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Nuclear receptor estrogen receptor alpha (ERa) controls the expression of hundreds of genes respon-
sible for target cell phenotypic properties, but the relative importance of direct versus tethering mecha-
nisms of DNA binding has not been established. In this first report, we examine the genome-wide
chromatin localization of an altered-specificity mutant ER with a DNA binding domain deficient in
binding to estrogen response element (ERE)-containing DNA (DBDmut ER) versus wild-type ERa. Using
high-throughput sequencing of ER chromatin immunoprecipitations (ChIP-Seq) and mRNA transcrip-
tional profiling, we show that direct ERE binding is required for most of (75%) estrogen-dependent gene
regulation and 90% of hormone-dependent recruitment of ER to genomic binding sites. De novo motif
analysis of the chromatin binding regions in MDA-MB-231 human breast cancer cells defined unique
transcription factor profiles responsible for genes regulated through tethering versus direct ERE binding,
with Runx motifs enriched in ER-tethered sites. We confirmed a role for Runx1 in mediating ERa genomic
recruitment and regulation of tethering genes. Our findings delineate the contributions of direct receptor
ERE binding versus binding through response elements for other transcription factors in chromatin
localization and ER-dependent gene regulation, paradigms likely to underlie the gene regulatory actions

of other nuclear receptors as well.

Transcription in eukaryotes involves interactions between
multiprotein complexes and chromosomal DNA to coordi-
nately regulate gene expression in a stimulus-specific, tempo-
ral, and tissue-specific fashion (13, 19, 20). The polarity (stim-
ulated versus repressed), the magnitude, and the duration of
the response are the results of the combinatorial output of the
receptor and coregulator proteins, histone-modifying enzymes,
chromatin-remodeling complexes, and RNA polymerase II
within the transcriptional complex (30, 38). Transcription fac-
tors have the ability to regulate gene expression by binding
directly to DNA at sequence-specific response elements or by
tethering to other response elements through protein-protein
interactions with other DNA-bound factors (27). These re-
sponse elements may be in the proximal promoter region
(within 5 kb) of the target gene or at distal enhancer regulatory
sites, or they may consist of a combination of proximal and
distal elements (3, 5, 37). The combinatorial usage of these
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response elements drives the regulation of target genes and
ultimately determines stimulus and tissue specificity.

Estrogen receptor alpha (ERa), a member of the nuclear
hormone receptor family, is a ligand-activated transcription
factor that controls the expression of hundreds of genes re-
sponsible for the diverse phenotypic properties of target cells,
including growth, motility, and differentiation. The ER regu-
lates genes such as TFF1, EBAGY9, CASP7, and GREBI
through a classical regulatory mechanism involving its direct
binding to DNA at estrogen response elements (EREs)
through its zinc finger-containing DNA binding domain (22,
25, 41, 44, 56). Alternatively, the ER also has the ability to
regulate gene expression through protein-protein interactions
with other direct DNA binding transcription factors, such as
Spl, Apl, CEBPg, and Pitxl (6, 7, 24, 28, 35, 40, 47, 53).
However, the relative importance of this nonclassical, tether-
ing paradigm in overall global gene expression and chromatin
binding by the ER has not been extensively or systematically
explored.

Recently, the genome-wide map for ER binding sites has
been elucidated using human breast cancer cells (4, 26, 57).
While these studies provide great insights into the binding sites
for the ER, they do not distinguish between binding sites to
which the ER binds through either the classical (direct ERE
binding) versus nonclassical (tethering) paradigms, because
the DNA in chromatin that is immunoprecipitated using ER
antibodies may represent sites of direct DNA binding and/or
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tethering. These analyses have highlighted the importance of
the ERE in ER DNA binding and gene regulation (2, 4, 26),
yet a subset of ER binding sites contained no ERE or only an
ERE half-site, suggestive of sites where the ER might be func-
tioning through protein-protein interactions so that its activi-
ties would be mediated by indirect binding to other response
elements through the agency of other transcription factors.

There is increasing evidence that gene regulation by the ER
mediated through this nonclassical, tethering paradigm is likely
to be of physiological significance. The selective estrogen re-
ceptor modulators (SERMs) tamoxifen and raloxifene are re-
ported to function as agonists at least in part through the
nonclassical mechanism (21, 24, 33, 42). Studies have also
identified a subset of genes regulated by the ER through an
ERE-independent mechanism in human breast tumors (12).
Mice carrying an allele for an ER with mutations that elimi-
nate DNA binding have deficiencies in ovarian function and in
development of both the mammary gland and skeleton, and
these mice exhibit enlarged uteri and altered patterns of gene
expression, indicating tissue-selective effects for the classical
versus nonclassical mechanisms of estrogen action (15, 17, 51,
52). In addition, chemical disruption of the DNA binding ac-
tivities of the ER by electrophilic agents abrogated regulation
of ERE-containing reporter genes and restored tamoxifen sen-
sitivity in resistant breast cancer cells (54, 55). Therefore, char-
acterizing estrogen regulation of gene expression through both
the direct DNA binding and tethering paradigms could be
important in directed therapeutics for hormone-dependent
cancers.

