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Genome-wide analysis of estrogen receptor binding sites
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The estrogen receptor is the master transcriptional regulator of breast cancer phenotype and the archetype of a molecular
therapeutic target. We mapped all estrogen receptor and RNA polymerase Il binding sites on a genome-wide scale, identifying
the authentic cis binding sites and target genes, in breast cancer cells. Combining this unique resource with gene expression data
demonstrates distinct temporal mechanisms of estrogen-mediated gene regulation, particularly in the case of estrogen-suppressed
genes. Furthermore, this resource has allowed the identification of cis-regulatory sites in previously unexplored regions of the

genome and the cooperating transcription factors underlying estrogen signaling in breast cancer.

Recent work has focused on identifying gene expression signatures in
breast cancer subtypes that predict response to specific treatment
regimes and improved disease outcome!™. Tumors with gene expres-
sion profiles that correlate with estrogen receptor o (hereafter referred
to simply as ‘estrogen receptor’) expression have been termed luminal
type" and are associated with response to endocrine therapy and
improved survival, although the mechanisms by which estrogen
receptor dictates tumor status are poorly understood.

Estrogen receptor—mediated transcription has been intensively
studied on a small number of endogenous target promoters®=, and
recent location analysis of estrogen receptor binding by chromatin
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Iso focused primarily on promoter regions>?. We recently expanded
on these analyses to map estrogen receptor binding sites in a less
biased way that did not depend on preexisting concepts of classic
promoter domains!! and subsequently identified several new features
of estrogen receptor transcription, including an involvement of distal
cis-regulatory enhancer regions and a requirement for the Forkhead
protein, FoxAl, in facilitating estrogen receptor binding to chromatin
and subsequent gene transcription'!. This analysis highlighted the
importance of regions of chromatin distinct from the promoter-
proximal regions and suggested an in vivo requirement for cooperating
transcription factors. However, owing to technological limitations, this
investigation was restricted to chromosomes 21 and 22, comprising
<3% of the genome and containing few estrogen receptor—regulated
genes!!. Recent chromosome-wide transcript analyses have demon-

'.1.' immunoprecipitation combined with microarrays (ChIP-on-chip)

strated the existence of multiple layers of transcription that are
independent of known coding gene regions'?, implying that transcrip-
tion factor activity cannot be described by a limited set of paradigms
that are restricted to well-studied regions of the genome. To overcome
these limitations, we conducted a genome-wide analysis of estrogen
receptor and RNA polymerase II (Polll) binding by mapping estro-
gen-induced estrogen receptor and RNA PolIl binding sites on all
1,500 Mb of nonrepetitive sequence in a breast cancer cell line at 35-bp
resolution. The combination of this unique resource with gene
expression data serves to elucidate the mechanisms underlying estro-
gen-regulated gene expression in breast cancer.

RESULTS

The MCEF-7 breast cancer cell line has been extensively used as a model
of hormone-dependent breast cancer. We deprived MCF-7 cells of
hormones for 3 d and then synchronously induced transcription by
the addition of estrogen for a brief period of time (45 min) known to
result in maximal estrogen receptor—chromatin binding®!!. We used
estrogen receptor—specific and RNA Polll-specific antibodies for ChIP
and prepared precipitated chromatin as previously described!!.
We hybridized ChIP chromatin and input DNA to the Affymetrix
Human tiling 1.0 microarrays representing the entire nonrepetitive
human genome sequence (NCBI build 35) tiled at 35-bp resolution.
We performed three biological replicates and identified enriched
binding sites (Supplementary Note online) by the intersection of
two independent methods: namely, a nonparametric generalized
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Figure 1 Summary of estrogen receptor and RNA
Polll binding sites and correlation with nucleotide
and gene number. (a) Location of estrogen
receptor (ER) and RNA Polll sites relative to
transcription start sites (TSS) of RefSeq genes.
The scale on the left represents RNA Polll
distribution, and the scale on the right represents
estrogen receptor and random distribution.

