells in

comparison to wild-type AB2.2 ES cells, but was restored in

PL2F8-BAC cells rescued with human BRCA1 BAC DNA

(Figure 3A and Supplementary Figure S2A). Brca1-heterozy-

gous deletion resulted in gain of Ezh2 occupancy on 1330 de

novo targets (Figure 3B and Supplementary Table S1) and the

result was reproducible (Supplementary Figure S2B). Brca1-

heterozygous deletion also caused loss of Ezh2 occupancy on

646 pre-existing targets (Figure 3B). These results were

unlikely caused by the effect of BRCA1 on cell proliferation

since little or no difference in cell cycle distribution was

observed between AB2.2 and PL2F8 cells (Supplementary

Figure S2C). Similarly, Brca1 knockdown by small interfer-

ence RNA (siRNA) in R1 mouse ES cells (Supplementary

Figure S2D) induced gain of Ezh2 occupancy on 1081 de novo

targets but loss of occupancy on 858 targets (net gain of 223

targets; Figure 3B and Supplementary Table S1). The overlap

(218 genes) of the gained Ezh2 targets between PL2F8 and R1

siBr cells was relatively small, but reproducible and statisti-

cally significant (Figure 3B and C and Supplementary Figure

S2E). This is probably due to a large degree of genetic

diversity among 129 substrains (Simpson et al, 1997;

Threadgill et al, 1997) from which AB2.2 and R1 ESC lines

were established and the overt differences in Brca1 protein

level in these two ESC lines both before and after Brca1

knockdown or knockout (Supplementary Figure S2F). It is

worth noting that overexpression HOTAIR ncRNA also re-

sulted in a biphasic effect on EZH2 targeting in breast cancer

cells (Gupta et al, 2010). Gene ontology (GO) analysis of the

218 de novo Ezh2 targets showed that these genes are

enriched for diverse functions including development, cell

growth and adhesion (Supplementary Figure S3A).

Additionally, Brca1-heterozygous deletion in PL2F8 cells en-

hanced Ezh2 occupancy on 1089 pre-existing PRC2 targets

including Hoxa9 (Figure 3D and Supplementary Table S1).

Similarly, silencing of Brca1 in R1 cells also increased Ezh2

occupancy on a large number of pre-existing PRC2 targets

(Supplementary Table S1). Brca1 deficiency-enhanced chro-

matin enrichment of Ezh2 in PL2F8 ES cells was confirmed

by ChIP–qPCR at the promoters of 7 de novo and 3 pre-

existing target genes including development regulators and

tumour growth and metastasis suppressor genes Brachyury

(T), Dab2ip, Igfbp3, Adrb1 and Adam10 (Peng et al, 2009; Xie

et al, 2010) (Figure 3E). Restored BRCA1 expression in PL2F8-

BAC cells reversed Ezh2 occupancy at these loci (Figure 3A

and E). Collectively, these data indicate that reduced expres-

sion of BRCA1 broadens genome-wide occupancy of EZH2 on

chromatin in murine ES cells.

BRCA1 regulates H3K27me3 levels at EZH2 target loci

Next, we sought to determine if BRCA1 affects H3K27me3

levels at EZH2 target loci. Brca1-heterozygous deletion had

no effect on the level of PRC2 proteins Ezh2, Suz12 and Eed

in PL2F8 cells compared to AB2.2 cells (Figure 3A), while it

resulted in a substantial increase in H3K27me3 in the pro-

moters of de novo and pre-existing PRC2 targets examined

(Figure 3F). This effect was completely reversed by restored

expression of BRCA1 in PL2F8-BAC ES cells (Figure 3F). To

determine whether BRCA1 regulates PRC2 function in human

breast cancer cells, endogenous BRCA1 was knocked down

by two independent BRCA1-specific siRNAs in MCF7 cells

(Figure 4A). Silencing of BRCA1 resulted in a significant

increase in EZH2 occupancy and H3K27me3 levels in the

promoter of HOXA9 (Figure 4B, left). Accordingly, overex-

pression of BRCA1 decreased the binding of EZH2 to the

HOXA9 promoter and increased HOXA9 mRNA expression

(Figure 4C and D). Consistent with the findings that Dab2ip is

not a PRC2 target in wild-type mouse ES cells (Ku et al, 2008),

and that it is highly bound by Ezh2 due to heterozygous

deletion of Brca1 in PL2F8 ES cells (Figure 3D–F), EZH2

binding and H3K27me3 levels significantly increased

at the DAB2IP locus in BRCA1-knockdown MCF7 cells

(Figure 4B, right). BRCA1 knockdown also increased EZH2

occupancy and H3K27me3 levels in the promoter of HOXA9

in MCF10A cells and other four EZH2 target loci in MCF7 cells

(Figure 4E and Supplementary Figure S3B). Consistent with

these observations, BRCA1 knockdown decreased the

expression of HOXA9, DAB2IP and FOXJ1 proteins in MCF7

cells (Figure 4A). Thus, BRCA1 negatively regulates PRC2

function and loss of BRCA1 increases H3K27me3 levels

at PRC2 target loci in both mouse ES and human breast

cancer cells.

