Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

GATA3 acts upstream of FOXA1 in mediating ESR1 binding by
shaping enhancer accessibility

Vasiliki Theodorou, Rory Stark, Suraj Menon, et al.

Genome Res. 2013 23: 12-22 originally published online November 21, 2012
Access the most recent version at doi:10.1101/gr.139469.112

References This article cites 41 articles, 7 of which can be accessed free at:
http://[genome.cshlp.org/content/23/1/12.full.html#ref-list-1

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see
License http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available under
a Creative Commons License (Attribution-NonCommercial 3.0 Unported License),
as described at http://creativecommons.org/licenses/by-nc/3.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAi Genetic Screening.

Your new superpower.
CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2013, Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.139469.112
http://genome.cshlp.org/content/23/1/12.full.html#ref-list-1
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/3.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.139469.112&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.139469.112.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxl-gen-scrn-genres-2606-728x90
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Research

GATAZJ acts upstream of FOXAI in mediating ESRI
binding by shaping enhancer accessibility

Vasiliki Theodorou,' Rory Stark,? Suraj Menon,? and Jason S. Carrol

|1,3,4

"Nuclear Receptor Transcription Lab, 2Bioinformatics Core, Cancer Research UK, Cambridge Research Institute, Li Ka Shing Centre,
Cambridge CB2 ORE, United Kingdom; >Department of Oncology, University of Cambridge, Cambridge CB2 OXZ, United Kingdom

Estrogen receptor (ESRI) drives growth in the majority of human breast cancers by binding to regulatory elements and
inducing transcription events that promote tumor growth. Differences in enhancer occupancy by ESRI contribute to the
diverse expression profiles and clinical outcome observed in breast cancer patients. GATAZJ is an ESRI-cooperating
transcription factor mutated in breast tumors; however, its genomic properties are not fully defined. In order to investigate
the composition of enhancers involved in estrogen-induced transcription and the potential role of GATA3, we performed
extensive ChlIP-sequencing in unstimulated breast cancer cells and following estrogen treatment. We find that GATAZ is
pivotal in mediating enhancer accessibility at regulatory regions involved in ESRI-mediated transcription. GATAZ silencing
resulted in a global redistribution of cofactors and active histone marks prior to estrogen stimulation. These global genomic
changes altered the ESRI-binding profile that subsequently occurred following estrogen, with events exhibiting both loss and
gain in binding affinity, implying a GATA3-mediated redistribution of ESRI binding. The GAT A3-mediated redistributed
ESRI profile correlated with changes in gene expression, suggestive of its functionality. Chromatin loops at the TFF locus
involving ESRI-bound enhancers occurred independently of ESRI when GAT A3 was silenced, indicating that GATA3, when
present on the chromatin, may serve as a licensing factor for estrogen—ESRI-mediated interactions between cis-regulatory
elements. Together, these experiments suggest that GATAZ directly impacts ESRI enhancer accessibility, and may potentially

explain the contribution of mutant-GATAZ3 in the heterogeneity of ESRI+ breast cancer.

[Supplemental material is available for this article.]