(b) Correlation of estrogen receptor and RNA
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ranked according to total gene number and
total nucleotide number. (c) Conservation of all
. estrogen receptor binding sites (black line) and
RNA Polll binding sites (red line) between
human, mouse, rat, chicken and Fugu rubripes
sequence. RNA Polll binding sites are shown
in a 5’-to-3" manner.
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Mann-Whitney U-test!® using a threshold of P < 107> and a new
model-based analysis tiling array algorithm, MAT'4. This stringent
approach ensures high confidence predictions to facilitate subsequent
motif analysis, though it may introduce some false negatives with
lower confidence (see the Supplementary Note for estrogen receptor
and RNA Polll binding data at both the stringent and a lower
threshold). The stringent threshold represents a false discovery rate
(FDR) of ~ 1%, and the lower threshold represents an FDR of ~ 5%.
After BLAT ana.lysis15 to eliminate redundant sequences, we identified
a final set of 3,665 unique estrogen receptor binding sites and 3,629
unique RNA PollI binding sites using the stringent threshold, resulting
in an estrogen receptor and RNA PollI binding site on average every
839 kb and 847 kb in the genome, respectively.

http://www.nature.com/naturegenetics

Correlation of binding with transcription start sites

We mapped the relative location of estrogen receptor and RNA Polll

binding sites to transcription start sites (TSS) of known genes from

RefSeq (Fig. 1a). Approximately 67% of RNA Polll sites map to
=Ye, Promoter-proximal (-800 bp to +200 bp) regions of known

ggenes, consistent with findings reported for transcription factor IID
=" (TFIID)'®. Identification of essential elements for estrogen receptor—

mediated transcription of target genes have focused primarily on
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Figure 2 Estrogen-mediated transcript changes a

and correlation with estrogen receptor binding. _s8h 6h 12h
(a) Expression changes of all genes as ranked by
Welch t statistic at 3, 6 and 12 h relative to O h.
Induction of gene expression relative to O h is
represented as yellow and repression as blue. The
graph represents the fraction of genes with an
estrogen receptor binding site within 50 kb of the
transcription start site. Genes were ranked by
Welch t statistic between 3, 6 and 12 hand O h
(control). The black (3 h), blue (6 h) and green
(12 h) lines represent 2,000 gene moving
averages of the fraction of genes that have one or
more estrogen receptor binding sites within 50 kb
of the transcription start site. The yellow band is
a 99% confidence interval for the binding site =
moving average of genes in the 25%-50% 12-h s 005
t statistic range. (b) Summary of estrogen-
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promoter-proximal regions, and recent estrogen receptor location
analyses analyzed only promoter regions®!%. However, in our complete
genome-wide approach, we find that only 4% of estrogen receptor
binding sites mapped to 1-kb promoter-proximal regions at either the
high or low threshold (Fig. 1a), and as such, almost all in vivo estrogen
receptor binding events occur in regions previously unannotated as
cis-regulatory elements within the genome. The low frequency of
promoter-proximal binding sites found for estrogen receptor is
unlikely to be due to a bias in the method, as we were able to find
the vast majority of RNA PollI binding sites at promoters using this
method as expected. However, within the list of estrogen receptor
binding sites near promoter-proximal regions, we found a number of
previously identified estrogen receptor targets, including TFFI,
EBAGY, TRIM25 (also known as Efp), ESRI and prothymosin o
(PTMA), found using the stringent threshold, and cathepsin D
(CTSD), PGR (also known as PR), keratin 19 (KRT19), RARA (also
known as RARa) and HSPBI (also known as Hsp27), found using the
more relaxed threshold (reviewed in refs. 17,18). Even when a very
relaxed cutoff was analyzed corresponding to an FDR of >50%, only
three additional promoter-proximal regions previously suggested to be
estrogen receptor targets were identified (Supplementary Table 1
online). The promoters identified using the lower thresholds may

b c
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mediated expression changes over a time course (0, 3, 6 and 12 h). Shown are the number of differentially expressed genes after estrogen treatment,
relative to the vehicle-treated control (O h). Blue segments represent upregulated genes, and red segments represent downregulated genes. (c) Percentage
of genes upregulated or downregulated at each time point (relative to time O h) that contain estrogen receptor binding sites within 50 kb (purple sector).
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=" represent indirect or secondary binding sites, as assessed by the low
enrichment (1.2- to 1.8-fold over background) by directed quantita-
tive ChIP (Supplementary Fig. 1 online and data not shown),
compared with 15- to 160-fold for adjacent estrogen receptor binding

sites distal from promoter regions.

Conserved cis elements define estrogen receptor binding

RNA Polll binding correlated well (> = 0.88) with gene number, not
chromosome length (©* = 0.29), as its binding was predominately
promoter proximal (Fig. 1b). Compared with RNA Polll, estrogen
receptor binding was less well correlated with gene number (r*> = 0.62)
and equally correlated with chromosome size, as estrogen receptor
binding is distributed within and between genes rather than being

restricted to promoters (Fig. 1b).

Sequence comparison of all the estrogen receptor binding sites
between the genomes of multiple vertebrate species showed high
conservation within the binding sites, but not in immediate surround-
ing regions (Fig. 1c); conservation was almost to the same level as for
coding sequences. Conservation analysis of RNA Polll binding sites
showed a similar degree of sequence preservation, although in contrast
to estrogen receptor, this was also maintained in the surrounding
coding sequence (Fig. 1c). Therefore, the evolutionary maintenance of
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the estrogen receptor binding sites supports
their putative role as functional cis-regulatory
domains distinct from promoters.