In this report, we examine the genome-wide chromatin lo-
calization of a mutant nuclear hormone receptor, one in which
point mutations in the DNA binding domain disable the re-
ceptor’s ability to bind to its palindromic DNA response ele-
ment. By using this altered specificity DNA (ERE) binding-
deficient estrogen receptor (DBDmut ER), we were able to
evaluate the roles of direct receptor DNA binding versus teth-
ering as mechanisms in genome-wide recruitment of the ER to
chromatin regulatory sites and in gene regulation in response
to estradiol (E2) in human breast cancer cells. Through mRNA
profiling and high-throughput sequencing of chromatin immu-
noprecipitations from cells with wild-type ER versus a DBD
mutant ER that selectively regulates gene expression indepen-
dent of ERE binding, we have defined subsets of genes regu-
lated by this nuclear receptor through DNA binding and teth-
ering modes. The studies also highlight novel enhancers and
cooperating transcription factors, notably Runx1, having roles
in estrogen-dependent chromatin localization and gene regu-
lation by tethered ER.

MATERIALS AND METHODS

Cell culture. MDA-MB-231 cells stably expressing the wild-type ERa or
DBDmut were constructed and grown as previously described (1, 8, 45). The
DBDmut ER is an altered specificity mutant that contains three point mutations
that reduce binding of the ER to the ERE by greater than 95% while increasing
its affinity for glucocorticoid receptor binding sites, thereby providing a positive
control for the overall integrity of the DNA binding domain of this receptor (29).
At 4 days prior to treatment, cells were switched to phenol red-free tissue culture
medium containing 5% charcoal-dextran-treated calf serum. Medium was
changed on days 2 and 4 of culture, and then cells were treated with control
(0.1% ethanol) vehicle or 10 nM E2 (Sigma, St. Louis, MO).
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Western blot analysis. Cell protein lysates were separated on SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes. Blots were incubated in
blocking buffer (5% milk in Tris-buffered saline with 0.5% Tween) and then with
specific antibodies for ER (HC-20; Santa Cruz Biotechnology) and B-actin (AC-
15; Sigma), followed by detection using horseradish peroxidase-conjugated sec-
ondary antibodies of the Supersignal West Femto detection kit (Pierce, Rock-
ford, IL) as described by the manufacturer.

Plasmid preparation and transient transfections. The 2ERE-pS2-luciferase
vector has been described previously (36). The pGL3-promoter-TGFR3 vector
was constructed from a transforming growth factor B3-chloramphenicol acetyl-
transferase (TGFB3-CAT) template using the primers forward_Kpnl (GGGGT
ACCACAGCTGGCGAGAGGGCG) and reverse_Xhol (CCGCTCGAGCTT
GGACTTGACTCTCTGCTTCCCTC) (14, 59). The identified ER binding sites
were cloned by PCR into either pGL3_Promoter or pGL3-Basic luciferase vec-
tors (Promega) using specific primers from human genomic DNA (Roche Mo-
lecular Biochemicals, Indianapolis, IN). Transient-transfection assays were per-
formed as previously described (49).

RNA extraction and microarray analysis. Preparation of RNA from cells and
analysis of Affymetrix gene chip microarray data were as previously described
(9). Afftymetrix Hul33A GeneChips were used and analyzed using MicroArray
Suite 5.0 (Affymetrix, Santa Clara, CA) and GeneSpring GX software (Silicon
Genetics, Redwood City, CA) as described previously (1).

Quantitative real-time PCR. RNA was processed, real-time PCRs were car-
ried out in an ABI Prism 7700 sequence detection system (Applied Biosystems),
and the fold change in expression for each gene was calculated as described
previously, with the ribosomal protein 36B4 mRNA as an internal control (1, 45).
Primer sequences will be provided upon request.

ChIP assays and Solexa ChIP-Seq analysis. Chromatin immunoprecipitation
(ChIP) assays were performed essentially as described before (2, 31), and the an-
tibodies used were against ERa (HC-20; Santa Cruz Biotechnology) and Runx1
(PC384; Calbiochem). DNA was purified using QiaQuick columns (Qiagen,
Valencia, CA) and was subjected to quantitative PCR or Solexa analysis using
the Genome Analyzer system according to the manufacturer’s recommendations
(Illumina, San Diego, CA). Single-end sequences were trimmed to 25 bp and
mapped to the human genome assembly hg18 using Eland (Illumina), keeping
only tags that mapped uniquely. The 3" ends of the tags were adjusted by 75 bp,
corresponding to half the recommended fragment length for Illumina sequenc-
ing. Only one tag from each unique position was considered, to eliminate
peaks resulting from clonal amplification of fragments during the ChIP-Seq
protocol. Peaks (binding sites) were identified by searching for clusters of tags
within a sliding 200-bp window, requiring adjacent clusters to be at least 500
bp away from each other. The threshold for the number of tags that deter-
mined a valid peak was selected for a false discovery rate of 0.001, as
determined empirically by peak finding using randomized tag positions. Peaks
were required to have 4-fold more tags relative to the local background
region (10 kb), to avoid identifying regions with genomic duplications or
nonlocalized binding. Peaks that overlapped more than 20% with repeat
regions of the genome were eliminated from the analysis.

