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Estrogen receptors ER� and ER�, members of the nuclear receptor superfamily, exert profound
effects on the gene expression and biological response programs of their target cells. Herein, we
explore the dynamic interplay between these two receptors in their selection of chromatin binding
sites when present separately or together in MCF-7 breast cancer cells. Treatment of cells (containing
ER� only, ER� only, or ER� and ER�) with estradiol or ER subtype-selective ligands was followed by
chromatin immunoprecipitation analysis with a custom-designed tiling array for ER binding sites
across the genome to examine the effects of ligand-occupied and unoccupied ER� and ER� on chro-
matin binding. There was substantial overlap in binding sites for these estradiol-liganded nuclear
receptors when present alone, but many fewer sites were shared when both ERs were present. Each
ER restricted the binding site occupancy of the other, with ER� generally being dominant. Binding sites
of both receptors were highly enriched in estrogen response element motifs, but when both ERs were
present, ER� displaced ER�, shifting it into new sites less enriched in estrogen response elements.
Binding regions of the two ERs also showed differences in their enrichments for other transcription
factor binding motifs. Studies with ER subtype-specific ligands revealed that it was the liganded
subtype that principally determined the spectrum of chromatin binding. These findings highlight the
dynamic interplay between the two ERs in their selection of chromatin binding sites, with competition,
restriction, and site shifting having important implications for the regulation of gene expression by
these two nuclear receptors. (Molecular Endocrinology 24: 47–59, 2010)

Nuclear hormone receptors play key roles in many as-
pects of reproductive physiology, development, and

metabolism, and they are also involved in many disease
states, including hormone-regulated cancers such as
breast cancer (1–3). The effects of estrogens in breast
cancer are mediated through two estrogen receptors
(ERs), ER� and ER�, that are encoded by genes on dif-
ferent chromosomes and function as ligand-modulated
transcription factors, up- and down-regulating gene ex-
pression in a target tissue-selective manner (4, 5). The
presence of ER� in breast cancer cells is associated with
enhanced proliferation in response to estrogens, whereas

several studies have implicated ER� as exerting antipro-
liferative effects (5–10).

ER� and ER� are highly homologous in their DNA-
binding domains (97% amino acid identity), but they are
quite different in their ligand-binding domains (56%
identity) and transcriptional activation function-1 (AF-1)
regions (�20% identity). The differences in their ligand-
binding domains allow the two ER subtypes to bind cer-
tain ligands with high selectivity for one or the other ER
subtype (11–14). Although most human breast cancers
coexpress both ERs (15–17), much less is known about
the role of ER� in breast cancer and how the presence of
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both ERs might affect cellular responses to hormone, al-
though the presence of ER� in breast tumors is generally
associated with a better patient prognosis (17–21).

We previously used microarray transcriptional profil-
ing to comprehensively study the estrogen-regulated gene
expression profiles in breast cancer cells expressing ER�

or ER� (4–6, 10, 22). These studies provided a system-
wide view of the actions of these receptors on target genes
and also revealed marked transcriptome dynamics in re-
sponse to 17�-estradiol (E2) and selective ER modulators.
Although both ER� and ER� have been shown to be able
to heterodimerize when present in the same cell, the im-
pact of having two ER subtypes in one cell and the poten-
tial role of heterodimers on gene regulation is still unclear.
Hence, our lab (4, 5, 23) and others (24–26) had per-
formed several gene expression studies aimed at studying
the interplay between ER� and ER� and characterizing
the role of ER� in influencing the transcriptional activity
of ER�. These studies revealed that ER� significantly im-
pacted ER� gene expression, both in an enhancing and a
suppressing fashion, and that some genes responded to E2

stimulation only in the copresence of ER� (4). This raised
the possibility that interaction between the two ER sub-
types might enable the ER complexes to access new chro-
matin regions when present together. To compare the
activities of ER� and ER� and understand how they
might be modulating each other’s activities, we need to
identify the first step in the ER� signal cascade, namely
to define a map of both ER� and ER� binding sites
when the two ERs are present alone or together in
breast cancer cells.

Through the studies reported herein, we sought to ad-
dress a number of these important questions. When ER�

and ER� individually are present alone in cells, what are
the ranges of their binding sites and to what extent do
they overlap? When both ER� and ER� are present, in
what ways do they interact in terms of binding site
selection? Are their binding site ranges extended? Are
sites that were occupied by either ER� or ER� when
present alone still accessible to both receptors when
both receptors are present? Is the binding site selection
of a liganded ER subtype affected by an unliganded ER
dimer partner?

To better understand this interplay between ER� and
ER� binding at the genomic level, we have used chromatin
immunoprecipitation (ChIP) combined with DNA microar-
ray (ChIP-chip) analysis with a unique custom-designed
tiling array and profiled the genome-wide binding events
of the two ERs in breast cancer cells containing various
complements of ER� and ER�, treated with the natural
hormone E2, the ER�-selective ligand propyl pyrazole
triol (PPT) (14), or the ER�-selective ligand ERB-041

(12). Our findings demonstrate that there is substantial
overlap in the chromatin binding sites for E2-liganded
ER� and ER� when they are present alone in cells, but
when these ERs are present together, many fewer sites are
shared and new sites become occupied. Our findings high-
light the dynamic interplay of competition, restriction,
and site selection shifting, that occurs between the two ER
subtypes in their selection of chromatin binding sites and
how this is modulated by their state of ligand occupancy.

