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Retinoic acid receptor-a (RARa) is a known estrogen target gene in breast cancer cells. The consequence of RARa
induction by estrogen was previously unknown. We now show that RARa is required for efficient estrogen
receptor-a (ER)-mediated transcription and cell proliferation. RARa can interact with ER-binding sites, but this
occurs in an ER-dependent manner, providing a novel role for RARa that is independent of its classic role. We
show, on a genome-wide scale, that RARa and ER can co-occupy regulatory regions together within the
chromatin. This transcriptionally active co-occupancy and dependency occurs when exposed to the predominant
breast cancer hormone, estrogen—an interaction that is promoted by the estrogen–ER induction of RARa.
These findings implicate RARa as an essential component of the ER complex, potentially by maintaining
ER–cofactor interactions, and suggest that different nuclear receptors can cooperate for effective transcriptional
activity in breast cancer cells.
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Breast cancer is one of the most common cancers in
women worldwide. About 70% of breast cancers are posi-
tive for the nuclear receptor estrogen receptor-a (ERa,
from here on called ER) and require estrogen for cell pro-
liferation. Over the past years, many ER cofactors have
been identified that contribute to changes in chromatin
structure and gene regulation (Glass and Rosenfeld 2000;
Metivier et al. 2003; Hall and McDonnell 2005). Gene
expression studies and transcription factor-binding maps
have revealed that a number of estrogen-regulated genes
are subsequently used by the ER complex for efficient
gene transcription (Carroll et al. 2005; Eeckhoute et al.
2006, 2007; Lupien et al. 2008). Examples of this include
the transcription factors FoxA1 (HNF3a) and GATA3,
both of which are regulated in response to estrogen
treatment and have been shown to be crucial for ERa to
bind to the chromatin and activate transcription of its
target genes (Carroll et al. 2005; Eeckhoute et al. 2006,
2007; Lupien et al. 2008). As such, estrogen–ER can
transcribe genes that ultimately contribute to ER func-
tion. Given this, we explored the transcription fac-

tor retinoic acid (RA) receptor-a (RARa), an additional
estrogen-induced gene (Laganiere et al. 2005a).

RARa is a nuclear receptor and classically binds to RA
response elements (RAREs) as a heterodimer, often using
retinoid X receptor (RXR) as a binding partner. RARa can
bind to chromatin in the absence or presence of its natural
ligands—all-trans RA (ATRA) or 9-cis RA (Clarke et al.
2004)—and recruits cofactors to activate or repress its
target genes (Dilworth and Chambon 2001; Niederreither
and Dolle 2008). In addition, RARa can bind to other
nuclear receptors, such as the thyroid hormone receptor
(Glass et al. 1989), and cross-talk between RARa and ER
pathways in breast cancer cells have been suggested
(Rousseau et al. 2003).

RARa is an estrogen-induced gene, and its expression
in breast tumors has been shown to correlate with ER
expression (Roman et al. 1993). Recently, the binding
events of a tagged version of RARa were mapped, and
RARa and ER were shown to share a subset of binding
regions within the genome (Hua et al. 2009). Hua et al.
(2009) concluded that RARa in the presence of its ligand
can antagonize estrogen–ER function, and vice versa.
Their hypothesis is that RARa and ER can, in some cases,
share common cis-regulatory elements, and that the two
nuclear receptors compete for transcriptional activity
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(Hua et al. 2009). For the first time, we map endogenous
RARa-binding events in proliferating breast cancer cells
in the presence of estrogen, and show that RARa does in
fact share very similar binding profiles to ER. Further-
more, under conditions where breast cancer cells are
stimulated with estrogen, RARa and ER form part of
the same transcriptional complex. We show that RARa is
required for estrogen-mediated transcription and cell pro-
liferation. These findings suggest that the co-occupancy of
these distinct nuclear receptors can occur in a cooperative
manner.

Results

RARa is an estrogen-induced gene that is required
for estrogen-mediated growth

RARa is a well-documented estrogen target gene (Laganiere
et al. 2005a), and the ER-binding event responsible for
estrogen induction of RARa has been identified by ER
chromatin immunoprecipitation (ChIP)-on-chip experi-
ments (Laganiere et al. 2005a). In a cohort of 263 ER-
positive breast cancer patients, all of whom received
endocrine therapy, RARa was shown to predict positive
clinical outcome (Fig. 1), supporting the hypothesis that it
is an important ER target gene. Given the fact that
a number of estrogen-regulated genes, including FoxA1,
c-Myc, and cyclin D1, are essential for estrogen-mediated
cell division (Prall et al. 1998; Laganiere et al. 2005b;
Musgrove et al. 2008), we assessed whether RARa was
also an important target gene for estrogen-mediated cell
cycle progression by specifically silencing RARa using
siRNA. As RARa classically binds as a heterodimer, we
included siRNA targeting RXRa, one of its common
binding partners, to determine if any role for RARa was
dependent on RXRa. Western blot analysis confirmed
effective silencing of both RARa and RXRa (Fig. 2A), and

this silencing had negligible effects on ER protein levels
(Fig. 2A).

To determine the effect on cell cycle progression, we
hormone-depleted MCF-7 cells for 3 d to induce cell cycle
arrest and transfected cells with siRNA targeting RARa,
RXRa, or control siRNA, followed by estrogen treatment
for 24 h. Flow cytometry-based cell cycle analysis dem-
onstrated that siRNA to RARa, but not RXRa, affected
the estrogen-mediated cell cycle progression (Fig. 2B).
The requirement for RARa on ER-mediated cell pro-
liferation was confirmed using independent approaches
for determining cell growth (Supplemental Fig. 1). This
suggests that RARa plays an essential role in ER-mediated
proliferation. No decrease in cell proliferation was ob-
served after depleting RXRa protein levels, confirming
that the decrease was specific to RARa.