With the emergence of transcription factor mapping using ChIP-
seq, it has become evident that the composition of distal cis-
regulatory regions has a major impact on transcriptional potential
(Bulger and Groudine 2011). The histone landscape and tran-
scription factor complexes at enhancer elements govern the ge-
nomic circuitry that defines cell fate (Heintzman et al. 2009; Visel
et al. 2009; Kim et al. 2010), and these can be greatly influenced by
chromatin accessibility (John et al. 2011). Estrogen receptor alpha
(ESR1) is intensively studied for its causal role in human breast
cancer and is successfully targeted by antihormonal therapy
(Jordan 2007). The heterogeneity of the disease in terms of ex-
pression profiles, clinical grade, and overall survival implies that
distinct ESR1 binding and transcriptional targets may dictate
clinical outcome (Ross-Innes et al. 2012). ESR1 occupies distant
enhancers (Carroll et al. 2005; Lin et al. 2007; Welboren et al.
2009) and via DNA-looping brings enhancers in spatial proximity
of promoters of regulated genes (Pan et al. 2008). However, many
predicted estrogen receptor elements (EREs) in the human ge-
nome do not correspond to observable ESR1-binding events, and
there are many more binding events than regulated genes (Joseph
et al. 2010), although the ESR1-mediated transcriptome may be
larger than initially thought (Hah et al. 2011). Recent findings
suggest that noncoding transcription may be occurring at ESR1
enhancer elements (Hah etal. 2011), although these regions can still
simultaneously be involved in chromosomal loops (Fullwood et al.
2009). ESR1-induced long-range intrachromosomal interactions
reveal that genes strongly up-regulated by estrogen are mostly po-
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sitioned in proximity to the ESR1 anchoring events, whereas down-
regulated targets tend to be in the intervening chromatin loops
(Fullwood et al. 2009). Current research indicates that additional
factors regulate enhancer accessibility and transcriptional poten-
tial in ESR1-positive breast cancer cells. Whether these enhancer
regions are involved in localized transcription of noncoding RNAs
or in long-distance chromatin interactions, or both, it is necessary
to understand what allows these regulatory regions to be bound by
ESR1 to facilitate transcriptional activity.

Forkhead and GATA3 DNA motifs are enriched within ESR1-
binding regions (Carroll et al. 2005; Lin et al. 2007). In combina-
tion with expression profiling of breast cancers (Perou et al. 2000;
Sorlie et al. 2003), this has led to the discovery and characterization
of GATA3 and FOXA1, two transcription factors functionally
linked with ESR1. Depletion of FOXA1 abolishes ESR1-binding
capacity and transcriptional activity (Carroll et al. 2005), while
cell-specific FOXA1 distribution can explain part of the differential
ESR1-binding profiles in various breast cancer cell lines (Hurtado
et al. 2011). Overexpression of FOXA1 and GATA3 in ESR1-nega-
tive cells can, to a certain extent, render them estrogen responsive,
demonstrating their ability to impact ESR1 binding (Kong et al.
2011). GATA3, a key developmental factor for mammary gland cell
fate in mouse models (Kouros-Mehr et al. 2006; Asselin-Labat et al.
2007), is often mutated in human breast cancer, unlike ESR1
(Usary et al. 2004; Chanock et al. 2007; Arnold et al. 2010). How-
ever, a global understanding of the mechanistic role of GATA3 in
mediating ESR1 function in breast cancer cells has been largely
unexplored.

We have utilized genome-wide mapping and expression
microarray analysis, in the presence and absence of GATA3, to gain
global insight into the events that dictate enhancer accessibility
and ESR1-binding potential. Here, we report that the majority of
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ESR1-binding events following exposure to estrogen are de-
termined by the composition of enhancer elements prior to
hormonal stimulation. The histone landscape and the cofactor
composition in unstimulated cells predefine ERE accessibility,
subsequent ESR1-binding affinity, and the downstream tran-
scriptional program. These events are directly modulated by
GATA3, which appears to function as a critical regulator of tran-
scription factor binding, chromatin structure, and long-range
genomic communication.