BRCA1 inhibits HOTAIR-enhanced EZH2 recruitment to

its target loci

Since BRCA1 inhibits EZH2 occupancy on chromatin (Figure

3E and 4B) without affecting PRC2 component expression

(Figure 3A), we sought to determine if BRCA1 influences

PRC2 recruitment to its target loci. Several transcription

regulators (e.g., YY1) and long ncRNAs (such as HOTAIR

and XIST) have been shown to interact with and facilitate

PRC2 targeting in mammalian cells (Caretti et al, 2004; Rinn

et al, 2007; Zhao et al, 2008). Because the binding region of

BRCA1 in EZH2 (amino acids 341–559) overlaps with the

ncRBD1 (amino acids 342–370) (Kaneko et al, 2010), we

examined if BRCA1 interferes EZH2 binding to ncRNAs.

RNA immunoprecipitation (RIP) assay showed that

expression of BRCA1 inhibited and BRCA1 knockdown

BRCA1 inhibits PRC2 complex
L Wang et al

1587&2013 European Molecular Biology Organization The EMBO Journal VOL 32 | NO 11 | 2013



Figure 3 Effect of Brca1 expression on genome-wide Ezh2 targeting in mouse ES cells. (A) Western blot analysis of expression of indicated
proteins in AB2.2, PL2F8 and PL2F8-BAC mouse ES clones. Expression of extracellular signal-regulated kinase 2 (Erk2) was included as a loading
control. Data shown are from one representative experiment out of two independent experiments that gave similar results. (B) Venn diagram
showing de novo Ezh2 targeting genes shared between PL2F8 cells with Brca1 heterozygous deletion and R1 mouse ES cells with Brca1
knockdown. The overlap is statistically significant with P¼ 8.59E–31 (hypergeometric test). (C) Heat map showing genes with gain or loss of Ezh2
occupancy due to decreased expression of Brca1 in three Brca1-proficient replicates (two AB2.2 plus one R1 siC) and three Brca1-deficient
replicates (two PL2F8 plus one R1 siBr). ChIP signals are depicted using the colour scale at the bottom. (D) Examples of Ezh2 ChIP-chip results for
the indicated loci in AB2.2 and PL2F8 ES cells. TSS, transcription start site. Arrows in blue indicate the locations of primers for ChIP–qPCR. (E)
ChIP–qPCR analysis of Ezh2 occupancy on target loci in AB2.2, PL2F8 and PL2F8-BAC ES cells. Data are shown as means±s.d. from experiments
with three replicates (n¼ 3). Genes labelled in red are known EZH2 targets in mouse ES cells. (F) ChIP–qPCR analysis of H3K27me3 in PRC2 target
loci identified by ChIP-chip in AB2.2, PL2F8 and PL2F8-BAC ES cells. Data are means±s.d. from three individual experiments (n¼ 3). H3K27me3
and total H3 ChIP results were first normalized to input DNA and the H3K27me3/H3 ratio was determined by their normalized values. Genes
labelled in red are known EZH2 targets. Source data for this figure is available on the online supplementary information page.
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increased EZH2 binding to HOTAIR in MCF7 cells (Figure 5A

and B). Consistent with the finding that HOTAIR is important

for PRC2 targeting (Rinn et al, 2007; Kaneko et al, 2010),

expression of HOTAIR increased the binding of EZH2 to the

HOXA9 promoter in MDA-MB-231 cells, but this effect was

blocked by forced expression of BRCA1 (Figure 5C, left).

BRCA1 also inhibited HOTAIR-enhanced EZH2 occupancy

on HOXA9 promoter in MCF7 cells and BJ human fibroblasts

(Figure 5D). However, BRCA1 expression failed to inhibit

EZH2 occupancy on EZH2 target loci in HOTAIR-knockdown

MCF7 cells (Supplementary Figure S4A–C), suggesting that

BRCA1-mediated inhibition of EZH2 occupancy on chromatin

is mainly mediated through HOTAIR in MCF7 cells. Moreover,

the HOXA9 mRNA level was repressed by HOTAIR expression

in MDA-MB-231 cells and this was completely reversed by

forced expression of BRCA1 (Figure 5C, right). Thus, BRCA1

inhibits the binding of HOTAIR to EZH2 and abolishes

HOTAIR-enhanced recruitment of PRC2 to its target gene

HOXA9 in human breast cancer cells and fibroblasts.