RARa is a rate-limiting factor for ER transcriptional
activity

We sought to determine the requirement for RARa in
the ER-mediated transcriptional response. We hormone-
depleted MCF7 cells and transfected them with siRNA to
control or RARa. We subsequently treated cells with
vehicle or estrogen for 12 h, collected total RNA, and
performed gene expression profiling using Illumina bead
arrays. Triplicate experiments were performed, and anal-
ysis revealed a total of 552 genes that were estrogen-
induced and 473 genes that were estrogen-repressed.
Under conditions where RARa was specifically silenced,
we observed that a significant number of these estrogen-
regulated genes were not statistically regulated (Fig. 2C).
About a third (192 genes) of all estrogen-induced genes
were no longer induced in the absence of RARa, and
approximately half of the estrogen-repressed genes (239
genes) were no longer repressed. Gene ontology (GO)
category enrichment analysis of the genes differentially
regulated in the presence or absence of RARa confirmed
that genes involved in cell cycle were enriched in the
RARa-dependent, estrogen-regulated genes (Fig. 2C).

RARa can bind to ER-binding regions in vitro
and in vivo, and this is dependent on the presence
of ER

To directly determine whether RARa could bind to ER-
binding loci in a chromatin context, we performed ChIP
of endogenous RARa in proliferating MCF-7 cells, where
RARa protein levels are abundant. RARa was shown to
bind to all five tested ER-binding loci in asynchronous
MCF-7 cells (Supplemental Fig. 2). This was also shown
in two other ER-positive breast cancer cell lines; namely,
T-47D and ZR75-1 (Supplemental Fig. 3). We could
confirm that this RARa binding was dependent on the
presence of ER, since treatment with ICI 182780 (an ER
down-regulator) inhibited RARa binding to the chroma-
tin. As a control, RARa binding to a known classic
binding site (RARb) was not altered by treatment with
ICI 182780 (Supplemental Fig. 2), confirming that de-
creased RARa binding was not due to changes in RARa

Figure 1. RARa predicts the outcome in breast cancer patients.
RARa expression levels in 263 breast cancer patients, all of
whom received endocrine therapy, were used to predict positive
clinical outcome (recurrence-free survival).
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protein levels. Furthermore, to confirm that RARa can
bind to the ER-binding events in hormone-deprived
media, where RARa ligands are depleted, we repeated
the RARa ChIP in hormone-depleted cells that were
subsequently treated with estrogen or vehicle for 16 h.
ChIP confirmed that RARa is recruited to the ER-binding
sites tested after estrogen treatment, showing an estrogen-
dependent enrichment of RARa binding to the ER cis-
regulatory sites (Supplemental Fig. 4A). No increased
binding of RARa to the known target promoter of RARb

was observed, showing that the increased RARa binding
was specific to ER-binding events.

We extended these findings to map ER- and RARa-
binding events on a global scale by ChIP-sequencing
(ChIP-seq). We performed this experiment in asynchro-
nous MCF-7 cells grown in complete media in order to
capture RARa-binding events under conditions where
RARa protein is abundant. This is particularly important
given the difficulty in performing RARa ChIP, where
enrichment is poor. We acquired a minimum of ;30
million aligned reads for RARa ChIP-seq and, after using
stringent cutoffs, we found 4871 RARa-binding events
across the genome (tabulated Solexa data are shown in
Supplemental Fig. 5A). Analysis of the genomic location
of the RARa-binding events showed a similar pattern to
that seen with other nuclear receptors (Supplemental Fig.
5C). RARa was rarely found at promoter regions (;5%),
and most RARa-binding events occur in intergenic re-
gions.

ER ChIP-seq was also performed in asynchronous cells,
and peaks were called using stringent thresholds, result-
ing in 14,505 ER-binding events. This ER-binding list had
excellent representation (>85%) of a previous ER-binding
list (Carroll et al. 2006). We found that 2365 of the ER- and
RARa-binding sites overlapped, representing 48.6% of
the RARa-binding sites (Fig. 3A). Within the overlapping
sites, we find enrichments for both estrogen response
element (ERE) and RARE motifs, as expected. Impor-

tantly, when looking at all ER- and RARa-binding sites
(Supplemental Fig. 5), we find that, on the whole, the
RARa sites that are not ER-binding events do in fact have
weak (below the threshold used to call peaks) ER binding.
Similarly, the ER-binding events that were not considered
to be RARa-binding events do have weak RARa binding.
This suggests that the overlap in ER and RARa binding
may be significantly higher than the 48.6% reported.

When we compare our RARa-binding sites with the
recent RARa-binding sites mapped by an EGFP-RARa

fusion (generating a total of 7346 RARa-binding events)
(Hua et al. 2009), we find an overlap of only 1332 binding
events (27%). This low overlap may be due to a number of
factors: different conditions (RARa ligand treatment in
hormone-free conditions vs. binding in full media with
abundant estrogen levels), different platforms (Affymetrix
tiling microarrays vs. Solexa sequencing), or, potentially,
the presence of the EGFP tag may affect RARa-binding
properties. Our current RARa-binding profile represents
endogenous RARa binding in the presence of estrogen,
and is a distinct data set from the recently published
EGFP-RARa binding following treatment with the RARa

ligand (Hua et al. 2009).
We aimed to confirm that the RARa-binding events

were not antagonizing ER (Hua et al. 2009), but were in
fact acting in a cooperative manner with ER. We repeated
the RARa ChIP-seq but pretreated asynchronous cells
with ICI 182780, an ER down-regulator (McClelland et al.
1996), for 3 h. Importantly, ICI 182780 is a rapid and
specific down-regulator of ER, allowing for acute inhibi-
tion of ER levels. At this 3-h time point, ER protein levels
have decreased substantially (Fig. 3B), as well as ER
binding (Supplemental Fig. 6), but RARa levels have not
changed (Fig. 3B).