Results

Generation of human breast cancer cells
containing ER� only, ER� only, or both ER� and
ER� and their examination using a custom tiled
microarray of ER binding sites

To examine ER-binding site selection by ER� and ER�

in human breast cancer cells, as shown schematically in
Fig. 1A, we used adenoviral gene delivery to introduce
ER� into ER�-positive MCF-7 cells, both without and
with small interfering RNA (siRNA) directed against
ER�. These produced cells with three complements of
ERs, namely cells containing endogenous ER� only, or ER�

plus ER� at equal levels, or ER� only, as previously de-
scribed (5). We then examined the localization of ER�

and ER�, when present together or separately, in re-
sponse to different ligand treatments using ChIP-chip
with a custom tiling array. We assessed the effects of
unliganded and liganded ERs at ER-binding sites, and we
compared the endogenous hormonal ligand E2 (dual ac-
tivation of ER� and ER�) and the subtype-selective non-
steroidal ligands PPT (ER� preferential activation) (14)
and ERB-041 (ER� preferential activation) (12).

FIG. 1. Generation of MCF-7 cells containing different complements
of ER� and ER� for ChIP-chip studies. A, MCF-7 cells were infected
with control �-galactosidase-expressing adenovirus or ER�-expressing
adenovirus to generate cells containing ER�-only and ER� plus ER�,
respectively. Cells containing ER� only were generated by knockdown
of ER� by siRNA transfection of cells containing ER� plus ER�. B,
Schematic diagram showing location of tiled probes in the custom-
designed tiling arrays. Each probe is 60 bp in length, and probes are
tiled approximately 100 bp from each other. RNAi, RNA interference.
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For our ChIP-chip analysis, we hybridized the ChIP
chromatin and input DNA onto NimbleGen custom-de-
signed tiling arrays that provide coverage of all known
and predicted ER-binding sites across the genome in
MCF-7 cells encompassing approximately 61,000 docu-
mented and putative ER binding sites (described in detail
in Materials and Methods); binding site probe design is
shown in Fig. 1B. MCF-7 cells having the three comple-
ments of ER (ER� only, ER� plus ER�, and ER� only)
were treated with control (0.1% ethanol) vehicle or one of
the three ER ligands for 45 min, a time that is optimal for
ER recruitment to chromatin. Chromatin fragments
bound by ER were immunoprecipitated and hybridized
onto the tiling arrays. Several examples of ChIP-chip sig-
nal intensity peaks for positive and negative ER binding
regions are shown in supplemental Fig. S1 (published as
supplemental data on The Endocrine Society’s Journals
Online web site at http://mend.endojournals.org).

Table 1 shows the number of ER� and ER� binding
sites observed under the various experimental conditions.
With E2 treatment, in MCF-7 cells expressing ER� only,
we identified 4405 ER�-binding sites [ER�(�-cell) sites];
in MCF-7 expressing ER� only, we identified 1897 ER�-
binding sites [ER�(�-cell) sites]; and in MCF-7 cells ex-
pressing both ER� and ER�, we identified 3252 ER�-
binding sites [ER�(��-cell) sites] and 1744 ER�-binding
sites [ER�(��-cell) sites] (Table 1). We do not know
whether the antibodies used in ChIP for ER� and ER�

work with equal efficiency or not. Hence, it is possible
that some of the differences in the number of binding sites
for ER� and ER� may be due to differences in the affin-
ities of the antibodies for their receptor targets.

A number of mock ChIP-chip experiments were also
performed to ensure the fidelity of our ChIP-chip analy-
ses. In addition, we selected a set of random sites (n � 42)
and validated ER binding with ChIP-quantitative PCR in
93% (39 of 42) to assess our false discovery rate (FDR).
Our FDR of 7% is consistent with other genome-wide
ChIP studies (24, 27) (see Materials and Methods and
supplemental Table S1). We also identified which regions
on our designed tiling arrays were actually bound by ER.

These showed over 80% of the ER binding sites to be
distributed in ChIP-chip (28) and ChIP-paired end ditag
(PET) (24) ER binding regions, with the remainder in
computationally predicted estrogen response element
(ERE) regions (29), and 1% or less in control regions on
the array, indicating selectivity in ER binding (supple-
mental Table S2).

Each ER subtype shifts the binding sites of the
other ER, with ER� having a dominant effect

To understand how the presence of the ER-subtype
partner might influence the pattern of chromatin binding
sites for ER� or ER�, we compared the pattern of binding
site occupancy by these ERs after E2 exposure in the three
cell types. Specifically, we compared how ER� binding
sites in ER� cells changed when ER� was also present
[i.e. ER�(�-cell) sites vs. ER�(��-cell) sites], and con-
versely, we examined how ER� binding sites in ER�

cells changed when ER� was also present [ER�(�-cell)
sites vs. ER�(��-cell) sites]. The results are visualized
in the Venn diagram in Fig. 2.