BRCA1 is involved in G2/M cell cycle checkpoint

control. As expected, expression of wild-type BRCA1 in

MDA-MB-231 cells increased cell cycle distribution at G2/M

(Supplementary Figure S5A and B). In contrast, expression

of BRCA1-N (amino acids 1–1100), a COOH-terminal

truncation mutant of BRCA1, had no effect on G2/M distribu-

tion (Supplementary Figure S5A and B). This result is

consistent with a previous report that stable expression of a

COOH-terminal deletion mutant of BRCA1 had little or no

effect on cell growth (Harkin et al, 1999). In agreement

with the finding that BRCA1-N interacts with EZH2 in vitro

and in cells (Figure 2C and Supplementary Figure S1C),

ectopic expression of BRCA1-N not only inhibited

EZH2 occupancy on chromatin at its target loci, but also

increased its target gene expression (Supplementary

Figure 4 BRCA1 negatively regulates EZH2 recruitment and H3K27me3 levels at PRC2 target loci in breast cancer cells. (A) Western blot
analysis of expression of BRCA1 and PRC2 target proteins HOXA9, DAB2IP and FOXJ1 in MCF7 cells transfected with control (siC) or two
independent BRCA1-specific siRNAs. ERK2, loading control. (B) MCF7 cells were transfected with control and BRCA1-specific siRNAs as in (A)
and subjected to ChIP analysis with anti-EZH2, anti-H3K27me3 antibodies or control IgG and qPCR analysis (means± s.d., n¼ 3). *Po0.05
comparing EZH2 enrichment in siBR#1 and #2 transfected cells to that in siC transfected cells; **Po0.01 comparing H3K27me3 enrichment in
siBR#1 and #2 transfected cells to that in siC transfected cells. (C, D) Effects of BRCA1 overexpression on EZH2 recruitment to the HOXA9 gene
promoter and HOXA9 mRNA expression in MCF7 cells. At 24 h after transfection, cells were subjected to western blot, ChIP–qPCR (means±

s.d., n¼ 3) (C) and RT–qPCR (means± s.d., n¼ 3) (D). CV, control vector; *Po0.05 and **Po0.01. (E) ChIP–qPCR analysis of EZH2 and
H3K27me3 enrichment on HOXA9 gene promoter in MCF10A cells (means± s.d., n¼ 3). **Po0.01 comparing EZH2 enrichment in siBR#1 and
#2 transfected cells to that in siC transfected cells; *Po0.05 comparing H3K27me3 enrichment in siBR#2 transfected cells to that in siC
transfected cells. Source data for this figure is available on the online supplementary information page.
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Figure S5C and D). Importantly, these effects of BRCA1-N

were similar to those mediated by wild-type BRCA1

(Supplementary Figure S5C and D). Together, these

data rule out the possibility that the effects of BRCA1

on EZH2 chromatin occupancy are due to cell cycle

alterations.
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We also investigated how Brca1 affects PRC2 targeting in

mouse ES cells. While a recent study demonstrates that the

cognate mouse Hotair ncRNA is poorly conserved in se-

quence (Schorderet and Duboule, 2011), genome-wide RIP-

seq analysis reveals that there are more than 200 long

ncRNAs bound to PRC2 in mouse ES cells (Zhao et al,

2010). It is worth noting that pretreatment of nuclear

extracts with RNases invariably abolished Ezh2 binding

with all the ncRNAs examined (Zhao et al, 2010), whereas

RNase treatment of nuclear extracts does not generally affect

chromatin and nuclei ChIP efficiency (Yap et al, 2010). To

determine if ncRNAs also play a role in Brca1 regulation of

Ezh2 targeting in mouse ES cells, endogenous Brca1 was

knocked down by gene-specific siRNAs in R1 ES cells and

nuclear extracts were mock treated or treated with RNase A

prior to nuclei ChIP assay. Similar to the results obtained in

MCF7 cells (Figure 4A), Brca1 knockdown decreased Hoxa9

and Foxj1 protein expression in R1 ES cells (Figure 5E),

indicating that Brca1 knockdown affects PRC2 function in

these cells. Brca1 knockdown substantially increased Ezh2

binding to Brachyury, Foxj1 and Hoxa9 promoters (Figure 5F).

Importantly, this effect was abolished by RNase A treatment

(Figure 5F). These data suggest that Brca1 may regulate PRC2

targeting in mouse ES cells via a mechanism similar to that

mediated by HOTAIR in human breast cancer cells.

Brca1 affects mouse ES cell differentiation via

regulation of Ezh2

PRC2 plays a pivotal role in H3K27me3-mediated silencing of

developmental regulators that control human and mouse ES

cell differentiation (Boyer et al, 2006; Lee et al, 2006). We

sought to examine whether BRCA1 affects ES cell

differentiation via EZH2. R1 mouse ES cells were

transfected with control siRNAs or Brca1 and/or Ezh2

siRNA in combination with or without HA-tagged human

BRCA1. Cells were then cultured in suspension in the absence

of leukemia inhibitory factor (LIF). Cells transfected with

control siRNAs underwent differentiation by forming

embryoid bodies (EBs) in a time-dependent manner (Figure

6A and B, column 1). Western blot analysis showed that

Brca1 was effectively silenced by siRNAs (Figure 6A). No

apparent phenotypic difference was detected between Brca1-

knockdown and control cells at the early time points (2 days)

of culture (Figure 6B, column 2). However, the prolonged

(4–8 days) culture severely compromised EB formation in

Brca1-knockdown cells (Figure 6B, column 2). This effect

was rescued by ectopic expression of human BRCA1, which

is resistant to mouse Brca1 siRNAs (Figure 6A and B,

column 5). Thus, reduced expression of Brca1 impairs

mouse ES cell differentiation. The inhibitory effect of Brca1

was largely diminished by concomitant Ezh2 knockdown

Figure 6 Effect of Brca1 expression on murine ES cell differentiation. (A) R1 ES cells were transfected as indicated and subjected to western
blot analysis at 48 h after transfection. (B) R1 cells were transfected as in (A). Cells were cultured on low-attachment plates in the absence of
LIF. Images were taken 2, 4, 6 and 8 days after plating. Scale bar, 200 mm. (C) R1 cells were transfected as in (A). At 6 days after cultured in
suspension, cells were harvested for RT–qPCR analysis of expression of stem cell markers Dax1 and Eras (means±s.d., n¼ 3). *Po0.05
comparing Dax1 and Eras expression in the siBr-transfected group to every other group. Source data for this figure is available on the online
supplementary information page.