We acquired a minimum of ;30 million aligned reads
for RARa ChIP-seq in ICI 182780-treated cells and found
that a number of the RARa-binding events had decreased
binding in the absence of ER (Fig. 3C). As examples,

Figure 2. RARa is required for estrogen-mediated tran-
scription and proliferation. (A) Western blot analysis of
nuclear extracts of MCF-7 cells transfected with control
siRNA or siRNA to RARa or RXRa and treated with
vehicle (V) or estrogen (E). (B) Control siRNA or siRNA to
RARa or RXRa was transfected into hormone-deprived
cells, followed by estrogen treatment and assessment of
percentage of S/G2/M phase. The data are the average of
three independent replicates, and the error bars represent
standard deviation (SD). (C) siControl- or siRARa-trans-
fected cells were treated with vehicle or estrogen, and
gene expression profiling was performed. Examples of
estrogen-induced or estrogen-repressed genes are shown
based on their dependency on RARa. GO category en-
richments of the differentially estrogen-regulated genes
(those dependent on RARa vs. those independent) are
shown.

RARa and ER interact cooperatively
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RARa binding at the GREB1 and TFF1 regulatory regions
are shown in the presence and absence of ER (Fig. 3D).
RARa and ER co-occupy similar cis-regulatory elements,
but the absence of ER results in loss of RARa binding to
these regions. Also shown is a control region showing
adjacent RARa-binding events: one that overlaps with an
ER-binding event and is dependent on the presence of ER,
and another RARa-binding event that is not altered by
the loss of ER (Fig. 3E). More than half (50.4%) of the
RARa-binding events were significantly decreased when
ER was removed by ICI 182780 treatment (Fig. 3F), such
that they were not called as binding events, despite the
fact that RARa protein levels did not change. This was
specific to the RARa sites that overlapped with ER (Fig.
3G). As such, approximately half of the RARa sites that
overlap with ER sites are dependent on the presence of
ER, confirming a cooperative and dependent interaction
between ER and RARa.

We used an in vitro oligonucleotide pull-down ap-
proach to confirm that RARa could bind to an ERE
motif. We designed biotin-labeled double-stranded 38-
nucleotide oligonucleotides containing a perfect ERE

(GGTCAnnnTGACC). This motif and the flanking se-
quence were derived from an experimentally identified
ER-binding site (Carroll et al. 2006). Included were 59 and
39 mutants lacking one of the ERE half-sites, and a double
mutant (DM) lacking both ERE half-sites. Also included
was a double-stranded oligonucleotide containing part of
the RARb gene promoter, which contains a well-charac-
terized RARa- and RXRa-binding site (de The et al. 1990).
Total protein from proliferating MCF-7 cells was incu-
bated with the various double-stranded oligonucleotides.
Streptavidin purification of the proteins associated with
each oligonucleotide was performed, and Western blots
for ER, RARa, and RXRa were performed. The results
obtained (Fig. 3H) show that ER can bind to the sequence
and only requires one of the ERE half-sites. RARa was
shown to bind to the perfect ERE, but RARa binding was
decreased significantly when one of the ERE half-sites
was deleted. We could recapitulate the same findings on
a different ER-binding region that also contained a perfect
ERE (but with different flanking sequence) where RARa

binding was shown to occur, but, again, only in the
presence of the ERE half-site (data not shown). This in

Figure 3. RARa binds to ER-binding regions in
chromatin. (A) ER- and RARa-binding events were
mapped in asynchronous MCF-7 cells. The ERE and
RARE motifs that were enriched within each of the
categories are shown. (B) Cells were treated with
vehicle or ICI 182780, an ER down-regulator, for 3 h.
Total protein was analyzed using Western blot anal-
ysis. (C) Clustering of ER and RARa binding 6250
bp. Signal based on tag count within all ER-binding
events and corresponding RARa binding in full
media or ICI 182780-treated cells. The difference
in tag number within RARa-binding events between
full media and ICI 182780 treatments is shown. As
a control, ;600 RARa-binding events (but not ER-
binding events) are shown, and these are not influ-
enced by the presence of ICI 182780. (D) Examples of
ER- and RARa-binding events adjacent to the TFF-1
and GREB-1 genes. In both cases, the down-regulation
of ER results in significant decreases in RARa bind-
ing. (E) A control region showing two RARa-binding
events: one that does not overlap with ER binding
and is ER-independent, and the adjacent site that is
ER-dependent. (F) Graph representing the percentage
of RARa-binding events that require ER. (G) Frequency
histogram plotting the difference values (RARa in
ICI 182780-treated cells minus RARa signal in full
media) comparing RARa-binding events that overlap
with ER sites versus non-ER-overlapping RARa-
binding events. (H) An in vitro oligonucleotide pull-
down was performed using a biotinylated 38-bp
double-stranded oligonucleotide of an experimen-
tally verified ER-binding region containing a perfect
ERE. Various mutants lacking the 59 half-site, the 39

half-site, or both half-sites were included. Also in-
cluded was a positive RARa/RXRa-binding site
(RARb promoter). Asynchronous MCF-7 cell lysate
was collected and incubated with the various oligo-
nucleotides, and purified protein was subjected to
Western blot analysis.
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vitro assay shows that the RARa binding to ER-binding
sites requires the presence of the ERE half-site.