The presence of ER� had a limited effect on the distri-
bution of ER� binding sites when compared with that
seen in ER�-only cells. There was a reduction in the num-
ber of ER� binding sites in ER��-cells, but the overlap of
binding sites remained very high, with 92% of ER�(��-
cell) binding sites overlapping the ER�(�-cell) binding
sites and only 8% being new sites (Fig. 2A). By contrast,
ER� had a much more profound effect on the distribution

TABLE 1. Summary of ER binding sites in the three MCF-7 cells expressing ER� only, both ER� and ER�, or ER� only

Cell type Ligand Antibodies Binding sites
1 MCF7 (�-cells) E2 Anti-ER� 4405
2 MCF7 (�-cells) PPT Anti-ER� 3269
3 MCF7 (��-cells) E2 Anti-ER� 3252
4 MCF7 (��-cells) E2 Anti-ER� 1744
5 MCF7 (��-cells) PPT Anti-ER� 3466
6 MCF7 (��-cells) ERB-041 Anti-ER� 1109
7 MCF7 (�-cells) E2 Anti-ER� 1897
8 MCF7 (�-cells) ERB-041 Anti-ER� 1042

Values are the mean from three independent experiments, with each experiment done in duplicate.

FIG. 2. Effect of ER subtype partner on ER binding site distribution
with E2 treatment. A, The introduction of ER� into the cells has a
relatively minor effect on the distribution of ER� binding sites. B, ER�
has a more pronounced effect on the distribution of ER� binding sites.
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of ER� binding sites. As shown in Fig. 2B, although the
number of ER� binding sites was essentially unaffected by
the presence of ER�, there was a far greater shift in the
ER� sites selected. As a result, the overlap of ER� binding
sites in ER��-cells with those in ER�-only cells was much
more limited (806, �40%), but in these ER��-cells, ER�

occupied 938 new sites, which represent nearly 60% of
the sites it occupies in these cells. These findings suggest
that when the two ER subtypes are both present, ER� is
more dominant in competing for ER binding sites than
ER�, and as a consequence, ER� binding is shifted into
many new sites.

Mutual competition between ER� and ER� binding
site occupancy restricts the number of potential
ER�/ER� heterodimer sites

To further evaluate the influence of each ER subtype
partner on chromatin binding, we examined the occu-
pancy of ER binding sites by ER� and ER� when they
were present either separately or together in cells (Fig. 3,
A and B, respectively) after E2 treatment. When present
separately, ER� bound to about twice as many sites as
ER�, but both occupied many of the same sites, with 73%
of ER�(�-cell) binding sites also being ER�(�-cell) bind-
ing sites (Fig. 3A). This is consistent with current knowl-
edge that ER� and ER� can recognize the same estrogen
response element motif (30) but that ER� binds to
DNA with higher affinity than ER� (31–33). Notably,
a significant fraction of ER�(�-cell) and ER�(�-cell)
sites represent sites that are in common to both ERs (i.e.
can be occupied by either ER� or ER� when they are

present alone). A different pattern emerges when both
receptors are present in the cells (ER��-cells, Fig. 3B).
The ER� and ER� binding sites were much more dis-
tinct from one another in the ER��-cells than they were
in ER�-only and ER�-only cells. Thus, when both ER�

and ER� were present, there was a marked restriction
in the number of binding sites that can be shared; in
fact, more than 800 of the 1386 sites in common were
no longer accessible to both ERs in ER��-cells, with
fewer than one third of the sites in common (579) being
ones that can be shared.

The relationship between sites in common and
shared sites is illustrated in Fig. 3C, which shows the
intersection of the two intersections in Fig. 3, A and B.
Nearly all the shared sites were also sites in common
(499 of 579); however, of the approximately 900 sites
in common that are not shared sites, almost 95% are
commandeered by ER� in ER��-cells, another illustra-
tion of the dominance of ER� over ER� in site selec-
tion. The number of possible ER�/ER� heterodimer
binding sites also appears to be smaller (579 shared
sites) than might have been expected from the overlap
of sites bound by the individual subtypes (1386 sites in
common). This suggests that heterodimerization is not
a favored state for ER� and ER�.

Sequence analysis of ER� vs. ER� binding sites
We next examined whether the genomic sequences to

which ER� and ER� bind contained a recognizable ERE
motif by performing a DNA-binding motif search. We
considered a 13-bp site with up to two positions varying
from the canonical ERE (GGTCAnnnTGACC) as a pu-
tative full-ERE motif. It is of interest to note that about
80% of the sites identified as containing full EREs have
only one ERE motif within the binding region, with about
15% containing two EREs and less than 5% containing

FIG. 4. Presence of ERE sequences in ER� or ER� binding sites with E2

treatment. Binding sites were probed for the presence of full ERE, half
ERE, and no ERE motifs. A, ER� binding sites in ER�-only cells; B, ER�
binding sites in ER�-only cells; C, ER� binding sites in cells containing
both ER� and ER�; D, ER� binding sites in cells containing both ER�
and ER�.