Results

GATAZ3 associates with the chromatin prior to ESRI
recruitment

GATA3 has been previously shown to bind in MCF7 breast cancer
cells in a ligand-independent manner (Kong et al. 2011). When
overexpressed in combination with FOXA1 and ESR1 in an ESR1-
negative, estrogen-unresponsive breast cancer cell line, GATA3 can
induce ESR1 binding and transcriptional activity (Kong et al.
2011). We confirmed by ChlIP-seq (five independent replicates) in
MCF7 breast cancer cells that GATA3 binding is almost exclusively
estrogen independent, with only 3.5% of GATA3-binding events
acquired after estrogen treatment (Supplemental Fig. 1A, averaged
log concentration of reads in Supplemental Fig. 1B). An example of
GATA3 binding is shown at the TFF1 gene, an ESR1-E2 up-regu-
lated target (Fig. 1A). At the promoter of TFFI and the upstream
enhancer in the TMPRSS3 gene GATA3 binding is induced by es-
trogen, whereas GATA3 binding inside the TFFI gene (far left) is
not altered by hormonal treatment. GATA3, FOXA1, and ESR1 are
involved in a biologically and functionally important network and
appear to cooperate in mediating the estrogen response at the
transcriptional level, a hypothesis that is further supported by the
fact that these three factors are requisite features of ESR1+ breast
cancers (Perou et al. 2000). At a genome-wide level, approximately
a quarter of all ESR1-binding events are co-occupied by GATA3 and
FOXA1 (Fig. 1B). We mapped 5963 GATA3-ESR1 shared regions
that did not recruit FOXA1 and 7009 FOXA1-ESR1 cobound re-
gions not shared with GATA3, possibly due to the lack of a fork-
head or GATA DNA-binding motif, respectively (Supplemental Fig.
1C). Integration with ChIA-PET data that described global ESR1-
mediated chromatin loops (Fullwood et al. 2009) implied that the
GATA3-ESR1 regions (7%) are more often involved in transcrip-
tionally active chromatin interaction networks compared with the
FOXA1-ESR1 bound regions (4%) (Supplemental Fig. 1D), sug-
gesting that GATA3 may be mediating the estrogenic response.

Silencing of GATAZJ globally redistributes ESRI-binding events

Since GATA3 associates with chromatin prior to estrogen treat-
ment, we investigated its potential role in modulating ESR1 re-
cruitment. For the first time, we explored what effect modulation
of GATA3 would have on ESR1 and FOXA1 binding, chromatin
properties, and gene-expression profiles within an ESR1+ breast
cancer context. We specifically silenced GATA3 in MCF7 cells us-
ing multiple independent siRNAs, and confirmed that GATA3 was
effectively inhibited (Supplemental Fig. 2A). Silencing of GATA3
did not influence ESR1 protein levels (Supplemental Fig. 2A). We
subsequently mapped ESR1 binding globally in three biological
replicates to identify changes with statistical confidence (Fig. 1C),
resulting in a total of 49,626 ESR1-binding events.

We found that GATA3 silencing induced a redistributed ESR1-
binding profile at approximately one-third of all ESR1-binding

events. Ata FDR <0.1, 17% of all ESR1-binding events increased in
binding intensity (8243 binding events were stronger: ESR1
Stronger-siGATA3, presented in green), 67% did not change
(33,637 events ESR1 No change, presented in blue), and 16% of
ESR1-binding events had decreased binding affinity (7751 binding
events of ESR1 Weaker-siGATA3, presented in yellow) (Fig. 1C; see
example in Fig. 1D). This partial redistribution of ESR1 binding
does not appear to be cell line-specific, since GATA3 silencing in
another ESR1+ breast cancer cell line, ZR75-1, recapitulates these
findings, resulting in both stronger and weaker ESR1-binding
events (Supplemental Fig. 2B). Given the wealth of genomic in-
formation available for MCF7 cells, all subsequent experiments
were conducted using this cell line. Motif analysis of known
transcription factor binding domains in the redistributed ESR1-
binding events revealed that all three classes are enriched for EREs,
indicative of genuine and direct ESR1 binding (Supplemental
Fig. 2C).