Computational motif analysis. De novo motif analysis was performed as pre-
viously described (32), and the results are available at http://biowhat.ucsd.edu
/homer/. Sequences corresponding to the ERa binding sites were extracted from
the March 2006 human genome assembly hgl8. Sequences were divided into
target and background sets for each application of the algorithm as described
below. Background sequences were then selectively weighted to equalize the
distributions of CpG content in target and background sequences to avoid com-
paring sequences of different general sequence content. Motifs of lengths 8, 10,
12, and 14 bp were identified separately by first exhaustively screening all oligos
for enrichment in the target set compared to the background set by using the
cumulative hypergeometric distribution to score enrichment. Up to two mis-
matches were allowed in each oligonucleotide sequence to increase the sensitiv-
ity of the method. The top 200 oligonucleotides of each length with the lowest P
values were then converted into probability matrices and heuristically optimized
to maximize hypergeometric enrichment of each motif in the given data set. As
optimized motifs were found, they were removed from the data set to facilitate
the identification of additional motifs. Sequence logos were generated using
WebLOGO (http://weblogo.berkeley.edu/).

Microarray sequence accession numbers. The microarray expression data
have been deposited in the Gene Expression Omnibus database and assigned
accession number GSE 22593. Also, the ChIP-Seq data have been deposited in
the Gene Expression Omnibus database and assigned accession number GSE
22609. The Gene Expression Omnibus superseries containing both the microar-
ray expression and ChIP-Seg data is accession number GSE 22610.
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FIG. 1. The estrogen receptor DNA binding domain mutant selectively activates ERE binding-independent estrogen signaling. (A) Schematic
diagram of the WT ERa and DBDmut ER, which contains three alterations (E203G, G204S, and A207V) in the first zinc finger of the ER DNA
binding domain that greatly diminishes binding to the ERE. (B) Detailed diagram for the locations of the three mutations in the DBDmut receptor.
(C) Western blot analysis of ERa in MDA-MB-231 breast cancer cells stably expressing the WT or DBDmut ER. (D and E) Regulation of the
ERE-containing reporter (2ERE-pS2-luciferase) (D) or the ERE-independent reporter (TGF3-luciferase) (E) by the WT or DBDmut receptor
in MDA-MB-231 cells treated with vehicle (Veh) or 10 nM E2. Values from triplicate experiments * standard errors of the means are expressed

as normalized light units (firefly luciferase/Renilla luciferase).

RESULTS

The ERa DNA binding domain mutant DBDmut ER selec-
tively regulates gene expression independent of ERE binding.
The ERa DNA binding domain contains two nonequivalent
zinc fingers, CI and CII, which interact with the major groove
and phosphate backbone of DNA, respectively (43). Three
mutations, E203G/G204S/A207V, in CI of the human ER
(DBDmut) have been shown to disrupt binding of the ER to
EREs by more than 95% while not affecting hormone binding
(29). Of note, this is an altered specificity mutant that exhibits
substantially reduced binding to EREs and has increased af-
finity for the hormone response element (HRE), which is rec-
ognized by the glucocorticoid, androgen, and progesterone
nuclear hormone receptors, thereby providing a positive con-
trol for the overall integrity of the DNA binding domain. The
positions of the three mutations are shown in Fig. 1A, and the
relative locations of these mutations in the P-box are dia-
gramed in Fig. 1B. We used this DBDmut ER as a tool to
discriminate genes where regulation by the ER required direct
DNA (ERE) binding from those regulated independent of
ERE binding, through tethering. To do so, human MDA-MB-
231 breast cancer cells were stably transfected with either the
wild type (WT) or the DBDmut receptors, creating 231ER™
cells. The stably expressing ER cell lines chosen for these
studies expressed quite similar receptor levels, with expression
of the DBDmut being slightly higher than that of the WT ER
(Fig. 1C).

We first examined the activities of these ERs on an ERE-
dependent and an ERE-independent reporter gene. These re-
porter genes were transfected into the 231 cells stably express-
ing either the WT or DBDmut ER. As expected, in the
presence of 10 nM E2, the ERE-dependent reporter (2ERE-

pS2-luciferase) was activated by the WT ER to a much higher
level than by the DBDmut receptor (Fig. 1D). In contrast, the
ERE-independent reporter gene, TGFR3-luciferase, which
contains the proximal promoter of the TGFB3 gene but no
ERE or ERE half-sites, was activated very well by both the WT
and DBDmut receptors (Fig. 1E). Hence, the DBDmut ER
has lost most of the ability of the receptor to regulate tran-
scription by an ERE-dependent mechanism, while it retains
the ability of the ER to regulate gene expression independent
of ERE interaction.

Identification of genes regulated by the ER through direct
DNA (ERE) binding versus non-ERE-mediated tethering
mechanisms. To determine the relative importance of the di-
rect DNA binding versus tethering mechanisms in E2-depen-
dent gene regulation, we performed global microarray gene
expression analyses for the 231ER™ cell lines expressing the
WT or DBDmut receptors. The WT and DBDmut ER-con-
taining cells were treated with E2 for 1, 2, 4, 8, and 24 h. We
hypothesize that genes regulated much more robustly by the
WT ER than by DBDmut ER are those that require ERE
binding (either alone or in possible combination with teth-
ering), while genes regulated equally by the WT ER and
DBDmut ER represent genes regulated principally by teth-
ering. Genes were considered to be significantly regulated
by hormone if RNA levels changed by =I1.5-fold with a P
value of <0.05.