Figure 5 BRCA1 regulation of ncRNA-mediated recruitment of EZH2 on its targeting gene loci. (A) Effect of BRCA1 overexpression on the
binding of HOTAIR ncRNA to EZH2. Transfected MCF7 cells were harvested for western blots and RIP with anti-myc or nonspecific IgG. Lysates
from AB2.2 and Brca1-heterozygous PL2F8 mouse ESC lines were used as positive/negative controls to define the BRCA1 band on western
blots. Retrieved HOTAIR ncRNAwas analysed by RT–qPCR (n¼ 3). *Po0.01. (B) Effect of BRCA1 knockdown on the binding of HOTAIR ncRNA
to EZH2. MCF7 cells were transfected with control (siC) and BRCA1-specific siRNAs (siBR) and subjected to western blots and RIP with anti-
EZH2 or nonspecific IgG. Retrieved HOTAIR ncRNA was analysed by RT–qPCR (n¼ 3). *Po0.01. (C) Effect of BRCA1 on HOTAIR-enhanced
binding of EZH2 to the HOXA9 promoter (left) and HOXA9 mRNA expression (right). MDA-MB-231 cells were transfected with plasmids as
indicated and subjected to western blots. The binding of EZH2 to the HOXA9 promoter was analysed by ChIP using anti-EZH2 antibody (ChIP–
qPCR, n¼ 3, left) and RT–qPCR (n¼ 3, right). * Po0.01. (D) MCF7 cells and BJ fibroblasts were transfected with the indicated plasmids and
subjected to ChIP assay with anti-EZH2 antibody and qPCR analysis (n¼ 3). *Po0.01. (E, F) R1 mouse ES cells were transfected with pools of
control (siC) or Brca1-specific siRNAs (siBr) and subjected to western blot analysis (E). #Nonspecific protein reacted with anti-Brca1 antibody.
The other set of cells were harvested for ChIP assay (F). Extracted nuclei were pretreated with or without RNase A and subjected to ChIP
analysis with anti-Ezh2 antibody. Enrichment of Ezh2 on target loci were analysed by ChIP–qPCR (n¼ 3). Data are shown as means±s.d. from
three individual experiments. *Po0.05. Source data for this figure is available on the online supplementary information page.
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(Figure 6A and B, column 3). Ezh2 knockdown alone had no

drastic effect on EB formation (Figure 6B, column 4).

Consistent with the morphology data, expression of stem

cell markers Dax1 and Eras (Takahashi et al, 2003; Pasini

et al, 2010) was much higher in Brca1-knockdown cells

compared to differentiation-unaffected cells in the other

four groups (Figure 6C). Together, these data suggest that

Ezh2 plays a key role in Brca1 deficiency-induced blockage of

mouse ES cell differentiation.

BRCA1 regulates breast cancer migration and invasion

via EZH2

Given that expression of the PRC2 target proteins HOXA9 and

DAB2IP is modulated by BRCA1 in MCF7 breast cancer cells

(Figure 4A) and that both proteins play important roles in

inhibition of cell migration and invasion (Chen et al, 2010;

Gilbert et al, 2010; Xie et al, 2010), we sought to determine

whether BRCA1 regulates breast cancer cell migration and

invasion via EZH2. Treatment of MDA-MB-231 breast cancer

cells by a pool of BRCA1-specific siRNAs completely depleted

endogenous BRCA1 (Figure 7A). Like in MCF7 cells, BRCA1

silencing decreased DAB2IP protein levels in MDA-MB-231

cells (Figure 7A). Notably, BRCA1 knockdown increased

breast cancer cell migration (Figure 7B) and invasion

(Figure 7D). The quantified data are shown in Figures 7C

and E, respectively. The effect of BRCA1 silencing on DAB2IP

expression (Figure 7A), migration (Figure 7B and C) and

invasion (Figure 7D and E) was partially reversed by con-

comitant EZH2 knockdown, suggesting that the effect of

BRCA1 on cell migration and invasion is mediated, at least

in part, through EZH2. As a control, knockdown of EZH2

alone resulted in a slight increase in DAB2IP expression

(Figure 7A), a modest but statistically significant decrease

in cell migration (Figure 7B and C) and a marked decrease in

invasion (Figure 7D and E). Together, BRCA1 inhibits EZH2-

mediated repression of tumour metastasis-inhibitory genes

DAB2IP and HOXA9 (Gilbert et al, 2010; Xie et al, 2010) and

blocks EZH2-enhanced migration and invasion of breast

cancer cells.

Discussion

The striking bias observed in BRCA1 mutation carriers to-

wards developing aggressive basal-like breast cancers has

driven significant interest in understanding how BRCA1

might regulate gene expression and cell fate. Mediating global

gene silencing, the PRC2 chromatin-modifying complex has

been implicated in stem cell differentiation (Boyer et al, 2006;

Lee et al, 2006; Pasini et al, 2007; Ezhkova et al, 2009) and

cancer progression (Varambally et al, 2002; Bracken et al,

2003; Kleer et al, 2003). In this report we provide evidence

that BRCA1 interacts with EZH2 in vitro and in cultured cells.