RARa and ER co-occupy the DNA simultaneously

To directly implicate RARa in the ER transcriptional
complex, we performed an ER ChIP, followed by ‘‘release’’
of the ER-enriched chromatin and a subsequent RARa

ChIP (termed Re-ChIP). This shows simultaneous chro-
matin co-occupancy of both proteins. As a control, an ER
ChIP was performed followed by an IgG ChIP. Real-time
PCR of a number of known ER-binding loci revealed clear
enrichment of ER/RARa-bound ER-binding events, but
not the classic RARa-binding site in the RARb promoter
(Supplemental Fig. 4B). This Re-ChIP experiment pro-
vides definitive evidence that ER and RARa co-occupy
the same cis-regulatory elements on the chromatin. As
controls, ER ChIP followed by IgG Re-ChIP was used to
normalize the data. Similarly, IgG ChIP followed by
RARa Re-ChIP did not result in any enrichment of the
ER-binding loci (data not shown).

Based on the observation that ER and RARa form part
of the same complex at specific tested ER-binding loci, we

extended this on a genome-wide level (Fig. 4A) by
performing ER/RARa Re-ChIP in full media followed by
Solexa sequencing (Re-ChIP-seq). More than 14 million
aligned reads were acquired for both Re-ChIP-seq repli-
cates. As a control, ER then ER Re-ChIP-seq and ER then
IgG Re-ChIP-seq were performed (Supplementary Fig. 7).
We subtracted the ER/IgG Re-ChIP signal from the
specific ER/RARa Re-ChIP-seq data to show the dif-
ference in binding. After this subtraction, we found
352 high-confidence ER/RARa Re-ChIP sites. These
ER/RARa Re-ChIP sites represent ;15% of the 2365
ER and RARa overlapping binding sites (Fig. 4B). Given
the technical difficulties with this assay, more ER/RARa

Re-ChIP binding events would likely be gained with
additional sequencing.

As an example of ER and RARa co-occupancy, the Re-
ChIP regions adjacent to the GREB1 gene are shown (Fig.
4C). Equally strong ER-binding sites were not detected as
ER/RARa co-occupied regions (an example is shown in
Fig. 4D), confirming specificity in the regions cobound by
ER and RARa. These 352 ER/RARa Re-ChIP binding
events clearly confirm that ER and RARa co-occupy the
chromatin together, supporting a cooperative role. To

Figure 4. Genome-wide Re-ChIP-seq shows that ER
and RARa co-occupy the chromatin together. (A) A
schematic showing the Re-ChIP-seq protocol, where
ER ChIP is performed, followed by RARa ChIP
and Solexa sequencing. (B) Clustered binding signal
from all ER-binding events (65 kb) is shown. The cor-
responding RARa-binding events as well as the
ER/RARa Re-ChIP binding signal are shown. The sig-
nal from the ER/RARa Re-ChIP sites are after the ER/
IgG signal has been subtracted. (C) An example of a
region around the GREB-1 gene showing the ER/
RARa Re-ChIP signal. (D) A control region showing
a strong ER-binding events but no ER/RARa Re-ChIP
signal. (E) Coimmunoprecipitation showing direct ER
and RARa interactions in asynchronous cells treated
with vehicle (V). As a control, cells were treated with
ICI 182780 (I). Also shown are total input levels. (F)
The ER/RARa Re-ChIP binding events, the ER-binding
events (not Re-ChIP sites), and the RARa-binding
events (not Re-ChIP sites) were assessed relative to
estrogen-induced or estrogen-repressed genes. The
percentage of binding sites within 50 kb of the tran-
scription start sites of the estrogen-regulated genes
are shown.
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show that ER and RARa form direct interactions and are
not simply tethered together by regions of DNA, we
performed an ER immunoprecipitation followed by an
RARa Western blot. The data (Fig. 4E) confirmed that ER
and RARa could be coimmunoprecipitated and are there-
fore part of the same protein complex.

We combined the ER/RARa Re-ChIP sites (vs. the ER-
and RARa-binding sites that are not Re-ChIP sites) with
the estrogen-mediated gene expression data. We found
that the ER/RARa co-occupied Re-ChIP binding events
were more likely to be adjacent to estrogen-induced genes
when compared with ER- or RARa-binding events that
were not Re-ChIP sites (Fig. 4F; Supplemental Fig. 8). This
provides evidence that the regions simultaneously co-
occupied by ER and RARa are transcriptionally active
and biased toward genes that are estrogen-induced. Al-
though a number of estrogen-repressed genes were de-
pendent on RARa (Fig. 2C), no bias was observed near
down-regulated genes, as has been shown previously
(Carroll et al. 2006). Similarly, we did not see enrichment
of ER/RARa Re-ChIP binding events adjacent to a random
set of control genes (data not shown).