FIG. 3. Venn diagrams comparing the occupancy of ER binding sites
by ER� and ER� when they are present either separately or together in
cells treated with E2. A, ER� or ER� can each occupy many of the same
sites when the other ER subtype is not present in the cells. B, When
both receptors are present, ER� and ER� share a more limited number
of sites. C, Diagram showing the intersection of the intersections from
A (sites in common) and B (shared sites) and how sites in common that
are not shared are allocated predominantly to ER�.
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three or more EREs (see supplemental Fig. S2). Among
the ER�(�-cell) binding regions (Fig. 4A), 63% contained
full-ERE sequences, 23% had ERE half-sites, and 14%
had no ERE-like sequences. The ERE motif distribution in
the ER�(�-cell) binding regions (Fig. 4B) was very similar
to that of the ER�(�-cell) regions, supporting the notion
that ER� and ER�, in the absence of the other ER sub-
type, bind predominantly to similar recognition motifs
(31–33). In addition, the presence of ER� along with ER�

did not change this motif recognition profile of ER� (Fig.
4C). However, the ER� binding sites in ER��-cells (Fig.
4D) contained a much lower percentage of ERE sequences
than did those in ER�-only cells (Fig. 4B), with almost
one third not containing any ERE-like sequences. Thus,
the new sites occupied by ER� and ER� when the other

subtype is present were less enriched in EREs, with the
938 new ER� sites being only 38% enriched and the 274
new ER� sites only 45% enriched. In this respect, the
dominance of ER� over ER� was again evident by the
larger number of ER� proteins that were shunted to sites
less enriched in ERE motifs.

Analysis of enrichment of transcription factor
binding sites

To determine the presence of motifs for other tran-
scription factors that might play a part in the binding of
ER� and ER� to chromatin, we searched for enriched
transcription factor binding site (TFBS) motifs by both de
novo and TRANSFAC candidate scanning approaches
in the DNA sequences corresponding to ER�(�-cell),

FIG. 5. Analysis of enrichment of TFBSs. A, Transcription factor binding motifs that are enriched in ER� (�-cell) binding sites; B, transcription
factor binding motifs that are enriched in ER� (��-cell) binding sites; C, transcription factor binding motifs that are enriched in ER� (�-cell) binding
sites; D, transcription factor binding motifs that are enriched in ER� (��-cell) binding sites.
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ER�(��-cell), ER�(�-cell), and ER�(��-cell) binding
sites relative to genomic background. These statistically
enriched TFBS motifs are listed in Fig. 5.

As expected, ERE and ERE half-site motifs were the
most enriched motifs in all the sets of ER binding sites. In
addition, Forkhead transcription factor motifs (FOXA1),
and AP1, BACH1, Esrrb, and PAX2 motifs were also
highly enriched in both ER� and ER� binding sites, sug-
gesting that chromatin binding of both ER� and ER�

might be assisted by a core set of tran-
scription factors. However, there were
some noteworthy differences in the en-
riched TFBS motifs found for ER� vs.
ER� binding sites. For example, p53
and T-cell factor (TCF) motif enrich-
ment was observed in only ER� bind-
ing sites (Fig. 5, A and B). Also, al-
though PAX2 and PAX6 motifs were
found to be enriched in ER binding
sites, the PAX2 motif was found in all
four binding sets, whereas the PAX6
motif was enriched only in ER�(�-cell)
and ER�(�-cell) binding sites, that is,
only when these receptors were present
alone. Interferon regulatory factor 1
(IRF1) and interferon-stimulated re-
sponse element (ISRE) motifs were
also found to be associated only with
ER�(��-cells) binding sites and not
with the three other binding sets.

Correlation between ER binding
sites and gene regulation
by hormone

Having shown the competitive na-
ture of ER� and ER� recruitment to
the chromatin binding sites in cells ex-
pressing both receptors, we next inves-
tigated the association between ER�

and ER� recruitment to cis-regulatory
sites and E2-mediated transcriptional
responses in ER��-cells. For this, we
compared the potential regulatory re-
gions (50 kb upstream and 50 kb
downstream of the transcription start
site) of 467 genes that are either E2

stimulated or repressed (4 h E2 treat-
ment) in these cells (5) and that have at
least one site bound specifically by only
one of the receptors (i.e. ER� unique
sites or ER� unique sites) or sites
shared by both receptors (i.e. ER�/ER�

shared sites) (Fig. 6A). Our analysis
showed that the enhancer regions of E2-repressed genes in
ER��-cells were three times more likely to have binding
sites unique to ER� than to ER�, suggesting that ER�

homodimers might be recruited more strongly than ER�

homodimers to the enhancer regions of some E2-repressed
genes.

To further characterize ER� and ER� functional
mechanisms and possible comodulatory effects on gene
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regulation, we monitored ER� and ER� recruitment to
chromatin target sites both upstream and downstream of
the transcription start site of the well known E2-regulated
gene FOS in the three cell types after E2 treatment. We
first measured the transcript level of FOS by quantitative
RT-PCR in response to E2 treatment (Fig. 6B). In both
ER�-only and ER��-cells, the E2-stimulated expression
of FOS was very similar; however, we saw a reduced
(�40%) expression of FOS in cells expressing only ER�,
suggesting that ER� might be a weaker transcriptional
activator of this gene.

We then examined both ER� and ER� recruitment to
three potential ER binding sites (identified by our ChIP-
chip data) by ChIP-quantitative PCR. The sites are de-
noted as FOS_enh1, FOS_enh2, and FOS_3�end. The first
two sites are located approximately 20 kb upstream,
whereas the third is located approximately 5 kb down-
stream of the FOS transcription start site. The receptor
binding data are shown in Fig. 6C. We observed that
ER� and ER� could bind to the FOS_enh2 site in all
three types of cells, and this was not affected by the
presence of the other ER subtype; however, FOS_enh1
and FOS_3�end sites were bound exclusively by ER�.
We hypothesize that either one or both of these sites
(FOS_enh1 and FOS_3�end) might be responsible for
the enhanced transcription of FOS seen in ER�-only
and in ER��-cells.