Figure 7 BRCA1 regulates human breast cancer cell migration and invasion via EZH2. (A) MDA-MB-231 cells were transfected with HOTAIR
and siRNAs as indicated. At 48 h after transfection, one set of cells were harvested and subjected to western blot analysis. #Nonspecific protein
reacted with anti-BRCA1 antibody. The density of DAB2IP was determined by normalizing to ERK2 first and then to the normalized value in
siC-transfected cells. (B, C) At 48 h after transfection as in (A), artificial wounds were created on cells grown in confluence. Images were taken
at 0, 24 and 48h after wound (B). Scale bar, 200 mm. The wound widths were measured and quantified in (C) (means±s.d., n¼ 5). *Po0.05.
(D, E) After transfection as in (A), cells were used for transwell invasion assays. Images for invasive cells were taken at 48 h after transfection
(D). Scale bar, 50mm. Cell invasion was quantified by measuring the number of invasive cells per high-power field (HPF, � 400) (means±s.d.,
n¼ 5) from five random fields (E). *Po0.01. Source data for this figure is available on the online supplementary information page.
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Reduction of BRCA1 levels in ES cells leads to genome-wide

re-targeting of EZH2 and concomitant increase in H3K27me3

levels in PRC2 target loci. BRCA1 deficiency also blocks ES

cell differentiation and enhances breast cancer cell migration

and invasion, and these effects are mediated, at least in part,

through EZH2. Thus, we have identified modulation of EZH2

functions as a novel mechanism of BRCA1 in regulation of

gene expression, stem cell differentiation and cancer

aggressive phenotypes.

BRCA1 is detected in many protein complexes with diverse

functions including DNA damage response and repair, tran-

scription regulation and chromatin remodelling (Huen et al,

2010). Through the RING domain at the NH2-terminus,

BRCA1 forms a heterodimer with BARD1, a well-studied

BRCA1 partner protein that has been implicated in

regulation of genomic stability, DNA repair and

transcription (Meza et al, 1999; Huen et al, 2010). Our

in vitro protein binding and co-IP assays demonstrated that

BRCA1 binds to the PRC2 complex through its NH2-terminal

(amino acids 1–1021), but not the COOH-terminal portion

(amino acids 1022–1863). However, we found that neither

BARD1 was detected in the BRCA1–PRC2 complex nor

BARD1 overexpression affected BRCA1–EZH2 interaction.

Thus, our data reveal that BRCA1 associates with PRC2 in a

protein complex different from the BRCA1–BARD1 complex,

suggesting that BRCA1–PRC2 interaction works independent

of the BRCA1–BARD1 heterodimer and thereby may not

interfere with the heterodimer function of BRCA1–BARD1 in

DNA damage. Moreover, there is an emerging link between

PcG and the DNA damage response in mammalian cells (Liu

et al, 2009; Chou et al, 2010; Lukas et al, 2011; Vissers et al,

2012). We found that the binding of EZH2 by BRCA1 was

substantially reduced following UV irradiation in 293T cells

(Supplementary Figure S6). These data implicate that BRCA1-

mediated inhibition of EZH2 can be attenuated in response to

DNA damage, which is consistent with the notion that

activated EZH2 might enhance DNA repair by repressing

gene transcription at sites of damage (Chou et al, 2010;

Vissers et al, 2012). How DNA damage affects the BRCA1–

EZH2 interaction warrants further investigation.

BRCA1 has been implicated in mammary luminal epithelial

differentiation and basal-like breast cancer development

(Furuta et al, 2005; Liu et al, 2008; Lim et al, 2009;

Molyneux et al, 2010; Proia et al, 2011). However, which

biochemical activity of BRCA1 mediates such a function is

not fully understood. Using mouse ES cells as a working model,

we demonstrate that Brca1 knockdown blocks mouse ES cell

differentiation in a manner dependent on Ezh2. We provide

evidence that decreased expression of Brca1 broadens genome-

wide occupancy of Ezh2 on chromatin and represses Ezh2

target gene expression in mouse ES cell lines. We further show

that loss of BRCA1 induces aggressive (migratory/invasive)

phenotypes of breast cancer and that these effects are mediated

through EZH2. Based upon these results, we envisage a model

that reduced BRCA1 expression augments function of PRC2,

thereby preventing committed cell lineage differentiation and/

or favouring undesired reprogramming of differentiated

BRCA1-mutated luminal cells into basal-like, aggressive breast

adenocarcinoma cells. Our hypothesis is supported by previous

findings that the function of PRC2 is crucial for the

maintenance of stem cell properties and reprogramming of

somatic cells into iPS cells (Boyer et al, 2006; Lee et al, 2006;

Pasini et al, 2007; Ezhkova et al, 2009; Pereira et al, 2010; Onder

et al, 2012). Moreover, this notion is consistent with the report

that the synthetic lethality of BRCA1-mutant breast cancers is

attributed to EZH2 inhibition (Puppe et al, 2009). It is hence

warranted to explore if EZH2 plays a causal role in Brca1

deletion-induced formation of basal-like breast tumours in

animals (Liu et al, 2007).