There is, however, an important difference between the two
categories of differentially bound ESR1 events, as shown in Figure
1E. Sites with decreased ESR1-binding affinity (Weaker) when
GATA3 is silenced tend to be cobound with GATA3 in wild-type
cells. In contrast, enhancers that gain ESR1-binding affinity
(Stronger) in siGATA3 conditions have limited GATA3 binding in
wild-type MCF?7 cells. This is shown by the averaged binding signal
of GATA3 in the distinct ESR1 categories (Fig. 1E), as well as by the
percentage of co-occupancy in Figure 2A (GATA3 binds 59% of the
Weaker ESR1-siGATA3 vs. 11% of the Stronger ESR1-siGATA3).
This suggests that while at the “Weaker” sites ESR1 binding is de-
pendent on the presence of GATA3, other factors contribute to the
increased ESR1-binding affinity at the “Stronger” sites in the ab-
sence of GATA3. We next investigated the mechanisms driving
these categories of differentially bound enhancers as well as those
that do not change their ESR1-binding characteristics in the ab-
sence of GATA3.

Silencing GATAZ inhibits ESRI binding at enhancers normally
co-occupied by GATAZJ in regions depleted of active histone
marks

We first considered the properties of the enhancers in wild-type
MCEF?7 cells that harbor ESR1-binding events that become weaker
following depletion of GATA3. A binary occupancy comparison
showed that these sites have an elevated level of co-occupancy
with GATA3, either alone (30%) or together with FOXA1 (29%),
but are only rarely (4%) co-occupied with FOXA1 without GATA3
(Fig. 2A). To gain further insight into the structure of the chro-
matin at these sites, we performed ChIP-seq in unstimulated,
wild-type MCEF7 cells (siControl) against two histone marks,
H3K4mel and H3K27Ac, that discriminate poised from tran-
scriptionally active cis-regulatory elements (Heintzman et al.
2009; Creyghton et al. 2010). We discovered that sites which lose
ESR1-binding affinity in the absence of GATA3 are depleted of
active histone. De novo motif analysis revealed an ERE and
a GATA DNA-binding motif in this category (Fig. 3C), suggesting
that GATA3 modulates these enhancers directly. Together, these
data show that for these “Weaker” ESR1-binding regions GATA3
(1) possesses a role similar to the pioneer factor FOXA1, since its
depletion results in reduced ESR1 binding, and (2) that GATA3 is
required for ESR1 to interact with chromatin lacking active his-
tone marks. GATA factors have previously been shown to possess
pioneer factor functions capable of associating with inaccessible
chromatin without assistance from additional proteins (Cirillo
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etal. 2002), and this appears to be the case for ESR1+ breast cancer
cells as well.

Silencing GATAZJ increases ESRI binding at FOXAIl-bound
enhancers and promoters highly enriched with active
histone marks

A substantial number (8243) of sites exhibit increased ESR1-bind-
ing affinity when GATA3 is silenced. These binding events are
rarely cobound by GATA3 in wild-type MCF7 cells (11%), but ex-
hibit elevated levels of FOXA1 co-occupancy (50%) (Fig. 2A). The
high occurrence of Forkhead motifs (Supplemental Fig. 2C), as well
as the de novo motif discovery (Fig. 2C) in the Stronger ESR1-
siGATA3 sites, suggests that FOXA1 is the factor that drives the
enhanced ESR1 binding at these sites in the absence of GATA3. In
addition, these events are centered in regions of accessible chro-
matin environment as indicated by the high levels of both histone
marks (H3K4mel and H3K27Ac) (Fig. 2B). Moreover, these sites are
more likely than those from the other categories to occur at pro-
moter proximal regions, representing ~7% versus ~4% for all
ESR1-binding events (Supplemental Fig. 2D). As assessed by the
active histone marks, these data show that the enhanced ESR1
binding, when GATA3 is depleted, occurred at potentially tran-
scriptionally active regions co-occupied by FOXA1; and the lack of
GATA3 co-occupancy indicates that its role in suppressing ESR1
binding at these sites is indirect.