Binding site distribution with ER�- or
ER�-selective ligands vs. E2

To assess the effect of the ER�-selective ligand PPT on
ER� chromatin binding, we examined binding site occu-
pancy after PPT exposure in ER�-only or ER��-cells (Ta-
ble 1). In ER�-only cells, the sites to which PPT-liganded
ER� bound were almost all the same as those bound by
E2-liganded ER� (Fig. 7A). Thus, the ER�-PPT complex
was similar to the ER�-E2 complex in its selection of
chromatin binding sites. Also, although E2-liganded ER�

and ER� acted as competitors in binding site selection
when both were copresent in cells (cf. Fig. 2B), unoccu-
pied ER� had little impact on PPT-liganded ER� chroma-
tin binding (Fig. 7B).

A different pattern emerged in cells treated with ERB-
041, an ER�-selective ligand (12). In contrast to the sim-
ilarity of E2- and PPT-liganded ER� sites (Fig. 7A), ERB-
041-liganded ER� sites were much more distinct from
E2-liganded ER� sites, with only half of the ER�-ERB-
041 sites overlapping with ER�-E2 sites (Fig. 7C), indi-
cating that E2 and ERB-041 form complexes with ER�

that differ in their chromatin binding site selection. Also,
unoccupied ER� did shift the binding site distribution of
ERB-041-liganded ER� (Fig. 7D).

Overlap of ER� and ER� binding sites with
subtype-selective ligands

We also examined the relationship between ER�-PPT
and ER�-ERB-041 chromatin binding sites, in ER�-only
and ER�-only cells, and then in ER��-cells (Fig. 8). Pre-
viously, we had defined the overlap of binding sites in
E2-liganded ERs in ER�-only and ER�-only cells as sites
in common, i.e. sites that could be occupied by either ER
subtype, provided that the other subtype was not present.
Intriguingly, there were fewer ER�-PPT(�-cells) and
ER�-ERB-041(�-cells) sites in common (509 sites, 13%,
Fig. 8A) than were in common when ER� and ER� were
liganded with E2 in these cells (1386 sites, 28%, Fig. 3A).
This suggests that the conformations induced by the bind-
ing of a subtype-selective ligand to its respective ER sub-

FIG. 7. Venn diagrams comparing ER binding site occupancy after cell
treatment with the ER�-selective ligand (PPT) or ER�-selective ligand
(ERB-041) vs. E2. A, ER� binding sites in ER�-only cells (E2 vs. PPT
treatment); B, ER� binding sites in cells containing ER� only or both
ER� and ER� (PPT treatment); C, ER� binding sites in ER�-only cells
(E2 vs. ERB-041 treatment); D, ER� binding sites in cells containing ER�
only or both ER� and ER� (ERB-041 treatment).

FIG. 8. Venn diagrams showing the overlap of ER� binding sites (PPT
treatment) and ER� binding sites (ERB-041 treatment). A, ER� binding
sites in ER�-only cells (ERB-041 treatment) and ER� binding sites in
ER�-only cells (PPT treatment); B, ER� and ER� binding sites in cells
containing both ER� and ER� (ERB-041 vs. PPT treatment).
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type are more distinctive than those induced by the bind-
ing of E2, and based on the findings presented above, the
major difference is in the range of sites bound by ERB-
041-liganded ER� compared with E2-liganded ER�.

When we investigated ER� and ER� binding sites in
ER��-cells after ER subtype-specific ligand activation,
we found a somewhat larger number of sites shared by
ER� and ER� (730, Fig. 8B) than when both ERs were
co-occupied by E2 (579, Fig. 3B). Because PPT and ERB-
041 are ER subtype-selective ligands, when ER��-cells
are treated with one or the other of these ligands, only
one of the ER subtypes will be liganded. The greater
number of shared sites and the lack of binding site
restriction observed when the subtype-selective ligands
are used indicate that an unliganded ER has a more
limited ability to compete with a liganded ER for the
same binding sites.

Discussion

Previous studies done by our group and others have
shown that ER� has a significant impact in modulating
the expression of genes regulated by ER� in breast cancer
cells (4, 5, 23, 25). However, understanding how these
transcriptional programs are orchestrated by both of
these receptors requires an examination of the chromatin
targets of ER� and ER� when they are present, either
separately or together, under various treatment condi-
tions, aspects investigated in this study. We have made
several novel observations. First, the selection of chroma-
tin binding sites is remarkably dynamic, with each ER
subtype being affected by the other and by their state of
ligand occupancy. Second, when each is present alone,
ER� and ER� bind many of the same sites (sites in com-
mon). Third, when ER� and ER� are both present, there
is a mutual competition that greatly restricts the number
of sites that both can occupy (shared sites). Fourth, this
mutual competition also shifts the binding of each ER
uniquely to new sites, that is, to sites that were not occu-
pied when the receptors were present alone. In this restric-
tion and shift, ER� dominates over ER� by capturing the
great majority of sites in common lost to restriction, with
the result that it causes a much greater shift in ER� to new
sites, sites that are less enriched in ERE motifs. Finally,
when subtype-selective ligands were used, the liganded
ER subtype had a dominant effect over the unliganded ER
subtype in the selection of binding sites. These findings
highlight the dynamic interplay and competition between
the two ER subtypes in their selection of chromatin bind-
ing sites, and they point to an ER� dominance model that
results, when both receptors are present, in only a limited
number of sites to which ER�/ER� heterodimers might be

binding and a distinctive and expanded set of binding sites
for ER� and ER� homodimers.