Findings from mouse and human ES cell studies suggest

that PRC2 plays a key role in maintenance of ES cell plur-

ipotency and H3K27me3-mediated transcriptional repression

of cell lineage-specific differentiation genes (Boyer et al,

2006; Lee et al, 2006). Further studies show that PRC2

targets are bivalent genes that often contain the

transcription repression mark H3K27me3 and the activation

mark H3K4me3 (Bernstein et al, 2006), suggesting that PRC2

target genes are poised for activation during differentiation.

Consistent with this notion, it has been shown that Suz12-

null mouse ES cells fail to undergo retinoic acid-induced

neuronal differentiation (Pasini et al, 2007) and Eed-null ES

cells exhibit severe defect in mesoendoderm (ME)

differentiation (Shen et al, 2008). Thus, it has been

speculated that PRC2 complexes are required for both

suppression and activation of differentiation genes in ES

cells (Ezhkova et al, 2009). In contrast to the findings in

Suz12- and Eed-null ES cells, we found that EZH2

knockdown did not impair ES cell differentiation. Similar to

our observation, it has been shown previously that Ezh2-null

ES cells have less severe defect in ME differentiation than

Eed-null cells (Shen et al, 2008). One plausible explanation is

that Ezh1, a homologue of Ezh2, has complementary but

nonredundant roles in mediating H3K27me3 and ES cell

function (Margueron et al, 2008; Shen et al, 2008).

Additionally, different from Ezh2-null ES cells, the residual

Ezh2 proteins in Ezh2-knockdown ES cells (Figure 6A) may

enable to fine-tune the balance between suppression and

activation of differentiation genes.

Although it is not entirely clear how PRC2 targets specific

chromatin regions in mammalian cells (Kaneko et al, 2010),

long ncRNAs HOTAIR and XIST have been shown to bind to

and recruit the PRC2 complex in cis or in trans (Rinn et al,

2007; Zhao et al, 2008). A functional motif, designated as

ncRBD1, is critical for EZH2 binding to HOTAIR and XIST

(Kaneko et al, 2010). Consistent with the observation that the

BRCA1 binding region in EZH2 overlaps with ncRBD1, we

show that BRCA1 overexpression inhibits, but BRCA1

knockdown enhances, EZH2 binding to HOTAIR. BRCA1

overexpression also abolishes HOTAIR-augmented binding

of EZH2 on the promoter of PRC2 target gene HOXA9 in

human breast cancer cells and fibroblasts. Despite the fact

that the cognate mouse Hotair ncRNA is poorly conserved in

sequence (Schorderet and Duboule, 2011), we provide

evidence that Brca1 knockdown-induced Ezh2 recruitment

at PRC2 target loci was abolished by RNase treatment in

mouse ES cells. Thus, our data suggest that inhibition of

EZH2 binding to ncRNAs could be one of the potential

mechanisms that mediate BRCA1 interference of PRC2

targeting in both ES and breast cancer cells.

In closing, BRCA1 has been implicated in transcription

regulation and mammary luminal epithelial differentiation,

and loss of BRCA1 was shown to lead to basal-like breast

cancers that are migratory and invasive; however, the under-

lying mechanism is largely unclear. We uncovered a pre-
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viously uncharacterized interaction between the tumour-sup-

pressor BRCA1 and the oncoprotein EZH2. Reduction of

BRCA1 levels broadens genome-wide EZH2 occupancy on

chromatin and elevates H3K27me3 levels at PRC2 target loci.

We further showed that decreased BRCA1 expression blocks

ES cell differentiation and augments breast cancer migration

and invasion in a manner dependent on EZH2. Thus, our

study has identified the BRCA1–EZH2 interaction as a key

mechanism mediating BRCA1 regulation of gene expression,

stem cell differentiation and cancer aggressive phenotypes.

Our findings suggest that the PRC2 complex may serve as a

viable target for the treatment of human basal-like breast

cancers carrying a mutated or methylated BRCA1 gene.

Materials and methods

Plasmids
Myc-tagged EZH2 plasmid was kindly provided by Mien-Chie Hung
(the University of Texas M. D. Anderson Cancer Center, Houston,
TX, USA). Baculovirus expression vectors for mouse Ezh2, human
SUZ12, EED and RbAp48 were kindly provided by Yi Zhang (the
University of North Carolina, Chapel Hill, NC, USA). Mouse Ezh1
was kindly provided by Xiaohua Shen (Tsinghua University, Beijing,
China). The mammalian expression vector for HA-tagged BRCA1
was kindly provided by Fergus Couch (Mayo Clinic College of
Medicine, Rochester, MN, USA). V5-tagged expression vectors for
wild-type BRCA1, BRCA1-N (amino acids 1–1100), were constructed
by PCR amplifying and subcloning the corresponding fragments of
BRCA1 into pcDNA3.1D vector (Invitrogen). A series of BRCA1
fragments (1–304, 252–551, 501–1021, 1022–1500 and 1051–1863)
and EZH2 (1–173, 174–340, 341–559 and 560–751) were amplified
by PCR and subcloned into pGEX-4T-1 vector (GE Healthcare) for
construction of recombinant GST-BRCA1 and GST-EZH2 fusion
proteins, respectively. The FLAG-BARD1 expression vector was
kindly provided by Zhenkun Lou (Mayo Clinic, Rochester, MN,
USA). The retrovirus-based HOTAIR expression vector LZRS-
HOTAIR constructed by the laboratory of Howard Chang (Stanford
University School of Medicine, Stanford, CA, USA) (Gupta et al,
2010) was obtained from Addgene and subcloned into the backbone
vector pcDNA3.1 (Invitrogen).