This analysis identified 420 E2-regulated genes in the 231
WT ER-expressing cells and 402 regulated genes in the 231
DBDmut ER-expressing cells, with 109 genes regulated by
both receptors (see Fig. S1A in the supplemental material).
We chose to focus on the genes regulated by E2 in the 231WT
ER-expressing cells (420 genes, constituting the ERa tran-
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FIG. 2. ER gene regulation is predominantly through ERE binding-dependent mechanisms. (A and B) Hierarchal gene tree clustering for
genes regulated by 10 nM E2 over time (0, 1, 2, 4, 8, and 24 h) through an ERE binding-dependent mechanism (n = 311) (A) or an ERE
binding-independent mechanism (z = 109) (B) in MDA-MB-231 cells stably expressing either the WT ER or DBDmut ER. Upregulated genes
are shown in red, and genes downregulated by E2 are shown in green. Groups I, II, III, and IV are described in the text. (C) Average microarray
gene expression fold change = the standard error of the mean for genes regulated through an ERE binding-dependent mechanism (stimulation
[n = 174] or repression [n = 137]) or through an ERE binding-independent mechanism (stimulation [z = 64] or repression [n = 45]) in

MDA-MB-231 cells containing either the WT ER or DBDmut ER.

scriptome), which includes those that overlap with the 109
genes regulated in the DBDmut ER-expressing cells, since
these represent genes also regulated by the WT ER. We be-
lieve that genes regulated only by the DBDmut ER most likely
represent genes regulated through estrogen receptor-indepen-
dent mechanisms, including binding to additional response
elements or proteins, and hence were not considered further.

Hierarchical clustering of these E2-regulated genes using
the microarray expression data from the WT or DBDmut ER-
expressing cells segregated the E2-regulated genes into two

major classes: (i) genes that were regulated only by the WT ER
(Fig. 2A) and (ii) genes that were regulated by both the WT
ER and DBDmut ER (Fig. 2B). These two major groups could
be further subdivided based on whether the genes were stim-
ulated (I and IIT) or repressed (II and IV) by E2. The microar-
ray data for these four regulation patterns are shown in Fig.
2C. This analysis identified 311 genes (174 stimulated and 137
repressed) that were regulated by the WT ER only (ERE
binding dependent), while 109 genes (64 stimulated and 45
repressed) were regulated equally by the WT ER and DBDmut
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ER (ERE binding independent). Therefore, approximately
75% of the genes that are stimulated by E2 or repressed by E2
appear to require ERE binding of the receptor in their regu-
lation, with 25% regulated independently of ERE binding.
That the majority (75%) of genes repressed by E2 also require
the ER with a functional DNA binding domain emphasizes the
importance of DNA binding in both gene stimulation and
repression activities of the ER in these cells.

To ensure that the identified ERE-independent tethering
genes were specifically regulated by the estrogen receptor,
231ER™ cells were treated with agonists for the estrogen and
glucocorticoid receptors. As expected, the mRNA for TFF1
was stimulated by E2 treatment but not dexamethasone
(DEX), while GILZ mRNA was stimulated by DEX treatment
but remained unresponsive to E2 treatment (see Fig. S1B in
the supplemental material). Examination of the mRNA regu-
lation of five representative genes identified to be activated by
ER through the ERE-independent tethering mechanism dis-
played E2-dependent activation; however, all five mRNAs
were unchanged by dexamethasone treatment, demonstrating
that these genes are specifically targeted by estrogen signaling
(see Fig. S1B, right).

Genome-wide localization of binding sites for the DBDmut
ER and WT ER. Recent studies have identified binding sites
for the ER upon E2 treatment of MCF-7 human breast cancer
cells on a genome-wide basis (4, 26, 57). In our previous stud-
ies, we demonstrated that E2 regulated common as well as
distinct sets of genes in MCF-7 cells and 231 cells expressing
WT ER (45), suggesting that the ER might have a partly
distinct profile of genomic ER binding sites in 231ER™ cells
compared to MCF-7 cells.

To compare the genome-wide binding of the DBDmut ER
and the wild-type ER, we performed ChIP assays for these two
ERs in E2-treated 231WT ER and DBDmut ER cells followed
by Solexa high-throughput sequencing. This ChIP-Seq analysis
provided 7,008,583 and 6,971,823 unique DNA fragments for
the WT and DBDmut ER, respectively, that mapped to the
human genome and corresponded to 6,470 and 662 unique
peaks, respectively (Fig. 3A). Of these 6,470 identified WT ER
binding sites in 231ER™ cells, 3,638 (56%) overlapped with the
high-confidence binding sites identified in MCF-7 cells (cf. Fig.
6D), demonstrating that ERa partially shares its binding pro-
file within different breast cancer cell lines; however, each cell
line also contains unique genomic positions where ERa local-
izes.

The majority of the peaks identified in 231ER™ cells were
located either in the introns of known genes (43%) or in
intergenic regions (42%) located more than 1 kb away from
genes (Fig. 3B). Only 10% of the peaks were localized to the
proximal promoter or 5’ untranslated region of known genes,
consistent with two previous genome-wide ER binding site
data sets (4, 26). Therefore, the ability of ERa to regulate
many genes through long-range distal sites most likely remains
a common mechanism in ER-positive breast cancer cells de-
spite each having some unique binding profiles and regulation
programs. Of the 420 E2-regulated genes we identified in
231ER™ cells, 174 (41%) contained WT ER binding sites
within 50 kb of the transcription start site, and there was a
higher association of WT ER binding sites with E2-stimulated
genes than with repressed genes (53% versus 27%) (Fig. 3C).
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Also, more ERE binding-dependent genes had ER binding
sites associated with them than did ERE binding-independent
genes (44% versus 33%) (Fig. 3D).