Gene expression correlates with binding
To correlate estrogen receptor and RNA Polll
binding data with the estrogen transcriptional
response, we performed gene expression pro-
filing by microarray analyses, which were
performed in triplicate over an estrogen
stimulation time course (0, 3, 6 and 12 h),
with 3 h representing immediate transcrip-
tional targets’ and both 6 and 12 h repre-
senting delayed targets (complete data sets
are available; see Supplementary Note). Rela-
tive to time O h, 134 genes were upregulated
after 3 h of estrogen treatment (Fig. 2a,b),
which is a small fraction of the RNA Polll
binding sites present in MCF-7 cells under
these conditions. However, RNA PollI binding
sites identified by ChIP-on-chip represent not
only the genes differentially regulated by estro-
gen, but also estrogen-independent binding
sites within actively transcribed genes'>.

Correlation of estrogen receptor binding
sites with early (3 h) and late (6 h and 12 h)
estrogen-induced genes showed a bias of bind-
ing sites within 50 kb of TSS of both early and
delayed estrogen-induced genes (P < 0.001)
(Fig. 2a,). Although there is significantly
greater estrogen receptor binding bias toward
early upregulated genes, the bias observed near
late-upregulated genes suggests that either
these late transcripts are produced early and
do not accumulate to detectable levels for
more than 3 h, or more likely, their transcrip-
tion requires estrogen induction of a second-
ary or cooperating transcription factor.

Estrogen-mediated gene repression

Most work investigating estrogen-regulated transcription focuses on
upregulated genes, although downregulated genes constitute a sig-
nificant fraction of all estrogen-dependent expression changes in cell

lines'® and tumor samples?. In our expression array analysis, 51.2%
of early (3 h) gene changes are downregulated events (Fig. 2b). Of the

different possible mechanisms for this early gene inhibition, one
hypothesis is a sequestration of limiting factors away from down-
regulated genes?!, so-called physiologic squelching. In support of this
hypothesis, correlation of estrogen receptor binding sites with down-
regulated genes did not show any statistical bias to the TSS of genes
downregulated at 3 h (Fig. 2a). We took several different experimental
approaches to assess if physiologic squelching was a primary mode of

early downregulation. RNA PollI binding at the promoters of early-

receptor action.

downregulated genes decreased after only 45 min of estrogen stimula-
tion, coincident with RNA Polll binding at promoters of early-
upregulated genes (data not shown). Furthermore, pretreatment
of MCF-7 cells with the translational inhibitor cycloheximide for
1 h before estrogen stimulation did not influence the early decreases in
a number of assessed transcripts (Supplementary Fig. 2 online),
suggesting that these genes are primary, yet indirect, targets of estrogen
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Figure 4 Identification of enriched motifs
within the estrogen receptor binding sites and
validation of transcription factor binding. (a) A
computational screen for enriched motifs within
all estrogen receptor binding regions demon-
strates the presence of ERE, Forkhead, AP-1,
Oct and C/EBP sites, with nucleotide bias shown
using Weblogo (http://weblogo.berkeley.edu/).

A complete list of enriched motifs can be found
in Supplementary Table 2. (b) Directed ChIP of
transcription factors that bind to these enriched
motifs was performed on 26 estrogen receptor
(ER) binding sites and five control regions. The
binding sites were chosen to cover a range of
enrichment values but also included sites near
a select number of estrogen-regulated genes.
The relative P value for each of the binding sites
assessed is provided. Estrogen receptor binding
sites adjacent to estrogen-regulated genes are
shown by the gene name. The real-time PCR
data are shown as a multiple of input DNA

and are the average of independent replicates.
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In contrast to the early-downregulated genes, when we mapped the
relationship between estrogen receptor binding and the TSS of genes

la.l downregulated at the later 6- and 12-h time points, we observed a

ignificant enrichment of estrogen receptor binding sites within 50 kb

of promoter regions (Fig. 2a). This bias of estrogen receptor binding
adjacent to late-downregulated genes suggests that in contrast to the
majority of early-downregulated genes, which are likely to result from
a preponderance of indirect mechanisms such as physiologic squel-
ching, most downregulation late requires estrogen receptor binding.
The lag suggests the necessity for the transcription of an estrogen-
induced repressor or corepressor capable of associating with chroma-
tin-bound estrogen receptor to facilitate subsequent transcriptional
inhibition of adjacent genes. In support of this hypothesis, pretreat-
ment of MCF-7 cells with cycloheximide before estrogen stimulation
abrogated the late downregulation of a number of assessed transcripts
(Supplementary Fig. 2), confirming the requirement for translation
of a secondary factor.