Silencing GATAZ3 has no effect on ESRI binding at enhancers
normally co-occupied by GATAZJ and/or FOXAI

The binding at most (~66%) ESR1-binding regions remained un-
affected when GATA3 was specifically silenced (Fig. 1C). FOXA1 and
GATA3 co-occupancy analysis indicates a pattern similar to the
Weaker ESR1-siGATA3 binding events, but with greater levels of
FOXA1 cobinding (46%) (Fig. 2A). A striking difference is that the
unaffected enhancers are in regions of more accessible chromatin,
similar to the Stronger ESR1-siGATA3 binding events (Fig. 2B). This
implies that ESR1 binding at enhancers with active histone marks is
less dependent on GATA3, but is more dependent on FOXA1.
Taken together, these findings decouple the functions of GATA3
and FOXALI in their abilities to tether ESR1 to the chromatin. Spe-
cifically, GATA3 is more likely to enable ESR1 binding in chromatin of
limited active histone composition, while FOXA1 binding parallels
ESR1 binding in both accessible and inaccessible regions, consistent
with previous work showing that the majority of ESR1-binding events
decrease when FOXA1 is specifically silenced (Hurtado et al. 2011).

GATAZ3 functions upstream of FOXAI and EP300 in breast
cancer cells

A recent study (Joseph et al. 2010) has shown that at FOXA1-
bound enhancers there is no further gain in active histone marks
upon ESR1 recruitment, suggesting that at FOXA1-bound cis-ele-

ments containing an ERE motif, ESR1 accessibility is predefined
prior to estrogen stimulation. In addition, we have recently shown
that EP300 is a global cofactor for ESR1 in breast cancer cells (Zwart
etal. 2011) and can be chromatin bound prior to E2 stimulation. In
order to investigate the role of GATA3 in shaping enhancer ac-
cessibility we mapped FOXA1, EP300 binding, and the active
marks H3K4mel and H3K27Ac in siControl and siGATA3 condi-
tions in both unstimulated and E2-treated cells. For FOXA1, we
performed the ChIP-seq experiments only in unstimulated cells,
since FOXA1 has been shown to be unchanged by estrogen treat-
ment (Lupien et al. 2008) and ESR1 depletion (Hurtado et al. 2011).
We find that in cells with intact GATA3 (siControl), EP300 is
redistributed upon estrogen stimulation from regions not bound
by ESR1 to regions co-occupied by ESR1-EP300, showing that es-
trogen induces recruitment of EP300 only to a subset of cis-regu-
latory elements (Supplemental Fig. 3A,B), which correlates with
the transcriptional regulation of estrogen gene targets (Supple-
mental Fig. 3C). At these enhancers there is limited histone
remodeling upon estrogen treatment (Supplemental Fig. 3E), and
similarly, there is limited histone mark changes at the regions that
become depleted of EP300 following estrogen treatment (Supple-
mental Figs. 3F, 4A).

However, in MCF7 unstimulated siGATA3 cells, enhancer
composition is dramatically affected, and this coincides with the
redistributed ESR1-binding profile upon estrogen stimulation.
Figure 3, A and C show the patterns of FOXA1 and EP300 binding
in the presence and absence of GATA3, as well as changes observed
in the histone marks H3K4me1l and H3K27Ac. For example, at the
TFF3 locus GATA3 silencing results in a dramatic increase of the
levels of the active histone marks and EP300 recruitment in serum-
starved conditions and coincides with the stronger ESR1 binding
upon E2 stimulation (Fig. 3B). Globally, at the 8243 “Stronger”
ESR1 events that increased in binding affinity after GATA3 si-
lencing, we found a coincident gain in FOXA1-binding signal and
recruitment of the coactivator EP300 (Fig. 3C) together with an
enrichment of the active histone marks (Fig. 3D). At “Weaker”
regions with decreased ESR1-binding affinity following GATA3
depletion, we found a notable decrease in both FOXA1 and EP300
cofactor binding and a depletion of the histone marks, suggesting
that at these loci GATA3 mediates FOXA1 and ESR1 binding.
Mapping of FOXA1 binding in siGATA3 unstimulated MCF7 cells
revealed 48,686 novel binding events, which suggests that GATA3
is, to a certain extent, capable of influencing FOXA1 recruitment
(Supplemental Fig. 6). In addition, these results show that the
differences between the categories of ESR1-binding sites in terms of
transcription factor co-occupancy and active chromatin are pres-
ent prior to stimulation with estrogen (and hence, prior to ESR1
binding) (Supplemental Fig. 5).