RARa can induce estrogen-mediated transcription

Our data suggested that specific silencing of RARa could
negatively affect estrogen–ER-mediated transcription.
We also aimed to determine if RARa was sufficient to
promote estrogen–ER transcription. Hormone-depleted
cells were transfected with an RARa-expressing con-
struct (the Flag-RARa vector was a kind gift from
Shinobu Tsuzuki, Institute of Cancer Research, London)
expressing full-length RARa, or mutant versions lacking
either a core part of the ligand-binding domain (LBD;
deleted amino acids 351–412) or the DNA-binding do-
main (DBD; deleted amino acids 85–160) (Fig. 5A). We ex-
pressed empty vector (Flag) as a control. Under hormone-
deprived conditions, when RARa protein levels are low,

we expressed the vectors and treated cells with vehicle or
1 nM estrogen for 5 h. We collected protein and performed
Western blot analysis to ensure effective expression of
RARa and the mutants (Fig. 5B). We also collected RNA
after vehicle or estrogen treatment and assessed expres-
sion of a number of classic estrogen-regulated genes, all of
which have ER/RARa-binding sites adjacent to them. As
shown in Figure 5C, expression of full-length RARa

resulted in increased expression of all assessed estrogen
target genes, confirming that the addition of RARa could
potentiate ER-mediated transcription. Interestingly, when
either the LBD or the DBD of RARa was deleted, the
RARa potentiation of ER-mediated transcription was
inhibited (Fig. 5C). We did not see any changes in control
genes, including RARb (Fig. 5C). This suggested that
RARa is a rate-limiting component of the ER machinery,
and that intact LBD and DBD are required for effective
RARa–ER interactions.

RARa is required for estrogen-induced gene
transcription by facilitating ER–coactivator
interactions

We sought to determine the functional role that RARa

plays in mediating ER activity. We transfected cells with
control siRNA or siRNA targeting RARa, treated cells
with vehicle or estrogen, and performed ER ChIP after
6 h of estrogen treatment. ER binding was assessed at
ER/RARa-cobound sites adjacent to well-established ER-
regulated genes, including MYC, Cyclin D1, XBP-1,
GREB-1, and CA12. ER binding at all of the tested sites
was not decreased in the absence of RARa (Fig. 6A), and
global chromatin-associated ER levels did not change
(Supplemental Fig. 6). Therefore, ER binding to chromatin
is not dependent on the presence of RARa.

We hypothesized that RARa may function as a scaffold
in the ER complex for maintaining cofactor interac-
tions. We tested this by specifically silencing RARa and

Figure 5. Expression of RARa can potentiate estrogen–
ER-mediated transcription. (A) Schematic representa-
tion of the RARa mutants generated. (B) Western blot
analysis of nuclear fraction of transfected cells after
vehicle (V) or estrogen (E) treatment. (C) Hormone-
depleted cells were transfected with control (Flag),
RARa (WT), or the LBD and DBD mutants of RARa,
and cells were subsequently treated with vehicle or
estrogen. Real-time RT–PCR was conducted of TFF-1,
XBP-1, and GREB-1 (all estrogen-regulated genes). RARb

(a RARa target gene) was included as a control gene.
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performing ChIP of p300, a well-known ER coactivator
(Shang et al. 2000), at the ER-binding loci. We found
a significant decrease in p300 binding at all of the ER-
binding events in the absence of RARa (Fig. 6B). We could
also confirm that binding of the Mediator subunit
TRAP220 and the ER coactivator AIB-1 was decreased
following specific silencing of RARa (Supplemental Fig.
9). These findings confirm that the decreased coactivator
binding at the ER-binding events was specifically due
to the absence of RARa. The changes in cofactor and
Mediator binding following specific silencing of RARa

also resulted in changes in chromatin structure, as
measured by acetylated-H3 at some of the ER-binding
regions (Fig. 6C).

To confirm that the specific silencing of RARa had an
influence on the transcription of these genes, we per-
formed ChIP of RNA polymerase II (PolII) followed by
real-time PCR of the promoter regions of these genes. As
expected, silencing of RARa resulted in a significant
reduction in RNA PolII binding to the promoters of all
of these genes, confirming RARa dependency for the
estrogen-mediated transcription of these target genes
(Fig. 6D). This was supported by data showing changes
in mRNA levels of the genes tested (Fig. 6E). No signif-
icant changes in total protein levels were observed (Fig.
6F; Supplemental Fig. 9).

An estrogen–ER-dependent role for RARa

can be inhibited by an RARa ligand

Our data show that estrogen–ER transcription involves
RARa. However, a previous investigation (Hua et al.
2009) suggested that RARa and ER share similar binding
regions, but that the addition of the RARa ligand ATRA
could inhibit estrogen–ER function. Our data suggest
that, when presented with estrogen, ER and RARa co-
operate for efficient estrogen-mediated transcription. We
aimed to reconcile this difference by determining if the
presence of the RARa ligand could inhibit estrogen–ER-
mediated activity. We hormone-depleted cells and treated
cells with vehicle, estrogen, ATRA, or estrogen plus RA
for 6 h, after which chromatin was collected for ChIP. We
found that estrogen induced ER binding as expected, and
cotreatment with RA did not decrease ER binding (Fig.
7A). ChIP of RARa also revealed that it can still bind in
the presence of estrogen and RA and, in some cases,
binding was increased (Fig. 7B). In addition, the estrogen-
mediated recruitment of p300 (Fig. 7C) was inhibited by
cotreatment of estrogen and RA. Similar results were
observed when assessing binding of TRAP220 (Supple-
mental Fig. 9B). The cotreatment of RA with estrogen
could inhibit the estrogen-mediated induction of some
target genes while others were unaffected (Fig. 7D). These

Figure 6. RARa is required for effective coactivator
loading. MCF-7 cells were hormone-depleted and trans-
fected with control siRNA or siRNA targeting RARa.
ChIP of ER (A), p300 (B), or acetylated-H3 (C) was
performed after 6 h of vehicle (V) or estrogen (E)
treatment, followed by real-time PCR of a number of
ER-binding regions. The acetylated-H3 ChIP was first
normalized to total H3, then to Input. (D) Following
transfection, RNA PolII ChIP was performed, and real-
time PCR of the promoter regions of the estrogen-
regulated genes was performed. (E) Changes in mRNA
levels of the genes were assessed following silencing of
RARa. (F) After silencing of control or RARa, total
protein levels of ER, p300, and RARa were assessed. (*)
P < 0.05; (**) P < 0.01. The data are representative of
triplicate experiments, 6SD.
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data confirm that RARa can have an antagonist effect on
ER transcriptional activity when liganded with RA, as
suggested previously (Hua et al. 2009); however, cotreat-
ment with estrogen and RA did not perturb binding of
either nuclear receptor.