To differentiate ER peaks that are ERE dependent or in-
dependent for binding, we compared high-throughput Solexa
sequencing results for the DBDmut to that of the WT ER (Fig.
3A). The DBDmut colocalized to only 451 (7%) (blue dots) of
the 6470 WT binding peaks (red dots plus blue dots), which
indicates that the majority of ER recruitment to ER binding
sites requires a fully functional DNA binding domain. Notably,
use of the DBDmut allowed for the identification of a subset of
ER sites that are bound by ER in an ERE-independent mode.
It is interesting that the high-throughput sequencing revealed,
as expected, that the altered specificity DBDmut ER also
bound to some sites different from those to which WT ER
bound (DBDmut unique sites [yellow dots]), due to its binding
to hormone response elements, and indeed the HRE was an
enriched motif in this subset of binding sites (see Fig. S2 in the
supplemental material), thereby providing a positive control
for the overall integrity of the DNA binding domain. Interest-
ingly, the ERa binding sites that require ERE binding of the
receptor contained more tags/peaks than did the ERE binding-
independent sites (36 compared to 27; P < 3.08E-10) (Fig. 3E),
which is consistent with our observation (see below) that gene
stimulations involving direct receptor ERE binding are often
more robust.

Differential recruitment of WI' ER and DBDmut ER to
binding sites of estrogen-regulated genes. Treatment of WT
ER cells with E2 promoted rapid receptor recruitment to the
promoter and enhancer regions of the TFF1 gene and marked
stimulation of TFF1 gene expression (Fig. 4 top, TFF1); how-
ever, no recruitment of receptor to these TFF1 regions was
observed in DBDmut cells, consistent with the lack of induc-
tion of this mRNA by the DBDmut ER (Fig. 4, top left and
right panels). Likewise, the WT receptor, but not the DBDmut
ER, was recruited to the Follistatin (FST) promoter and an
enhancer approximately 3 kb upstream of the transcription
start site (Fig. 4, FST). In contrast, the WT and the DBDmut
ERs were both recruited to binding sites in the FOSL2 and
ABLIM3 gene loci (Fig. 4, left), and these genes showed E2-
dependent upregulation in both 231WT ER and 231 DBDmut
cells (Fig. 4, right). Therefore, only the WT ER, but not the
DBDmut ER, was recruited to genes that are regulated
through ERE binding (TFF1 and FST), while both WT and
DBDmut receptors were recruited to genes regulated through
non-ERE-dependent tethering (FOSL2 and ABLIM3). Vali-
dation of the ChIP-Seq findings for representative genes is
shown in Fig. S3 of the supplemental material.

Estradiol stimulates genes requiring DNA binding of the ER
to a higher magnitude than genes regulated by ER tethering
only. The overall gene regulation patterns for ERE binding-
dependent and ERE binding-independent paradigms sug-
gested that genes might be activated more robustly through
direct DNA binding than tethering (Fig. 1D and E and 2C).
This prompted us to compare the average change in gene
expression for the genes regulated through ERE-dependent
and ERE-independent modes. As seen in Fig. 5A, the average
stimulation for the ERE-binding versus ERE-independent
genes was similar at 1 and 2 h of E2 treatment, whereas the
magnitude of stimulation for the ERE binding-dependent
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FIG. 3. ChIP-Seq identified ER binding sites that involve ERE-dependent or ERE-independent binding of the ER. (A) ER ChIP-Seq tag
distribution. The scatter plot analysis shows peaks identified in WT ER-containing and DBDmut ER-containing cells. Peaks preferential for WT
ER recruitment (n = 6,019) are denoted in red, while peaks common for both WT ER and DBDmut ER (n = 451) are blue. Peaks unique for
the DBDmut ER (n = 662) are shown in yellow. (B) Genomic distribution of the 6,470 unique ER binding sites in 231 WT ER cells treated with
10 nM E2 for 45 min. (C) Pie graphs showing the percentages of stimulated genes (left) or repressed genes (right) that are in proximity to wild-type
ER binding sites. (D) Pie graphs showing the percentages of ERE binding-dependent genes (left) or ERE binding-independent (tethering) genes
(right) that are in proximity to ER binding sites. (E) Box plot of tags for WT ER binding to ERE binding-dependent or ERE binding-independent

peaks.

genes was significantly higher after 4, 8, and 24 h of hormone
treatment (Fig. SA). These data demonstrate that gene expres-
sion requiring DNA binding of the ER is, on average, in-
creased more robustly over time than is gene expression acti-
vated through indirect ER-DNA tethered interactions,
suggesting that direct ERE binding might function to stabilize
a complex between ER and the transcriptional machinery in a
manner that results in more efficient transcription.