Antibodies and reagents
Antibodies used are as follows: rabbit polyclonal anti-BRCA1 anti-
body was described previously (Yu et al, 2003); anti-EZH2 (XP)
(Cell Signaling Technology); anti-EED, anti-SUZ12 (3C1.2) (Milli-
pore); anti-HOXA9, anti-DAB2IP, anti-H3 (total), anti-H3K27me3
(Abcam); anti-SUZ12 (D-10), anti-myc, anti-ERK2 (Santa Cruz
Biotechnology); anti-FOXJ1, anti-HA (Covance); and anti-FLAG
(Sigma Aldrich). Antibodies against total and phosphorylated
CHK1 were kindly provided by Zhenkun Lou (Mayo Clinic).

Cell culture and transfection
MCF7, MDA-MB-231, 293Tand BJ cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) supplemented with
10% fetal bovine serum (FBS; Hyclone). MCF10A cells were cul-
tured in DMEM/F12 supplemented with 5% horse serum
(Invitrogen), 1% penicillin/streptomycin (Invitrogen), 0.5mg/ml
hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 10mg/
ml insulin (Sigma) and 20ng/ml recombinant human EGF
(Peprotech). Mouse wild-type (AB2.2), Brca1-heterozygous mutant
(PL2F8) and human BRCA1-rescued PL2F8 (PL2F8-BAC) ES cell
lines were kindly provided by Shyam K Sharan (Chang et al, 2009).
R1 mouse ES cell line was purchased from ATCC. Mouse ES cells
were cultured in KNOCKOUTTM DMEM medium (Invitrogen)
supplemented with 15% ES cell-screened FBS (Hyclone), 0.1mM
2-mercaptoethanol, 1mM L-glutamine (Invitrogen) and 103unit/ml
LIF (Millipore) on 0.1% gelatin-coated dishes. Cells were cultured at
371C supplied with 5% CO2. Transfection of cells was performed by
electroporation using an Electro Square Porator ECM 830 (BTX) as
we described previously (Huang et al, 2006) or using Lipofectamine
2000 (Invitrogen). Approximately 75–90% transfection efficiencies
were routinely achieved (Huang et al, 2006).

RNA interference
siRNAs for human BRCA1 (siBR #1, 50-GGGAUACCAUGCAACAUAA-
30 and siBR #2, 50-CUAGAAAUCUGUUGCUAUG-30), smart pools of
siRNAs against human BRCA1 and EZH2, mouse Brca1 and Ezh2
and nonspecific control siRNAs were purchased from Dharmacon.
siRNA for human HOTAIR (siHOTAIR GAACGGGAGUACAGAG
AGAUU) was synthesized by Dharmacon. siRNA transfection of
cells was performed following the manufacturer’s instruction.

RT–qPCR
Total RNAwas isolated from cells and cDNAwas synthesized using
the Super-Script kit from Invitrogen. Two-step real-time PCR was
performed using the SYBR Green Mix (Bio-Rad) and an iCycler
iQTM system (Bio-Rad) as we described previously (Huang et al,
2006). Both forward and reverse primers were used at a final
concentration of 200nM. The primer sequences used for PCR are
described in Supplementary Table S2.

Co-immunoprecipitation and western blotting
Immunoprecipitations were performed as described previously (van
der Vlag and Otte, 1999; Huang et al, 2006; Pasini et al, 2008).
Briefly, cells were harvested and lysed using glass Dounce
homogenizer in cell lysis buffer (50mM Tris–HCl, pH 7.5, 150mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate and 1%
protease inhibitor cocktails; Sigma Aldrich). Ethidium bromide
was added to a final concentration of 50 mg/ml to disrupt DNA–
protein interactions in endogenous protein co-IP experiments. Cell
lysis was centrifuged and the supernatant (5B10mg) was incubated
with indicated antibodies (5–10 mg) and protein-G beads
(Invitrogen) at 41C overnight. The beads were washed five times
with cell lysis buffer and the precipitated proteins were subjected to
western blot analysis. For RNase A treatment, cell lysates were
mock treated or treated with 50 mg/ml RNase A at 371C for 10min
and then subjected to co-IP experiments as described above. For
western blotting, protein samples were prepared by lysing cells in
lysis buffer (1% Nonidet P-40 and 0.1% SDS in 1� PBS solution
plus protease inhibitors). Equal amounts of proteins (50–100 mg)
from cell lysates were denatured in sample buffer (Invitrogen),
subjected to SDS–polyacrylamide gel electrophoresis and were
transferred to nitrocellulose membranes (Bio-Rad). The membranes
were immunoblotted with specific primary antibodies, horseradish
peroxidase-conjugated secondary antibodies and visualized by
SuperSignal West Pico Stable Peroxide Solution (Thermo Scientific).