Dynamics and competition in ER� and ER� binding
site selection leads to distinctiveness and limits
the range of potential ER heterodimer
binding sites

The DNA-binding domains of ER� and ER� differ by
only one amino acid, and ER� and ER� homodimers and
ER�/ER� heterodimers can bind to similar ERE-contain-
ing motifs both in vitro and in reporter gene constructs
(30–33). ER� homodimers bind EREs with higher affin-
ity than ER�/ER� heterodimers, and ER� homodimers
bind most weakly (31–34). This is consistent with our
findings that after E2 treatment, there are more ER�(�-
cell) binding sites than ER�(�-cell) sites. Our whole-ge-
nome ChIP-chip studies show, however, that the binding
sites for ER� and ER� when present alone were more
distinctive than might be presumed based on the receptor
structure and motif binding preference, because although
there were many common binding sites for ER� and ER�

(1386), there were also many sites that could be occupied
by only ER� (3019), and some sites that could be occu-
pied by only ER� (511). Thus, in the context of chroma-
tin, factors other than the structure of the ER subtype
DNA-binding domains appear to enforce a specificity to
their binding site selection that gives a distinctiveness to
the sites they occupy. When both ERs were present, com-
petition between them made their binding site distribu-
tion even more distinct, restricting the number of sites
that could be occupied by either ER much further, to only
579 shared sites. These are the only possible sites to which
ER�/ER� heterodimers could bind, and this number is
quite small.

A model for ER� dominance
There are equal levels of ER� and ER� in our ER��-

cells (5), and if homo- and heterodimers formed with
equal stability, one would expect a 1:2:1 statistical distri-
bution for ER� homodimers to ER�/ER� heterodimers to
ER� homodimers. However, because ER� homodimers
are more stable than ER�/ER� heterodimers and ER�

homodimers less stable (31–33, 35–37), the fraction of
heterodimers will be reduced and that of ER� ho-
modimers increased. Thus, ER� dominance arises both
from the higher DNA binding affinity of ER� ho-
modimers than heterodimers and the preferred formation
of ER� homodimers (at the expense of heterodimers).
Thus, it is not surprising that of the total number of ER
binding sites we find in ER��-cells (�4400), only 13%
(�600) are sites to which ER�/ER� heterodimers might
bind. Also, of the approximately 900 sites in common
that were lost when both ERs are present, nearly 90%
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were claimed by ER�; none of these 800 sites were avail-
able as heterodimer binding sites. These findings illustrate
again the dynamic and competitive nature of chromatin
binding site selection by ER� and ER�, with ER� being
the dominant subtype. It further suggests that the biolog-
ical effects of ER� that reduce estrogen activity through
ER� might be accounted for by factors beyond the for-
mation of ER�/ER� heterodimers that have reduced ac-
tivity, because these heterodimers would be present at
only a small fraction of the total number of ER binding
sites.

The chromatin binding sites for ER� had been mapped
previously on a genome-wide scale using ChIP-chip or
ChIP-PET analysis (24, 27, 38, 39), and these studies have
provided an unprecedented view of the broad distribution
of ER binding sites throughout the genome. More re-
cently, two studies (39, 40) examined binding sites in cells
having ER� or ER� plus ER� treated with the ER subtype
nonselective ligand, E2. Our studies have expanded upon
previous studies and examined the characteristics of ER�

binding sites, when present alone and with ER�, and
whether ER� and ER� collaborate and/or compete for
these binding sites in the presence of E2 and also ER
subtype-specific ligands. In studies by Dahlman-Wright
and colleagues (39, 40), the addition of ER� was found to
cause a shift in the binding sites for ER�, as we also
observed. However, because these studies did not include
ER�-only cells, or any investigations with ER subtype-
selective ligands, it is not possible to make other compar-
isons (i.e. common vs. shared sites and shift of ER� sites
when present with ER� vs. present alone or influence of
unoccupied receptor subtype).

New binding sites become occupied by ER� and
ER� homodimers when both ERs are present

Although the fraction of sites that can be occupied by
both ER� and ER� when both are present together is
small, the presence of both subtypes had another pro-
nounced effect: it shifted the site selection such that each
ER bound to new sites. The shift for ER� was relatively
modest, but the shift for ER� was pronounced. When
ER� was added, about half of ER� sites were relin-
quished, but a nearly equal number of new sites were
gained. This shift to new binding sites is intriguing, be-
cause it implies that ER� and ER� bind, presumably as
homodimers, to nearly 300 and to more than 900 new
sites, respectively, when they are copresent.

It is intriguing to consider whether the moderating ef-
fect that ER� has on ER� gene regulatory activity (4, 5,
26) might be the result of the extension of estrogen action
through these many new sites to which ER� and ER�

bind only when both ERs are present. Thus, it is still an

open question whether the effect of ER� on the activity of
ER� arises from ER�/ER� heterodimer formation, from
the new sites with which the ER homodimers interact
when both are present, or from both processes.