To understand possible mechanisms for these observations,
we analyzed the pattern of recruitment of the WT and DBDmut
ERs to binding sites for a few genes (4, 57) with enhancers
representing each regulation paradigm. As shown in Fig. 5B,
only WT ER was recruited to the TFF1 (trefoil factor 1)
promoter and the FST (follistatin) enhancer sites, whereas

both WT and DBDmut ERs were recruited equally to the
FOSL2 (FOS-like 2) and SRD5A1 (steroid reductase 5Al)
enhancers. Time-course ChIP assays to follow the dynamics of
receptor recruitment to three representative binding sites dem-
onstrated similar kinetics for recruitment of both the WT and
DBDmut receptors, with recruitment as early as 5 min of E2
treatment (data not shown). The magnitude of E2-dependent
recruitment of WT ER to binding sites containing canonical
full EREs was stronger than recruitment to sites containing
half-ERE:s or lacking EREs (Fig. 5C). These data suggest that
ER may be recruited more robustly to ER binding sites that
contain full ERE sequences than to binding sites containing
either a half-ERE or lacking an ERE or half-ERE site.
Because ER recruitment to a genomic binding site need not
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FIG. 4. Recruitment of the WT ER and DBDmut ER to specific gene targets. (Left) UCSC Genome Browser images of TFF1, FST, FOSL2,
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or DBDmut ERs treated with 10 nM E2 for periods of up to 24 h.

always result in gene regulation, we examined gene expression
regulation for representative genes. Genomic DNA encom-
passing representative ER binding sites for the FST, FOSL2,
and SRD5AT1 genes was cloned into luciferase reporter vectors
and transfected into 231 cells containing the WT or DBDmut
receptors, and the magnitude of estrogen response was deter-
mined (Fig. 5D). The FST enhancer was activated 10-fold
by E2 in WT ER-containing cells, whereas the DBDmut ER
was very ineffective (Fig. 5D). In contrast, both the WT and
DBDmut receptors activated the FOSL2 and SRD5SA1 en-
hancers. These results confirm that the identified ER binding
regions are indeed responsive to E2 and that the relative re-

cruitment of the two receptors observed in the ChIP assays
correlates well with the magnitude of E2-dependent regulation
of these genes.

Determinants of ER direct DNA binding and tethering. To
identify cooperating factors that might be responsible for ERa
recruitment to tethering sites, we performed an unbiased
search for DNA motifs enriched in the identified ER binding
sites. The DNA sequences corresponding to direct ER binding
sites were searched for enriched motif sequences relative to
genomic background sequence selected at random (Fig. 6).
The five most enriched DNA motifs in the WT ER binding
sites are listed in Fig. 6A, and the five most enriched motifs in
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the tethered binding sites are given in Fig. 6B. As expected, the
ERE was the most enriched motif for WT ER and was present
in approximately 50% of the sites (Fig. 6C). In addition, motifs
corresponding to half EREs were also very highly enriched in
direct binding sites.

To identify motifs that are specifically involved in tethering,
we searched for motifs in tethered binding sites while using
direct WT ER binding sites as a background set. In contrast to
direct binding sites, the most enriched motifs for the tethering
sites included Ap1l, Runx, and HRE (Fig. 6B). The Apl motif
was present in 37% of the binding sites of the DBDmut ER,
while being present in only 16% of the WT ER DNA binding
sites (Fig. 6C). In addition, the Runx motif was present in 20%
of DBDmut sites, while only 7% of the WT ER binding sites
contained a Runx motif. These data suggest that members of
the Apl and the Runx families may be potential candidate
tethering factors involved in mediating ERa-dependent gene
regulation. Notably, ERE and half-ERE motifs were found at
lower frequencies in the DBDmut ER sites (Fig. 6C). Binding
sites for glucocorticoid/androgen/progesterone receptors
(HRE; GR, AR, and PR, respectively) were present in less
than 10% of tethering binding sites.

Although we cannot rule out the possibility that the identi-
fied tethering sites are ones that interact with both the ER and
the DNA binding domains of other nuclear receptors (GR,
PR, and AR), our data support that ~90% of these sites are

true ER tethering sites, based on the following: (i) the recruit-
ment of wild-type ERa and DBDmut ER to these sites (see
Fig. S3, right panel, in the supplemental material), (ii) the
presence of an HRE in less than 10% of the tethering sites
(Fig. 6C), and (iii) the responsiveness of tethering genes to E2
treatment but not to treatment by the GR agonist dexameth-
asone (see Fig. S1B, right).

Comparison of the genome-wide binding programs of ERa
in 231 WT ER versus MCF-7 cells. As mentioned above, the
genome-wide binding program for WT ERa in 231ER™ cells
shared a significant overlap of sites (56%) with that previously
observed for ERa in MCF-7 cells (Fig. 6D); however, ERa
also bound preferentially to several thousand enhancers in
either MCF-7 or 231ER ™ breast cancer cells. To gain further
insights into the cell-specific binding programs for ERa, we
performed unbiased de novo motif analysis on sites bound by
ERa in both cell lines and also those bound by ERa prefer-
entially in either cell type. The top motif identified among the
common binding sites was a canonical ERE compared to ran-
dom genomic background, as expected (Fig. 6D). Of note,
however, sites bound by WT ERa preferentially in the MCF-7
cells were highly enriched for GATA, Forkhead and Octamer
(Oct) motifs, while Apl and Runx motifs were specifically
enriched in sites preferentially bound by WT ERa in 231ER™
cells (Fig. 6D).

Examination of the expression levels of these transcription
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factors in 231ER™ cells and in MCF-7 cells revealed that
members of the Forkhead (e.g., FOXA1) and GATA (e.g.,
GATA3) families were expressed at much higher levels in
MCF-7 cells than in 231ER™" cells (Fig. 6E), whereas expres-

sion of Runx family members was much higher in 231ER™
cells, which is of interest because the Runx motif was prefer-
entially enriched in the 231ER™ data set (Fig. 6E). Some
members of the Octamer and Apl families exhibited similar
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expression levels in MCF-7 and 231ER™ cells and therefore
might not be involved in directing cell-type-specific ERa bind-
ing. Our data suggest a role for GATA3 and FOXALI in coor-
dinating cell-type-specific binding of ERa in MCF-7 cells, with
members of the Runx family facilitating ERa binding in
231ER™ cells.