Discussion

RARa is a well-studied nuclear receptor transcription
factor that plays an important role during development
and in normal physiological functioning, where it can
regulate a number of cellular processes, including pro-
liferation and differentiation. RARa forms heterodimers
with members of the RXR family, and these heterodimers
can form in the absence or presence of ligand and can bind
to the chromatin (Dilworth and Chambon 2001). RARa

can also form fusion genes with a number of genes;
notably, PML (Borrow et al. 1990; Goddard et al. 1991),
which is the defining translocation in acute promyelo-
cytic leukemia. A role for RARa in breast cancer has been
postulated, and RARa ligands have been shown to be
effective in breast cancer treatment (Darro et al. 1998),
although the mechanisms of this are unknown.

RARa was shown recently to be a direct ER target gene
that is induced upon estrogen treatment of breast cancer
cells (Laganiere et al. 2005a). Other estrogen-regulated
transcription factors include FoxA1 (HNF3-a) and GATA3,
both of which are markers of ER-positive luminal breast

cancer (Sorlie et al. 2003), and both of which are sub-
sequently used by ER to bind chromatin and regulate gene
transcription (Carroll et al. 2005; Laganiere et al. 2005b;
Eeckhoute et al. 2006, 2007). We hypothesized that RARa

might function in a similar role. In fact, cross-talk
between RARa and ER has been shown previously
(Rousseau et al. 2003), but the basis of this was unclear.
Proliferation of ER-positive breast cancer tumors is in-
hibited by the RARa agonist ATRA (Dawson et al. 1995)
and, interestingly, the RARa antagonist Ro 41-5253 also
results in decreased cell growth and induction of apopto-
sis in ER-positive cell lines (Toma et al. 1998).

We now show that RARa is part of the ER transcrip-
tion complex, where it functions in an essential role to
regulate estrogen-mediated gene expression. Specific silenc-
ing of RARa resulted in inhibition of estrogen-regulated
target genes and inhibition of estrogen-mediated prolifer-
ation. We could show that RARa and ER form complexes
on the chromatin and that RARa binding is dependent on
the presence of ER. We hypothesize that RARa can have
two independent functions: (1) a classic role as a hetero-
dimeric partner of RXR proteins that respond to natural
ligands such as RA, and (2) as an ER-associated protein
required for maintaining cofactor interactions during
estrogen-mediated gene transcription. As such, any shift
between the classic and novel pathways may influence
ER function in breast cancer cells. This is supported by
recent data showing that RA can inhibit estrogen target

Figure 7. RARa ligands can inhibit estrogen–ER-
mediated transcriptional activity. Hormone-depleted
cells were treated with vehicle, estrogen, RA (ATRA),
or estrogen + RA for 6 h, and ChIP was performed for
ER (A), RARa (B), and p300 (C). Real-time PCR of
a number of ER-binding regions was assessed. (D)
Changes in mRNA levels of several regulated genes.
(E) Western blot of total protein levels in treated
cells. The data are the average of three independent
experiments, 6SD. (*) P < 0.05; (**) P < 0.01.
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genes (Hua et al. 2009), therefore promoting the classic
RARa role, at the cost of estrogen–ER function. This
potentially explains why RARa ligands are effective treat-
ments for breast cancer (Darro et al. 1998), and why both
agonists and antagonists (Dawson et al. 1995; Toma et al.
1998) inhibit breast cancer cell growth; activation of the
classic RARa pathways can deplete RARa from its
essential role as a component of the estrogen–ER pathway
in breast cancer cells.

Our data show that, in the presence of estrogen, ER and
RARa can co-occupy the same regions in the genome.
Understanding the mechanisms required for these pro-
teins to interact with the genome remains to be fully
defined. ER and RARa can bind to the same half-site—
namely, GGTCA (Klinge 2001; Balmer and Blomhoff
2005)—yet the spacing and orientation between the
motifs is different. RAR–RXR bind to two direct repeat
motifs with 1-, 2-, or 5-base-pair (bp) spacers (Bastien and
Rochette-Egly 2004; Balmer and Blomhoff 2005), whereas
ER binds to inverted half-sites with a 3-bp spacer (Klinge
2001). However, more recently, it has been observed
in ChIP-on-chip and ChIP-seq data that, in a chromatin
context, various nuclear receptors, including ER and
RARa, can bind to a single half-site (Carroll et al. 2005;
Lin et al. 2007; Massie et al. 2007; Wang et al. 2007) or
widely spaced half-sites (Kato et al. 1995), or via other
factors. As such, the classic paradigms of nuclear receptor–
chromatin interactions may need to be re-evaluated.