Diversity of estrogen receptor regulatory mechanisms

The ChIP-on-chip data suggest that a diversity of binding profiles
exist. As examples, autoregulation of the ESRI gene involved estrogen
receptor binding at the promoter as previously implicated?? but also
may involve three estrogen receptor binding sites 150 kb to 192 kb
upstream of the gene (Fig. 3). The gene encoding the progesterone
receptor, a steroid receptor that is critical in female reproduction and
lactation?® and pathological in breast cancer, contained a RNA Polll

identified mechanism of estrogen regulation,
contained RNA Polll and an estrogen
receptor binding site at the promoter of a
specific isoform, as well as a cluster of five
other estrogen receptor sites upstream of
the gene. GATA3, a transcription factor that
correlates with estrogen receptor status in
breast cancer cells®>, contained one estrogen receptor binding
site close to the 3" end of the gene. Previous work delineating
mechanisms of estrogen induction of MYC have implicated non-
estrogen-responsive elements (EREs) within the promoter?® as the
estrogen receptor binding site’, but we observed a single estrogen
receptor binding site approximately 67 kb upstream from MYC. We
validated estrogen receptor binding to most of this subset of newly
identified binding sites using directed estrogen receptor ChIP and real-
time PCR (Supplementary Fig. 1). In support of the ChIP-on-chip
data, estrogen receptor binding was only marginally enriched at the
MYC promoter by ChIP and quantitative PCR (1.5-fold over input
DNA) compared with the newly identified upstream enhancer (15-
fold over input DNA), substantiating the assertion that the MYC
promoter is not the primary estrogen receptor binding site. It should
be noted that in the cases of ESRI, PGR and MYC, predicted
transcripts exist in the region between the binding sites and the
hypothesized target, as shown in Figure 3, although there is no
evidence for their expression in MCF-7 cells. Future studies will be
needed in order to prove the particular functional significance of any
of these estrogen receptor binding sites; however, in the absence of this
unique resource, the existence of these sites would be un-
known. These examples typify the gene-specific complexity of
estrogen receptor transcriptional regulation and reinforce the
concept that the historical bias towards promoter-proximal
regions does not fully identify the primary sites of estrogen regulation
in most cases.
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Figure 5 Involvement of cooperating transcription factors at estrogen receptor binding sites. (a) Pairwise analysis between ERE, Forkhead (FKH), AP-1,

Oct and C/EBP muotifs. A positive correlation is shown as a black line, and a negative correlation is shown as a red line. Statistical significance is shown
numerically and also indicated by line thickness. (b) Distribution of ERE, Forkhead (FKH), AP-1, Oct and C/EBP motifs within estrogen receptor binding
sites relative to the center of the binding sites (represented as 0). (c) Fraction of specific binding sites containing ERE, AP-1 and Forkhead (FKH) motifs
adjacent to genes up- or downregulated early (3 h) or late (12 h). The top 200 differentially expressed genes at each time point (based on the Welch t test)

were included in the analysis. For each gene, only motifs in the nearest ChlP region within 50 kb were considered.

Involvement of cooperating factors

To systematically identify the network of transcription factors that
modulate estrogen receptor function, we searched all estrogen receptor
binding sites for enriched DNA binding elements by both de novo and
candidate scanning approaches. This screen identified EREs and
Forkhead motifs, as previously implicated!!, as well as a number of
other putative binding motifs (a complete list of enriched motifs can
be found in Supplementary Table 2 online), including AP-1, Oct and
C/EBP motifs (Fig. 4a), supporting the suggestion that these sites
serve as enhancers. Using ChIP followed by real-time PCR of 15
randomly selected estrogen receptor binding sites with different

© 2006 Nature Publishing Group

e, enrichment values, 11 sites adjacent to estrogen regulated genes and

@ﬁve negative controls (regions containing EREs or ERE half sites, but

=" not identified as estrogen receptor binding sites) (Supplementary

Table 3 online), we confirmed estrogen receptor recruitment to all of

the tested ChIP-on-chip—identified sites but not to any of the negative

controls (Fig. 4b). FoxA1 binding occurred at most of these sites (but

not at any of the controls), and the signal was generally diminished

after estrogen addition, as we previously found for sites on chromo-
somes 21 and 22 (ref. 11) (Fig. 4b).