Together, these experiments suggest that the contribution
of GATA3 in preparing cis-elements for the estrogen-induced
ESR1 binding appears to be distinct from that of FOXA1. In wild-
type MCEF7 cells, ESR1-bound enhancers co-occupied by ESR1
and GATA3, lacking FOXA1, have lower levels of the active

Figure 1. Silencing of GATA3 results in redistribution of ESR1 binding globally. (A) GATA3 binding at the TFF1 locus in unstimulated and E2-treated MCF7
cells. (B) Venn diagram showing overlap in ESR1, FOXA1, and GATA3 binding in MCF7 cells. (C) MA plot of Differential Binding Affinity (DBA). Analysis using
edgeR of ESR1 binding in siControl versus siGATA3 conditions of three biological replicates. The universe of ESR1-binding events consists of 49,626 peaks,
which were used in the DBA analysis. The x-axis shows the log concentration of sequenced tags per peak. The y-axis represents the log fold change of siControl
over siGATA3. A third of all ESR1-binding events showed significant changes in affinity at FDR < 0.1. The binding events plotted red above 0 on the y-axis
represent Weaker ESR1 binding in siGATA3 (16%), whereas the red at the bottom represents events with Stronger ESR1 affinity in siGATA3 (17%). (D) A
representative example of the redistributed ESR1 binding in siGATA3 MCF7 cells. (E, left) Heatmaps of the ChIP-seq data sets centered on the ESR1 peaks and
their averaged signal intensity (right) show that the Weaker ESR1 events are cobound by GATA3, suggesting that at these regions GATA3 mediates
ESR1-chromatin associations. However, GATA3 binding did not overlap at regions where ESR1 binding was gained following silencing of GATA3.
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that correlate with the redistributed
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Microarray expression analysis in MCF7
cells transfected with siControl or
siGATA3 in either untreated or estrogen-
stimulated conditions enabled us to ex-
amine the functional impact of GATA3-
driven redistribution of ESR1 binding
(Fig. 4; Supplemental Fig. 7). We per-
formed four different pairwise compari-
sons (Supplemental Fig. 7B) and com-
bined all differentially expressed genes in
a visual map presented in Figure 4A. We
correlated the “Stronger” and “Weaker”
events representing gain or loss of ESR1-
binding affinity in the absence of GATA3,
with the differential expressed genes us-
ing a 50-Kb window around the tran-
scription start sites by Gene Set Analysis
Enrichment (GSEA) (Fig. 4B; Supplemen-
tal Fig. 7C-F). A 50-kb window was cho-
sen since ESR1 binding was shown to be
enriched within 50 kb of target genes

Binding from
wild-type MCF7
cells

Profiles of

H3K4me1
/‘\ wild-type MCF7 (Carroll et al. 2006). Independent hyper-

cells geometric testing (data not shown)
agreed with the significant association of
the binding events with the gene-ex-
pression changes identified by the GSEA.

We found a set of genes that are
normally estrogen regulated, but in the
absence of GATA3 are differentially tran-
scribed without the requirement of li-
gand (E2) (Fig. 4B; Supplemental Fig. 7E).
This is reminiscent of the binding of
FOXA1, EP300, and the enrichment of