These data confirm an integral role for RARa as an ER-
associated factor. Such an interaction is distinct from the
classic role of RARa and from an antagonist role between
ER and RARa (Hua et al. 2009). Given the fact that the
predominant hormone in breast cancer biology is estro-
gen, it is important that the interactions between ER and
RARa be determined under these specific conditions.
This is of utmost importance, considering that RARa is
induced by the estrogen–ER complex in breast cancer
cells (Laganiere et al. 2005a). By focusing on the inter-
actions between ER and RARa under these clinically
relevant conditions, we can now show that different nu-
clear receptors can interact to positively regulate gene
transcription in breast cancer cells.

Materials and methods

Cell culture

MCF-7, T-47D, and ZR75-1 human cell lines were grown as
described previously (Neve et al. 2006). Unless stated, in all ex-
periments, estrogen was added at a final concentration of 100 nM
and ICI 182780 (Fulvestrant) was added at a final concentration
of 10 nM. ATRA was added at a final concentration of 1 mM.

siRNA

Cells were grown in phenol red-free DMEM supplemented with
5% charcoal-dextran-treated serum for at least 3 d. Cells were
transfected with siRNA using Lipofectamine2000 (Invitrogen)
on day 2. siGENOME SMARTpool from Dharmacon (M-003437-
02) was used to target RARa. An independent siRNA targeting
RARa was used to confirm the results. The sequences of this

siRNA were 59-GCAAAUACACUACGAACAA-39 (sense) and
59-UUGUUCGUAGUGUAUUUGC-39 (antisense). The sequences
of the other siRNAs used were as follows: RXRa siRNA, 59-GG
GAGAAGGUCUAUGCGUC-39 (sense), 59-GACGCAUAGAC
CUUCUCCC-39 (antisense). AllStars Negative Control siRNA
(Qiagen) was used as a negative control.

Western blot analysis

Whole-cell lysate or nuclear protein was harvested. Antibodies
used were anti-ER (sc-543), anti-RARa (sc-551), anti-RXRa (sc-
553), anti-p300 (sc-585), anti-TRAP220 (sc-8998), and anti-AIB-1
(sc-9119) from Santa Cruz Biotechnologies, and anti-b-actin
(ab6276) from Abcam.

Cell cycle analysis

Cells were plated at equal confluence, deprived of hormones, and
transfected using siRNA as described above. Total cells were
harvested for flow cytometry analysis, using propidium iodide
staining.

Oligonucleotide pull-down assay

Protein binding to synthesized double-stranded oligonucleotides
was performed as described previously (Hata et al. 2000). A
double-stranded oligonucleotide sequence was derived from an
experimentally validated ER-binding event containing a perfect
ERE: sense, 59-biotin-CCTTGGTGTCGCGGGTCATAATGACC
GGAGCTTTTCCC-39, and antisense, 59-biotin-GGGAAAAGC
TCCGGTCATTATGACCCGCGACACCAAGG-39. The various
mutants were as follows: 59 ERE mutant, sense, 59-biotin-CCTT
GGTGTCGCGATCTTTAATGACCGGAGCTTTTCCC-39, and
antisense, 59-biotin-GGGAAAAGCTCCGGTCATTAAAGATC
GCGACACCAAGG-39; 39 ERE mutant, sense, 59-biotin-CCTT
GGTGTCGCGGGTCATAAGCTTCGGAGCTTTTCCC-39, and
antisense, 59-biotin-GGGAAAAGCTCCGAAGCTTATGACCC
GCGACACCAAGG-39; double ERE mutant, sense, 59-biotin-
CCTTGGTGTCGCGATCTTTAAGCTTCGGAGCTTTTCCC-39,
and antisense, 59-biotin-GGGAAAAGCTCCGAAGCTTAAAG
ATCGCGACACCAAGG-39. The ERE half-sites are underlined.
A double-stranded oligonucleotide containing the RARE present
in the RARb promoter was included as a positive control for
RARa and RXRa binding. The sequence of this oligonucleotide
was sense, 59-biotin-AGCAGCCCGGGTAGGGTTCACCGAA
AGTTCACTCGCATATAT-39, and antisense, 59-biotin-ATATAT
GCGAGTGAACTTTCGGTGAACCCTACCCGGGATGCT-39.
The RAREs have been underlined.

ChIP

ChIP experiments were performed as described previously (Carroll
et al. 2005). Antibodies used were anti-ER (sc-543), anti-RARa

(sc-551), anti-RXRa (sc-553), anti-p300 (sc-585), anti-TRAP220
(sc-8998), and anti-AIB-1 (sc-9119) from Santa Cruz Biotechnol-
ogies, and anti-RNA PolII (ab5408), anti-Histone H3 acetyl K9 +

K14 + K18 + K23 + K27 (ab47915), and anti-Histone H3 (ab1791)
from Abcam. Primer sequences are provided in Supplemental
Table 1.

Re-ChIP

For the Re-ChIP experiments, an ER ChIP was performed as
described in Carroll et al. (2005), with the exception that 25 mL of
10 mM DTT were used to elute the bound chromatin from the
beads after the washes and incubated at 37°C with shaking for
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30 min as described previously (Metivier et al. 2003). The
supernatant was removed and diluted at least 70 times using
ChIP dilution buffer. The second ChIP, using an antibody against
either RARa, RXRa, or ER and IgG as negative controls, was
then performed according to standard ChIP protocols (Carroll
et al. 2005). All Re-ChIP data are shown relative to IgG control,
which is a more rigorous control for Re-ChIP experiments.