ERa« tethers to Runxl to regulate gene expression. A role
for Runx family transcription factors in mediating ER-depen-
dent gene activation has not previously been described; how-
ever, the enrichment of the Runx motif in the ER tethering
sites suggested that Runx family members might mediate the
recruitment of ERa to some chromatin sites and, therefore, be
necessary for estrogen regulation of a subset of tethering
genes. Of the three known Runx family members, mRNA
expression for Runxl was highest in the 231ER™ cells by
Affymetrix microarray analysis and by quantitative real-time
PCR. Runx2 was present at a lower level (Fig. 6E), and Runx3
expression was very low. Knockdown of Runxl or Runx2 by

small interfering (siRNA) resulted in efficient and specific de-
pletion of each mRNA (see Fig. S4A and B in the supplemen-
tal material) and protein (see Fig. S4C).

The observation that the Runx motif was specifically en-
riched in a subset of ER tethering sites suggested the possibil-
ity that Runx1 might bind to and serve as a tethering protein
for ERa at distinct chromosomal locations. Indeed, coimmu-
noprecipitation experiments in 231ER™ cells (Fig. 7A) and
MCEF-7 cells (Fig. 7A) demonstrated interaction of ERa and
Runx1 under basal conditions and that E2 treatment enhances
this interaction. In addition, depletion of Runxl by siRNA
resulted in diminished E2-dependent recruitment of ERa to
enhancer sites in GPAM and KCTD6, which contain consen-
sus Runx motifs (Fig. 7B), while not affecting the recruitment
of ERa to binding sites in the enhancer of HEG1 that lacks
Runx binding motifs (see Fig. S5 in the supplemental mate-
rial). In addition, knockdown of Runxl1 eliminated the stimu-
lation of GPAM mRNA expression by estrogen (Fig. 7C) and
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reduced estrogen stimulation of KCTD6 mRNA (Fig. 7C), but
had little effect on the E2 stimulation of HEG1, which lacks
Runx motifs (see Fig. S5). In contrast to the impact of Runx1
loss on ERa recruitment and gene regulation, we found that
knockdown of Runx2, which is less abundant in 231 cells, had
no impact on the gene regulation by estrogen, and knockdown
of both Runx1 and Runx2 gave ERa recruitment and effects on
gene stimulations by E2 identical to those observed with the
Runx1-only knockdown (data not shown). Interestingly, we
detected Runx1 occupancy by ChIP assays at both the GPAM
and KCTD6 ER binding sites in the presence and absence of
E2 treatments, demonstrating that Runxl is present at these
sites in vivo (Fig. 7D).

To further confirm a role for Runx1 in ER« gene regulation,
the enhancer sites for ER in GPAM and KCTD6 were cloned
directly upstream of a luciferase reporter gene. In transient cell
transfections, we observed E2-dependent stimulation of both
reporter genes by ERa (Fig. 7E), and deletion of the Runx
motifs in these enhancers abrogated the E2 stimulation (Fig.
7E). Collectively, these findings demonstrate the involvement
of Runxl in ERa regulation of a subset of tethering genes in
breast cancer cells.

DISCUSSION

In this study we have investigated the roles of direct DNA
binding and tethering in gene regulation by ER« by analyzing
the recruitment of WT ERa and an ERE binding-deficient ER
to chromatin binding sites across the genome and their com-
parative gene regulations in response to hormone in breast
cancer cells. By parsing the contributions of direct ERE bind-
ing versus tethering in receptor activities we found, interest-
ingly, that the majority of gene regulations and ERa recruit-
ment to chromatin binding sites require a functional ER DNA
binding domain; however, a subset of E2-regulated genes were
regulated by ERa in the absence of ERE binding. In addition,
our findings demonstrate the importance of Runx1 as a coop-
erating factor in ER-mediated gene regulation and chromatin
binding at tethered sites. Our ChIP-Seq analyses, the first to be
done in ER-containing 231 human breast cancer cells, have
also enabled important comparisons to be made with another
ER-positive breast cancer cell line, MCF-7, in which all prior
ER chromatin localization analyses have been conducted. The
use of an ERa mutant in which activation of gene expression is
restricted to non-ERE-mediated responses facilitated the
identification of this subset of genes and allowed us to uncover
properties of the ERa tethering mechanism that would not
have been otherwise possible.

Traditionally, the ER has been characterized as a transcrip-
tion factor that binds to specific DNA sequences in the regu-
latory regions of genes. Our data support this as the dominant
mechanism of gene transcriptional activation, since approxi-
mately 75% of the genes regulated by the ERa in these breast
cancer cells required an intact DNA binding domain and 50%
of the ER binding sites for the WT ER contained a full ERE.
It is important to note, however, that ER-regulated genes often
contain multiple ER binding sites, as already described for
several genes, such as GREB1 (29, 50) and pS2 (34) in MCF-7
breast cancer cells, and that genes may be regulated by ER
through a combination of direct DNA binding and indirect
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tethering binding modes. Hence, the overall increased magni-
tude of gene regulation by the WT ER versus DBDmut ER
could reflect the combined actions of DNA binding and teth-
ering mechanisms. While we expected, and indeed found, that
the regulation of gene expression by the WT ER, which rep-
resents the combined output from direct DNA binding and/or
tethering modes, was usually equal to or greater than that of
the DBDmut ER, it is noteworthy that at least one gene,
ABLIM3, showed higher regulation by the DBDmut ER than
the WT ER (Fig. 4). Hence, in this case, gene expression might
be stimulated by the ER via tethering and repressed by ER via
a direct DNA binding mechanism. With the DBDmut ER,
where direct DNA binding to EREs is lacking, this repression
would be removed, enabling gene stimulation by the DBDmut
ER to exceed that of the WT ER.