To validate specific transcription factor association with the
enriched AP-1, Oct and C/EBP motifs, we focused initially on
members of each transcription factor family that were abundant in
MCEF-7 cells. As an example, Oct-1 was expressed in MCF-7 cells, and
Oct-1 protein was shown by ChIP to be recruited to a number (73%)
of the assessed sites (Fig. 4b), supporting the data showing Oct-1 as a
nuclear receptor—interacting transcription factor?’ and a putative
regulator of estrogen target genes?. Similarly, c-Jun and C/EBPo
were shown to bind to a subset of estrogen receptor binding sites,
but not to the negative controls. C/EBPo has been shown to
interact with estrogen receptor in GST pull-down experiments®’,
and c-Jun has an extensively characterized role modulating estrogen
target genes®**!, although general roles for these transcription factors
in estrogen receptor—mediated transcription have not been previously
shown. Importantly, these motifs were not statistically enriched in

the promoter-proximal regions of estrogen-regulated genes (data
not shown).

We performed pairwise analysis to identify combinatorial interac-
tions between ERE, Forkhead, Oct, AP-1 and C/EBP motifs within all
estrogen receptor binding sites and found a strong negative correlation
between ERE and AP-1 elements (Fig. 5a), suggesting that ERE and
AP-1 motifs occur exclusively. The pairwise analysis also showed a
positive correlation between C/EBP, Oct and Forkhead motifs
(Fig. 5a), implying that these motifs tend to cluster together within
the same estrogen receptor binding sites. The C/EBP, Oct and
Forkhead motif cluster had equal likelihood of occurring with ERE
or AP-1 motifs.

The relative positional distribution of the enriched motifs within
the estrogen receptor binding sites show that both ERE and AP-1
motifs typically occur at the center of the estrogen receptor binding
sites (Fig. 5b), whereas Forkhead, C/EBP and Oct motifs were less
biased toward the center of the binding sites, possessed a more even
distribution across the estrogen receptor binding sites and, in the case
of Oct motifs, seemed to be multimodal, with clusters occurring
approximately 200 bp on both sides of the center of the binding sites.
This suggests that the primary interaction of estrogen receptor with
chromatin can occur either through direct interaction with an ERE or
through a tethering mechanism involving AP-1 factors, as previously
suggested!®31, with C/EBP, Oct and Forkhead®>3} motifs functioning
as adjacent binding sites for cooperating factors.

NRIP1-mediated gene repression

We next investigated whether there were functional differences
between estrogen receptor binding sites centered on an ERE versus
an AP-1 motif in binding sites adjacent to the highest differentially
regulated genes. In contrast to the early-regulated genes, there was a
clear bias of AP-1—centered estrogen receptor binding sites adjacent to
late (12 h)-downregulated versus late-upregulated genes (P < 0.01;
Fig. 5c). As this bias in AP-1 motifs was not observed early, it
suggested that the late direct estrogen receptor binding—mediated
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Figure 6 The role of NRIP1 in mediating gene repression. (a) siRNA to control (siLuc) or NRIP1 was transfected into hormone-depleted MCF-7 cells, and
NRIP1 protein levels were assessed (left). B-actin functioned as a loading control. NR/P1 mRNA levels were assessed after estrogen stimulation in the

presence of control (siLuc) or siNRIP1. (b) Transcript levels of candidate late-downregulated genes with estrogen receptor binding sites containing AP-1

elements (BCAS4, IRX4, GUSB and MUC1) were assessed after siLuc control or siNRIP1 transfection and subsequent estrogen stimulation. The data are

normalized to vehicle-treated conditions. (c) We assessed NRIP1 recruitment to estrogen receptor binding sites containing AP-1 elements adjacent to late-
downregulated genes by NRIP1 ChIP after estrogen treatment for increasing time periods. Real-time PCR was performed on the estrogen receptor binding
sites and data were normalized to vehicle-treated conditions. The data are the mean of independent replicates + s.d.

transcriptional inhibition might be mediated via an estrogen-
induced factor capable of interaction with estrogen receptor tethered
to AP-1 motifs.

We therefore searched for genes that were estrogen induced at the
early (3 h) time point that were known to interact with either estrogen
receptor or AP-1 proteins. One such candidate was the coregulator
NRIP1, which (i) is upregulated at 3 h of estrogen treatment, (ii) is a
nuclear receptor corepressor’* and (iii) has been shown in vitro to

la.l specifically antagonize estrogen receptor transcription via its interac-

© 2006 Nature Publishing Group

ion with AP-1 proteins®.