Solexa sequencing and enrichment analysis

RNase A and proteinase K digestions were performed on the
DNA from the ChIP or Re-ChIP experiments. The DNA was
subsequently amplified using the Genomic DNA Sample Prep
Kit from Illumina. Sequences generated by the Illumina genome
analyzer were aligned against NCBI Build 36.3 of the human
genome using MAQ (http://maq.sourceforge.net) with default
parameters. Identification of enriched sites in the sequenced
ChIP and Re-ChIP samples was performed using a consensus
peak-calling technique. Only sequence reads with a MAQ map-
ping quality score $35 were used for the analysis. For each
biological replicate (two ER ChIP replicates, two ER/RARa Re-
ChIP replicates, two ER/IgG ReChIP replicates, ER–ER ReChIP,
and RARa ChIPs), a corresponding set of Input sequence reads of
similar size was obtained by random sampling from the full set of
Input sequence reads. In addition, a set of Input read sequences
was derived from the ER/IgG Re-ChIP for use with the ER/RARa

Re-ChIP. These Input sequence read sets were used as control
tracks for initial identification of enriched target sites, which
was accomplished by using two publicly available peak callers.
The first is the ChIP-seq Peak Finder based on that used in
Johnson et al. (2007), with the fragment size parameter (max-
Spacing) set to 75, the minimum number of sequences in a peak
(minHits) set to 15, and the fold enrichment over Input param-
eter (minRatio) set to 5 for the ER ChIPs and 3 for the ER/RARa

Re-ChIPs. The second peak caller used was the Model-based
Analysis for ChIP-seq (MACS) (Zhang et al. 2008), run using
default parameters (except mfold = 30); only peaks identified
with a P-value of <6.3 3 10�7 were considered. Consensus peaks
were determined by including only regions identified by both
peak callers. Consensus peaks were merged into enriched re-
gions by using the outer coordinates of the overlapping regions,
as described in Schmidt et al. (2008). Once consensus peaks were
determined for each biological replicate, consensus peaks were
determined for each condition (ER and ER/RARa) by merging
overlapping peaks from each replicate.

To generate the heat maps of the raw ChIP-seq data, ER,
RARa, ER/RARa, ER/ER, and ER/IgG Re-ChIP binding peaks
were used as targets to center each window. Each window was
divided into five bins of 100 bp in size (Fig. 3C) or 100 bins of
100 bp in size (Fig. 4B; Supplemental Figs. 5, 7). An enrichment
value was assigned to each bin, counting the number of sequenc-
ing reads in that bin. The ER/RARa Re-ChIP signal was further
normalized by subtracting the background signal of an ER/IgG
Re-ChIP experiment. For this purpose, the same number of
sequencing reads of ER/RARa Re-ChIP and ER/IgG ReChIP were
considered. The distribution of the sum of all five bins was
used to plot the histogram of RARa-binding change of the ER-
independent and ER-dependent RARa sites (subset of ;600 and
2365 sites, respectively). The frequency was normalized to the
number of binding events and bin size of the histogram. Data
were visualized with Treeview (Saldanha 2004).

Coimmunoprecipitation

ER antibodies were cross-linked to agarose beads as described in
the Abcam protocol. Proliferating MCF-7 cells were harvested

and lysed in lysis buffer (50 mM HEPES at pH 7.5, 150 mM NaCl,
10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA,
1 mM DTT, protease inhibitors). Samples were immunoprecip-
itated for 2 h at 4°C, after which they were washed twice with
lysis buffer containing 1 M NaCl and then twice with 50 mM
HEPES (pH 7.5) containing 1 mM DTT. Bound protein was eluted
by the addition of 1 M glycine (pH 3.0), neutralized using Tris
(pH 9.0), and then analyzed by Western blot analysis.

Gene expression

MCF-7 cells were hormone-depleted for 3 d and treated with
100 nM estrogen for 12 h. Total RNA was collected, and RNA
was hybridized to Illumina arrays. The Illumina BeadChip
(HumanWG-6 version 3) bead-level data were preprocessed,
log2-transformed, and quantile-normalized using the bead array
package in Bioconductor. Differential expression analysis was
performed using limma eBayes (Smyth 2004) with a Benjamini
and Hochberg multiple test correction procedure (Benjamini and
Hochberg 1995) to identify statistically significant differentially
expressed genes (adjusted P-value, <0.01).

Motif and GO category analysis

The motif analysis was performed using the program CLOVER
(Frith et al. 2004), which compares sets of DNA sequences to
a library of transcription factor-binding motifs and identifies
whether any of the motifs are statistically overrepresented or
underrepresented in the sets. The JASPAR CORE (Sandelin et al.
2004) collection of transcription factor-binding patterns and the
RARE probability weight matrix (Balmer and Blomhoff 2005)
were used for the analysis. GO category enrichment was de-
termined using GeneTrail (Backes et al. 2007).

Clinical expression data

Microarray data sets from 263 tamoxifen-treated patients were
obtained from previous investigations (Sotiriou et al. 2006; Loi
et al. 2007). All data had been normalized previously by RMA.
Recursive partitioning (RP) in the R package Party was used on
the normalized gene expression data. RP works by ordering the
gene expression values and working down the values using each
as a cutoff to create two groups. The difference in survival be-
tween the two groups is then calculated. The cutoff that provides
the most significant difference between the two subsequent groups
is chosen. Then the process is carried out recursively, until there
are no more significant cutoffs in the data (Hothorn et al. 2006).
A correction for multiple testing is applied.

Statistical analysis

All statistical analyses were performed using the two-tailed
Students t-tests or the x2 test using Excel. Only values with
a P-value <0.05 were considered statistical. Error bars represent
standard deviations.

Data depostion

The sequencing data are deposited at NCBI SRA study accession
number SRA010193.
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