In our studies, binding sites containing a full ERE demon-
strated, on average, higher recruitment of ER than binding
sites containing only a half-ERE or lacking EREs entirely, and
the WT ER activated gene expression to a greater extent, on
average, than did the DBDmut ER. However, the overall time
course of gene stimulation through DNA binding-dependent
or tethering modes appeared indistinguishable, with the ER in
both cases becoming rapidly (by 5 min) associated with binding
sites. We have observed equally rapid recruitment of the ER to
chromatin binding sites in MCF-7 breast cancer cells after
hormone treatment (48).

Recent studies with breast cancer cells that have identified
the genome-wide binding sites for ER upon E2 treatment have
all been done in MCF-7 human breast cancer cells (4, 11, 26,
57). These ChIP-chip, ChIP-Seq, and ChIA-PET approaches
have established that ERa regulates many genes through distal
enhancers (2, 11, 29, 50, 57). Interestingly, the majority of the
ER genomic binding sites identified in the 231ER™ cells were
also located several kb away from regulated genes, supporting
a mechanism of long-range control by the ERa in these cells as
well. Our comparison of the genome-wide ER binding pro-
grams between 231ER™ cells and MCF-7 cells identified an
overlap of 56%, suggesting that cell-specific factors, along with
probable differences in chromatin architecture, may constitute
major determinants in ERa genome binding, with considerable
similarities but also distinct differences being evident in differ-
ent ER-positive human breast cancer cell lines.

A notable difference between the two breast cancer cell lines
studied was that the binding site for FOXA1, which facilitates
ER binding in MCF-7 cells, was not enriched in the genome-
wide 231WT ER binding site set, suggesting that additional
factors such as Runxl drive cell-specific ERa binding and
hormonal regulation of gene expression in these cells. While
studies by us (46) and others (23, 39) have revealed marked
differences in the genes regulated by the estrogen-occupied ER
in breast cancer (MCF-7) and osteosarcoma (U20S) cells and
only limited overlap of ER binding sites in these two estrogen
target cells (23), our work extends these observations to reveal
that there are also pronounced differences not only in the
genes regulated by ER (45) but also in ER binding site utili-
zation between different human breast cancer cell lines.

The previous genome-wide ERa localization studies in
MCEF-7 cells have provided a very useful map of binding sites
for ERa (4, 11, 26, 57), but they do not distinguish between
genes regulated by the ER through direct DNA binding versus
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tethering, because WT ER interacts with DNA by both modes.
The advantage of our using the DBDmut ERa is that it has
specifically enabled the identification of sites where ERa lo-
calizes in the absence of direct binding to EREs. This approach
identified several hundred novel enhancers at which ERa
binds through tethering to other transcription factors, and the
de novo motif analysis revealed enrichment of Apl and Runx
binding motifs in sites binding the DBDmut ER. Several pre-
vious reports have implicated ERa tethering to c-Jun in the
regulation of genes through Apl sites (6, 24, 53); however, this
report is the first to our knowledge to implicate the involve-
ment of the Runx transcription factor in supporting ERa reg-
ulation of gene expression by tethering.

Runx transcription factors are critical regulators of cell
growth and differentiation and function as cell context-depen-
dent tumor suppressors or oncogenes (10, 16). Previous studies
have documented that Runx1 exists in a complex with chro-
matin-modifying enzymes, including the histone acetyltrans-
ferases p300, CBP, and MOZ, implicating a role for Runx1 in
modulating the epigenetics of ERa targeted enhancers (58).
Our ChIP data for Runx1 suggest that Runxl occupies ERa
binding sites prior to E2 stimulation and, therefore, Runxl
may function to establish a permissive chromatin structure for
ERa binding. Interestingly, it was recently reported that high-
grade breast tumors have reduced Runx1 expression and that
progressive loss of Runx1 expression correlates with increas-
ingly advanced stages of breast cancer (18). Therefore, the
regulation of gene expression by ERa and Runx1 may serve to
restrict progression of breast cancer in ER-positive tumors.
Although the Runx motif is not the most highly enriched motif
in MCF-7 cells, its binding site is enriched in genome-wide
ERa binding sites in MCF-7 cells compared to genomic back-
ground (P < 9.9E—8) (57). Therefore, the observed interac-
tion between Runx1 and ERa in MCF-7 and in ERa-contain-
ing 231 cells suggests that at least a subset of genes within the
ERa gene regulation program in ER-positive breast cancer
cells could be controlled through Runx1-ERa interactions.

Our findings document the importance of both direct DNA
binding and tethering modes in ERa-dependent gene regula-
tion and localization to chromatin binding sites, and they high-
light novel enhancers and transcription factors that cooperate
in ER-mediated control of gene expression in breast cancer
cells. It is likely that the paradigm of receptor tethering
through Runxl or related transcription factors we have ob-
served for ERa may likewise be involved more generally in the
actions of other members of the nuclear receptor superfamily.
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