To assess whether NRIP1 was a required factor mediating late,
direct gene repression via estrogen receptor binding to AP-1-contain-
ing elements, we developed short interfering RNA (siRNA) to the
NRIPI transcript and transfected this into hormone-depleted MCF-7
cells. NRIP1 protein levels were effectively reduced after specific siRNA
transfection, and the early estrogen-induced accumulation of NRIPI
transcript in control siRNA-treated cells was significantly inhibited by
the presence of siNRIP1 (Fig. 6a).

We next measured transcript levels by quantitative RT-PCR of
several late (12 h after estrogen treatment) downregulated genes
that contained adjacent estrogen receptor binding sites centered
on AP-1 elements, including BCAS4, IRX4, GUSB and MUCI. All of
these target genes were substantially downregulated at 12 h by
estrogen, but these effects were markedly reversed in the presence of
siNRIP1 (Fig. 6b), demonstrating that NRIP1 is necessary for
the downregulation of these genes. We found that a number of
control target genes that are upregulated late by estrogen were
unaffected by the presence of siRNA to NRIPI (data not shown).
Furthermore, NRIP1 ChIP followed by real-time PCR of the estrogen
receptor binding sites adjacent to these late-downregulated
genes confirmed NRIP1 binding at either 6 or 12 h of estrogen
treatment (Fig. 6c¢).

Function of binding sites in human breast cancers

In order to determine whether the estrogen receptor binding sites
defined in MCEF-7 cells is cell line specific, we assessed the function of a
subset of estrogen receptor binding sites in another estrogen receptor—
positive breast cancer cell line, T47D. All of the small subset of tested
sites functioned as estrogen receptor binding sites in another breast
epithelial cell line (Fig. 7a).

To test whether the estrogen receptor binding sites as defined in
MCEF-7 cells are relevant to the pattern of gene expression observed in
authentic human breast cancers, we compared the estrogen receptor
binding with the gene expression signatures from two independent
studies, one involving 286 primary breast tumors* and the other
295 breast tumors’. When we compare the position of an estrogen
receptor binding site with the genes correlated with estrogen receptor
expression in each of the two studies we find a significant (Wang,
P < 3.0 x 1078, and van de Vijver, P < 1.0 x 107%) enrichment of
estrogen receptor binding adjacent to the positively correlated genes
(Fig. 7b). The percentage of genes with estrogen receptor binding sites
within 100 kb are 56% and 59% for the van de Vijver and Wang
studies, respectively. This relationship is very similar to the one found
for estrogen-regulated (3 h) genes in MCF-7 cells of ~50%. As a
comparison, we examined estrogen receptor binding profiles adjacent
to estrogen-regulated genes in MCF-7 cells (Fig. 7c). This result
suggests that the estrogen receptor binding profile identified in
MCEF-7 cells both predicts the gene expression signature and identifies
functional regions of the genome that control estrogen responses in
primary human breast cancers.

DISCUSSION

The identification of the set of cis-acting targets of a trans-acting factor
such as the estrogen receptor across the whole genome provides an
important new resource for the study of gene regulation. The classic
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paradigm of estrogen receptor function involves binding to promoter-
proximal regions and subsequent gene regulation. However, it now
seems that the promoter-proximal regions, although important for
some genes, do not constitute the majority of estrogen receptor target
sites. Instead, it is apparent that a full definition of estrogen receptor
binding to cis-regulatory regions distinct from promoters is required

e, to fully understand the estrogen response. Similar analyses of c-Myc,

53 and Sp-1 binding to chromosomes 21 and 22 has also shown
analogous enhancer binding profiles®®, suggesting that studies that
focus on promoter regions>? are insufficient. In contrast, TFIID!®
and RNA PollI ChIP-on-chip analyses (in this investigation) confirm
that the basal transcription machinery is significantly biased to
promoter-proximal regions. In general, it seems that communication
is often mediated at great distances between the transcription factors
that initiate gene expression events and the transcription machinery
that execute it.

Almost one-third of early—estrogen upregulated genes have estrogen
receptor binding sites within 50 kb of the TSS, confirming a
clear statistical bias for regulation of genes in the vicinity of chroma-
tin-interaction sites. Other estrogen-stimulated genes that do not
have an estrogen receptor binding site within 50 kb may
use sites that are greater than 50 kb from the gene!l, use enhancers
on different chromosomes®’ or induce transcription independent of
estrogen receptor binding events. It is of interest to note that there are
many more estrogen receptor binding sites in the genome than
differentially regulated genes, as has been previously suggested®. It
is likely that a significant number of these binding sites are
not functional in MCF-7 cells under the specific experimental
conditions used and may be functional in other cell types or under
different conditions.