Sequence motifs in chromatin binding sites for
ER� and ER�

From our sequence analysis, we found that when
present alone, both ER� and ER� bound mostly to chro-
matin targets containing ERE motifs. This observation
fits well with studies showing that ER� and ER� recog-
nize the same ERE motif (30–33), yet our ChIP-chip find-
ings suggest that there are other factors enforcing the
selectivity and range of ER subtype binding, because there
were many sites to which only ER� (in ER�-cells) or only
ER� (in ER�-cells) bind as homodimers. The ERE motif
distribution was even more interesting in the ER��-cells;
here, ER� sites had nearly the same enrichment of ERE
motifs as in the ER� cells, whereas ER� bound to sites
that contained a lower percentage of ERE sequences. This
is another reflection of ER� preferential binding to sites
with good EREs, thereby shifting ER� to new sites less
enriched in EREs when both ERs are present.

A number of studies have previously examined the
transcriptional activities of ER� and ER�, with the bulk
of evidence implying that ER� has growth-suppressive
activities (6–8, 24). Thus, it is of interest that we found
the enhancer regions of E2-repressed genes were three
times more likely to have binding sites occupied by ER�

than by ER�. Thus, although ER� may be the generally
dominant ER subtype, within the enhancer regions of
these E2-repressed genes, ER� competes effectively to
preferentially exclude ER� from binding.

Liganded ER� dominates over unliganded ER� in
chromatin binding site selection

A unique feature of this study is our use of ER subtype-
selective ligands to achieve differential occupancy of ER�

or ER�, even when both are present in cells. This is not
possible using the nonselective ligand E2 that binds well to
both ER� and ER�. The ER� complex with PPT selected
almost all of the same binding sites as did the ER�-E2

complex, suggesting that both receptor complexes are
very similar. Although there are no published x-ray struc-
tures of ER�-PPT complexes, they appear very similar to
ER�-E2 complexes in terms of receptor conformation,
dimer stability, and interaction with coregulators (36, 37,
41–44). By contrast, ER� complexed with ERB-041 or E2

bound to mostly different sites. This difference in access-
ing chromatin binding sites is not reflected in the x-ray
crystal structures of ER� ligand-binding domain com-
plexes with these two ligands [PDB entry 2j7x for ER�

with E2 (unpublished) and 1x7b for ER� with ERB-041
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(45)]. Thus, differences outside of the ligand-binding do-
main and/or differences in cofactor recruitment (5) might
account for the differences in their chromatin binding.

When both ERs were liganded by E2, we found that the
number of sites that could be occupied by both ERs
present together (shared sites) was less than those that
could be occupied by one or the other when present sep-
arately (sites in common). This competition between ER
subtypes, however, did not occur uniformly when a sub-
type-selective ligand was used. The overlap of binding
sites for PPT-ER� in ER�-only or in ER��-cells was es-
sentially the same, indicating that unliganded ER� did not
restrict the binding of liganded ER�. By contrast, binding
site selection by ERB-041-ER� in ER� only or in ER��-
cells was different, indicating that unliganded ER� did
affect the binding site selection of liganded ER�. ER
dimerization studies, both in vitro and in cells, have dem-
onstrated that ER homo- and heterodimer formation is
favored by ligand occupancy of both partners in the
dimer, with occupancy of ER� being the more important
(36, 37, 46).

The cartography of ER� and ER� chromatin
binding sites and the biology of ER� and ER�

There is abundant evidence that in addition to ER�,
ER� plays an important role in regulating biological re-
sponses of diverse target tissues and cells to estrogens.
Normal breast tissue contains both ER� and ER�, and
ER-positive human breast cancers usually contain both
ER� and ER�, with ER� levels typically declining relative
to ER� with disease progression (17–21). Increasing evi-
dence indicates that ER� has a restraining effect on the
pro-proliferative activities of ER� in estrogen-responsive
breast cancer cells and in breast tumors (6–10). ER� also
modulates the genome-wide gene expression profiles in-
duced by E2 through ER� (4, 5, 26). Our observation of
differences in ER� and ER� binding to ER binding
regions near the FOS gene highlight that binding site
selection by these ERs may underlie their differences in
regulation of this gene (5). Our studies also showed
enrichment of some different transcription factor bind-
ing motifs in ER� vs. ER� binding regions that may
enable coassociations of ER� and ER� with distinct
transcription factors that may support different gene-se-
lective and tissue-selective activities of these two ERs. In
this regard, a previous study has shown direct interaction
between E2-activated ER� (but not activated ER�) and
TCF isoforms on EREs contained in the osteopontin pro-
moter (47). Likewise, recent studies show important in-
terrelationships between p53 and ER� in breast cancer
and their copresence at ER�-regulated genes (48). Both of
these reports are in agreement with our observations of

TCF and p53 motif enrichment only in ER� binding site
regions.

Taken together, our studies reveal the dynamic inter-
play between ER� and ER� in their selection of chroma-
tin binding sites and reveal a novel process, expansion of
binding sites exclusively for ER� or for ER� when both
ERs are present, that may operate in addition to ER�/ER�

complex formation as a mechanism by which ER� might
moderate ER� activity in target cells. These findings on
binding site selection dynamics may apply more broadly
to other nuclear hormone receptors, especially other ste-
roid hormone receptors (such as progesterone and glu-
cocorticoid receptors), that also have two closely related
receptor forms that can bind as homo- and heterodimers
and impact the biology of each other.