ChIP and RIP assays
ChIP assay was performed as previously described (Boyer et al,
2005). Briefly, cells were crosslinked with 1% formaldehyde for
10min at room temperature. Crosslinking was quenched by adding
2.5M glycine to a final concentration of 125mM. Cells were scraped
and washed twice with 1� PBS. Cell nuclei were extracted by
resuspending cells in lysis buffer 1 (50mM HEPES, pH 7.5, 140mM
NaCl, 1mM EDTA, 10% glycerol, 0.5% Nonidet P-40 and 0.25%
Triton X-100) for 10min at 41C and lysis buffer 2 (10mM Tris–HCl,
pH 8.0, 200mM NaCl and 1mM EDTA) for 10min at room tem-
perature. Cell nuclei were lysed with lysis buffer 3 (10mM Tris–HCl,
pH 8.0, 100mM NaCl, 1mM EDTA and 0.1% sodium deoxycholate)
and sonicated to solubilize and shear crosslinked DNA. Cell lysis
was centrifuged and the supernatant was incubated overnight at
41C with 30ml protein G beads (Invitrogen) that has been preincu-
bated with 10mg of indicated antibody. The beads were washed
seven times with radioimmune precipitation buffer (RIPA) buffer
(50mM HEPES-KOH, pH 7.6, 500mM LiCl, 1mM EDTA, 1% NP-40
and 0.7% Na-Deoxycholate) and one time with TE containing
50mM NaCl. The precipitated DNA was eluted by heating at 651C
and crosslinking was reversed by overnight incubation at 651C. The
ChIP DNA was extracted with a PCR purification kit (Qiagen) and
was subjected to real-time PCR amplification using the primers
specific for the promoters of genes analysed (Supplementary Table
S2). The data for the occupation are expressed as a ratio of the cycle
threshold for the immunoprecipitated chromatin DNA versus the
cycle threshold for the input (5%) samples and further normalized
to the values in control cells. RIP was performed as described
previously (Kaneko et al, 2010).
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ChIP-chip assay
Fragmented DNA obtained from ChIP assay was repaired by DNA
Terminator End Repair Kit (Lucigen Corporation, Middleton, WI)
and purified by QIAquick PCR purification kit as described pre-
viously (Murphy et al, 2010). Then, two unidirectional linkers were
annealed (JW102 50-GCGGTGACCCGGGAGATCTGAATTC-30; JW103
50-GAATTCAGATC-30) and were ligated to the blunt end DNA at
16 1C overnight. The purified products were amplified to 2mg by
LM–PCR as described previously (Murphy et al, 2010). NimbleGen
Mouse ChIP-chip 3� 720K RefSeq Promoter Arrays (Roche) were
used for hybridization. Relative enrichments were calculated by
dividing the normalized level of ChIP DNA to that of input DNA at
corresponding locus. To identify DNA promoter regions with
significant association, the enrichment for each probe on the
array was calculated as the ratio of the intensities of the ChIP
product (Cy5) to control input chromatin (Cy3). Probes covered
4000 bp for each of 20 404 promoter proximal regions in the mouse
genome (MM9).

Nuclear ChIP assay
Prior to ChIP assay, nuclear extraction and RNase A treatment were
performed as previously described (Yap et al, 2010). Briefly, R1
mouse ES cells were transfected with Brca1-specific siRNA or
control siRNA (Dharmacon). At 48 h post transfection, cell nuclei
were extracted using cell membrane lysis buffer (10mM HEPES, pH
8.0, 1.5mM MgCl2, 0.5mM DTT, 0.01% Nonidet P-40 and 1%
protease inhibitor cocktails) and treated in TMS buffer (50mM
Tris–HCl, pH 8.0, 100mM NaCl, 10mM MgCl2) with or without
50mg/ml RNase A (Invitrogen) at room temperature for 30min.
Then, cell nuclei were crosslinked with 1% formaldehyde and
subjected to ChIP assay as described above.

Embryoid body formation assay
Embryoid body formation assays were performed as described
previously (Li et al, 2010). Briefly, cells were plated at a density of
3�105 per 10-cm Ultra-low-Attachment Dishes (Corning)
containing 15ml of ES medium without LIF, and the medium was
changed every other day. The pictures of embryoid body formation
were taken every other day.

Wound healing assay
MDA-MB-231 cells were transiently transfected with pools of BRCA1-
specific siRNA, EZH2-specific siRNA or control siRNA (Dharmacon)
as indicated. Artificial wounds were created on the cell monolayer
when cells were grown to confluence. Migrated cells and wound
healing were visualized at 0, 24 and 48h. For each group, at least
three artificial wounds were photographed immediately and at the

time points indicated after the wound formation. Cell migration was
evaluated by measuring the difference in wound width.

In vitro invasion assay
In vitro invasion assay was conducted by using BioCoat
Matrigel invasion chamber (BD Biosciences) according to the
manufacturer’s protocol. MDA-MB-231 cells were transfected
with BRCA1-specific siRNA, EZH2-specific siRNA or control
siRNA as indicated, cultured in the insert for 48 h and stained
with Diff-Quick stain. At least five fields for each group were
photographed after staining. Invasion was evaluated by counting
the number of the invaded cells.

Statistics
Experiments were carried out with three or more replicates.
Statistical analyses were performed using two-tailed Student’s t-
test. Po0.05 is considered statistically significant. Hypergeometric
test was used to determine the statistical significance of the EZH2
new target genes overlapped between PL2F8 cells with Brca1-
heterozygous deletion and Brca1-knockdown R1 cells.

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