ARTICLES

Figure 7 Assessment of estrogen receptor binding properties in different
cell systems. (a) Estrogen receptor (ER) ChIP was performed after vehicle
or estrogen stimulation in T-47D breast cancer cells. Real-time PCR of
estrogen receptor binding sites previously identified in MCF-7 cells was
performed, and the data are shown as a multiple of input. (b) Correlation
of estrogen receptor binding sites relative to transcription start sites of
the highest estrogen receptor—correlated genes from two independent
primary breast cancer gene expression studies. (c) Correlation of estrogen
receptor binding sites with transcription start sites of genes either estrogen-
upregulated or estrogen-downregulated at 3, 6 or 12 h (relative to O h)

in MCF-7 cells.

Although previous work has shown numerous estrogen receptor—
cooperating proteins at the promoters of estrogen-regulated genes®®,
we find that transcriptional activity of estrogen receptor from the cis-
regulatory elements also involves combinations of cooperating tran-
scription factors. We previously found an enrichment of Forkhead
motifs within estrogen receptor binding sites on chromosomes 21 and
22 and subsequently showed a requirement for FoxAl in mediating
estrogen receptor binding to chromatin!! supporting the role of
FoxAl as a pioneer factor’>®3, Using the statistical power of all
3,665 estrogen receptor binding sites in the entire human genome,
we both confirmed the role of FoxA1 and identified several additional
enriched motifs that were not identified in our previous investi-
gation'!, including DNA-binding motifs for AP-1, C/EBP and Oct
transcription factors. Previous work has shown an estrogen-dependent
role for c-Jun, Oct-1 and C/EBP proteins in transcription of cyclin D1
(ref. 28), but the unbiased identification of these binding motifs
within estrogen receptor binding sites suggests a more general role
for these cooperating factors in estrogen receptor transcription.

AP-1 family members have an extensively characterized role in
estrogen receptor—regulated transcription!, and the estrogen receptor
can bind to DNA via ERE or AP-1 elements!®* involving different
protein complexes®. A positive role for AP-1 proteins in the estrogen-
mediated induction of target genes is established, but we now show a
role for AP-1 proteins in gene repression. Our data show that gene
changes that occur late (at 6 and 12 h of estrogen stimulation) can be
clearly divided into two categories: genes that are upregulated, which
have adjacent estrogen receptor binding sites more likely to contain
EREs, and genes that are downregulated, which generally contain AP-1
elements. We now show the mechanisms defining these two classes of
estrogen receptor binding sites, with estrogen inducing the corepressor
NRIP1, which subsequently interacts with estrogen receptor—AP-1
complexes® to effect direct repression of adjacent target genes. Our
previous work identified the mechanism of estrogen receptor—
mediated NRIPI induction: several distant enhancers (~150 kb
from the TSS of NRIPI) function as primary estrogen receptor
binding sites, and chromatin loops between these NRIPI enhancers
and its promoter exist in the presence of estrogen!!.

The estrogen receptor is critical in determining the phenotype of
human breast cancers and is the most important therapeutic target.
The complete set of estrogen receptor binding sites across the genome
defined in these studies establishes a new resource for understanding
estrogen action in breast cancer. It correctly predicts the genes
coexpressed with the estrogen receptor in primary breast tumors
and thus identifies important and previously unexplored regions of
the genome that are the critical regulators of the estrogen dependence
of breast cancer.

METHODS

ChIP-on-chip analysis. ChIP and chromatin preparation were performed as
previously described! 4041, We used antibodies to ERo (Ab-10; Neomarkers,
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Lab Vision); ERa (HC-20) and RNA Polll (H-224) (Santa Cruz) and RNA
Polll (4H8; Abcam). All three replicates were performed on the Affymetrix
Human tiling 1.0 microarrays (14-chip set). The only difference between
replicates is that the Affymetrix imagine software GCOS rotated the CEL files
90° in the first two replicates but not in the third replicate. We applied the
generalized Mann-Whitney U test!? to identify regions at least 600 bp in length
that were enriched in ChIP samples compared with the controls. A total of
5,712 regions were predicted at the P value cutoff of 1 x 107>, MAT!* was
applied to the same data to predict the highest-scoring 5,712 ChIP regions
(equivalent to a MAT score cutoff of 10.27 and a P value of 7.1 x 107°). The
two predictions had a high degree of concordance, and we reported the
intersection between them. In addition, 17 regions predicted by MAT as the
top 1,000 but missed by the generalized Mann-Whitney method were added to
the final list of estrogen receptor binding sites. BLAT analysis!®> was performed
to eliminate redundant sequences.