Materials and Methods

Ligands, cell culture, adenovirus infection, and
siRNA transfection

MCF-7 cells were cultured in MEM (Sigma Chemical Co., St.
Louis, MO), supplemented with 5% calf serum (HyClone,
Logan, UT), and 100 �g/ml penicillin/streptomycin (Invitrogen,
Carlsbad, CA). For estrogen-free experiments, the cells were
maintained in phenol red-free MEM plus 5% charcoal-dextran-
treated calf serum for at least 3 d and were then seeded at a
density of 3 � 105 cells per 10-cm tissue culture dish (Corning,
Corning, NY) for 2 d before adenovirus infection. Recombinant
adenoviruses were constructed and prepared as described (4).
Cells were infected with either control adenovirus expressing
�-galactosidase (Ad) or adenovirus expressing ER� (AdER�)
for 72 h. Conditions used were those described previously (4, 5,
10) to generate MCF-7 cells expressing levels of ER� equal to
that of the endogenously expressed ER�. siRNA experiments
for knockdown of the endogenous ER� in MCF-7 cells were
performed as previously described and resulted in knockdown
of ER� mRNA and protein by greater than 95% (5). siER�
sequences (Dharmacon, Lafayette, CO) were forward, 5�-
UCAUCGCAUUCCUUGCAAAdTdT-3�, and reverse, 5�-UUU-
GCAAGGAAUGCGAUGAdTdT-3� (5). Because ER� knock-
down did not affect ER� levels, the level of ER� obtained in the
ER�-only cells (5) was similar to that of ER� in the original
MCF-7 cells. Estradiol was from Sigma. The ER subtype-selec-
tive ligands PPT and ERB-041 were synthesized as described
(14, 45). Studies used 10 nM E2, 50 nM PPT, and 500 nM ERB-
041, concentrations that reflect their relative binding affinities,
and give maximal occupancy of receptors by these ligands.

ChIP assays
ChIP for ER� and ER� were carried out as described (49)

and used the ER� antibody HC-20 (Santa Cruz Biotechnology,
Santa Cruz, CA); ER� antibodies were a combination with
equal parts of CWK-F12 produced by our lab (50), GTX70182
(GeneTex, San Antonio, TX), GR40 (Calbiochem, La Jolla,
CA), and PA1-311 (Affinity Bioreagents, Golden, CO). The
ChIP DNA was used for ChIP-chip analysis and quantitative
real-time PCR.
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ChIP-chip analyses
We used a custom-designed tiling array, produced by

NimbleGen, that contains approximately 77,000 genomic re-
gions consisting of about 61,000 ER-binding sites and about
16,000 negative/control regions. The ER-binding sites were se-
lected based on 1) published ER� ChIP-chip data (27), account-
ing for 10,599 sites; 2) published ER� ChIP-PET data (n �1234
sites) (24); and 3) computational predicted ERE sites using an
optimized algorithm (29) (n �37,499 sites). These were com-
pared against control probes from both nonbinding regions and
nonmammalian sequences. The probes in our arrays are ap-
proximately 60 bp in length, and they are tiled at a distance of
about 100 bp from each other within a binding site. In valida-
tion studies, we tested a total of 42 sites and validated ER bind-
ing in 93% (39 of 42) of the selected sites (see supplemental
Table S1). Our ChIP-chip experiments thus had false-positive
error rates of approximately 7%, which are similar to those
reported in other genome-wide ChIP-chip or ChIP-PET studies
(24, 27). We performed three biological replicates (each biolog-
ical replicate being from an independent experiment with two
separate hybridizations onto tiling arrays) to identify enriched
binding sites. The raw intensity signals of the ChIP-chip exper-
iments were normalized and averaged across the three repli-
cates. The binding sites were identified by the intersection of
peaks detection (four or more probes whose intensity signals are
above a specific threshold) and default FDR score in the Nimble-
Gen software. Both the peak cutoff threshold and FDR values
were calculated using NimbleScan software (all settings were
left as the default in the software). The detailed algorithm on
how NimbleGen software calculates the FDR and determines
the peaks can be found at the NimbleGen ChIP-on-chip web site
(http://www.nimblegen.com/products/chip/index.html). The
locations of all binding sites will be deposited and publicly
available. Raw signal intensity values of several random sites
(both ER binding and nonbinding regions) are shown in sup-
plemental Fig. S1 to illustrate the distinct intensity differences
between regions binding ER vs. regions not binding ER.

Computational motif analyses
Motif analysis was performed using the program HOMER

(http://biowhat.ucsd.edu/homer/) (51). DNA sequences corre-
sponding to ER�(�-cell), ER�(��-cell), ER�(�-cell), and
ER�(��-cell) binding sites were used. HOMER will search for
enriched motifs by two different methods: de novo and
TRANSFAC (52). In the TRANSFAC approach, HOMER will
search for enrichment of motifs (TRANSFAC known transcrip-
tion factor matrices), and the enriched motifs found were scored
using the hypergeometric distribution relative to genomic back-
ground (24). In the de novo approach, an exhaustive search for
all n-mers (6 � n � 13) was performed, and each n-mer was
scored for its enrichment in the ER binding sites using the hyper-
geometric distribution relative to background genomic sequence.
The enriched n-mer sequences were subsequently identified by
matching them to known transcription factor consensus sequences.
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