Expression microarrays. MCF-7 cells were deprived of hormones as previously
described!! and stimulated with 100 nM estrogen for 0, 3, 6 or 12 h, after which
total RNA was collected using Trizol (Invitrogen). Expression microarrays were
Affymetrix U133Plus2.0, and all experiments were performed in triplicate. Data
were analyzed using the RMA algorithm*? with the newest probe mapping??,
and the Welch ¢ statistic was used to calculate the level of differential expression
at each time point relative to 0 h.

Directed ChIP and real-time PCR. ChIP was performed as previously
described!'!. We used antibodies to ERa (Ab-10; Neomarkers, Lab Vision);
ERo. (HC-20), HNF-30/FoxAl (H-120), c-Jun (N), Oct-1 (C-21), C/EBPa.
(14AA) and NRIP1 (H-300) (Santa Cruz); and NRIP1 (ab3425; Abcam).
Quantitative real-time PCR was performed as previously described!!.

siRNA. siRNA experiments were performed as previously described!!. NRIPI
siRNA sequences (Dharmacon) were as follows: sense, 5-GAAGCGUG
CUAACGAUAAA-3, and antisense, 5-UUUAUCGUUAGCACGCUUC-3".
Antibodies used in the protein blot were NRIP1/RIP-140 R5027 (Sigma
Aldrich) and B-actin A1978 (Sigma Aldrich).

Real-time RT-PCR. RNA was collected as described above. Real-time RT-PCR
was performed as described above for real-time PCR, with the exception that
10 units of MultiScribe (Applied Biosystems) were added, and a reverse
transcription step of 48 °C for 30 min was included before PCR cycling.
Primer sequences can be found in Supplementary Table 3.

@Sequence conservation analysis. The 3,665 estrogen receptor ChIP regions

'were aligned at their centers and uniformly expanded to 3,000 bp in each
direction, and phastCons** scores were retrieved (http://genome.ucsc.edu) and
averaged at each position.

Screen of estrogen receptor binding sites for enriched motifs. The ChIP
regions and 3,800 promoters of non-differentially expressed RefSeq genes
located within 200 kb of the ChIP regions were scanned for transcription
factor motifs using 533 well-defined position-specific score matrices (PSSM)
from TRANSFAC®, JASPAR and ref. 11. The background nucleotide
frequencies were computed from the whole genome. For each matrix, we
considered all PSSM matches with cutoff scores from 5.0 (90% of relative
entropy) up to 12.0, in increments of 0.5. At each cutoff level, the resulting two
sets of motifs were then tested for significance using the criteria of binomial
P < 1 x 10* and minimum change (with respect to control) of 1.5-fold. We
report the relevant statistics for only those PSSM score cutoffs with maximum
changes with respect to control. In addition to the PSSM scan, we performed
de novo motif scans using LeitMotif #/, a modified MDscan*® with ninth-order
Markov dependency for the genome background.

Conditional independence graphical models*® were constructed to under-
stand the association of transcription factors. The 3,665 estrogen receptor ChIP
regions were uniformly resized to 400 bp in each direction from their centers.
PSSM scans for ERE, Forkhead, AP-1 and Oct were performed with 90% of
relative entropy (RE) cutoff and for C/EBP at a cutoff of 5.0 because of its very
low RE. The PSSM scores were then normalized as (score — RE)/motif length,
and when two motifs overlapped, only the motif with higher normalized score

was kept. The resulting five-dimensional motif hit contingency table for the
distribution of the motifs in estrogen receptor ChIP regions was then analyzed
with MIM (http://www.hypergraph.dk) graphical modeling software. Using
100% relative entropy adds one more interaction edge between Oct-1 and
C/EBP; the corresponding model is shown in Supplementary Figure 3 online.

Correlation of estrogen receptor binding to gene expression profiles in
tumor samples. We downloaded the gene expression index from 286 lymph
node-—negative individuals who had not received adjuvant systemic treatment*
and 295 individuals with either lymph node—negative or lymph node—positive
disease® from GEO (accession 2034) and http://www.rii.com/publications/
2002/nejm.html, respectively. Pearson correlation coefficients of estrogen
receptor expression relative to every other UCSC known gene were calculated
within the Wang and van de Vijver data sets, respectively. Fisher’s transforma-
tion of the correlation coefficient, z = 0.5 log((1 + ¢) / (1 —c)), was fitted to the
oriented distance to the nearest estrogen receptor ChIP region. A cubic spline
with 11 knots between —1 Mb and +1 Mb with equal numbers of data points
between knots was applied to smooth the graph (Fig. 7b).

URLs. Data to accompany the Supplementary Note can be downloaded
from  http://research.dfci.harvard.edu/brownlab/datasets/index.php?
dir=ER_whole_human_genome/.

Note: Supplementary information is available on the Nature Genetics website.
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