C T C active histone marks, which also occur
A ICA?CF °.|_. A QI AVVTN A =gol VA QZ in an estrogen-independent manner. The
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Figure 2. GATA3-dependent ESR1-binding events show distinct transcription factor co-occupancy
and histone modifications. (A) A binary co-occupancy analysis showing the percentage of the ESR1

genes differentially regulated when GATA3
was silenced can be divided into two
clusters, based on whether they increase
or decrease in expression in the absence
of GATA3. We find that the up-regulated
genes are significantly correlated with
the “Stronger” ESR1-binding events that

categories affected by depletion of GATA3 normally co-occupied by GATA3 and/or FOXA1. GATA3and ~ occur in the absence of GATA3, whereas
FOXAT1 binding is from wild-type MCF7 cells. (Data from Hurtado et al. 2011.) (B) Averaged signal  the down-regulated genes are signifi-
intensity of H3K4me1 and H3K27Ac active histone marks in unstimulated (Veh) and estrogen (E2)- cantly correlated with the “Weaker” ESR1-

treated cells centered on the different categories of ESR1 binding influenced by silencing of GATA3.

(C) De novo motif analysis (Weeder).

histone marks H3K4me1l and H3K27Ac than those with FOXA1
co-occupancy (Supplemental Fig. 4B), indicating that GATA3
facilitates ESR1 binding in chromatin depleted of these two ac-
tive histone modifications, independent of FOXA1l. A model
depicting these events is shown in Supplemental Figure 4C.
Given that silencing of GATA3 redirected both FOXA1 and
EP300 in unstimulated cells (Fig. 3A,C), it is suggested that
GATA3 can act upstream of FOXA1 in mediating ESR1-binding
preferences.

binding events (Fig. 4B; Supplemental
Fig. 7E).

We also identified a set of genes
normally up-regulated by estrogen stimulation that exhibit limited
induction in the absence of GATA3 (Fig. 4A, cluster I; Supplemental
Fig. 7C). Within 50 kb of the transcription start sites of these genes,
we see a significant enrichment of the “Weaker” ESR1 binding
when GATA3 is silenced (Supplemental Fig. 7C). This suggests that
regions with loss in ESR1-binding affinity can no longer induce
gene activation of the adjacent gene targets to the same extent.
Individual examples of how the fluctuations in ESR1-binding af-
finity following GATA3 silencing correlates with changes in gene
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Figure 3.
recruitment. (A) FOXAT, EP300, H3K4me1, and H3K27Ac were mapped by ChiP-seq, following silencing of GATA3 or siControl. Silencing of GATA3 results in
an altered histone profile at enhancer elements prior to ESR1 recruitment (Veh) at the same regions that will harbor the redistributed ESR1 binding upon E2
stimulation. (B) An example of the changes in the histone landscape and EP300 recruitment at TFF3, an E2 up-regulated gene. Silencing of GATA3 results in
a gain of H3K4me1, EP300, and subsequent H3K27Ac in unstimulated cells, which parallels the E2-dependent gain in ESR1-binding affinity. (C) Average
ChlP-seq signal intensity of FOXA1 and EP300 binding in unstimulated (Veh) MCF7-siGATA3 and siControl cells, centered on the redistributed ESR1-siGATA3
events. (D) Average ChlIP-seq signal intensity of H3K4me1 and K3K27Ac binding in unstimulated (Veh) MCF7-siGATA3 and siControl cells, centered on the
redistributed ESR1-siGATA3 events.
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expression are shown in Figure 5 (average of six biological repli-
cates per sample group). Weaker ESR1 binding in the vicinity of
CA12 (Fig. 5A), CAV1 (Fig. 5B), and METRNL (Fig. 5C), correlates
with decreased gene expression in siGATA3 MCEF7 cells, whereas
Stronger ESR1 binding near TRAK1 (Fig. 5D), TGFB1 (Fig. SE), and
FGFR3 (Fig. SF) correlates with increased transcription.

In addition, we found that the GATA3-dependent gene ex-
pression signature (Fig. 4A, clusters I-IV) correlated with changes
of the active histones marks through the promoter and gene body
(1 kb upstream of and 4 kb downstream from TSS) (Supplemental
Fig. 8). For instance, genes down-regulated in siGATA3 cells (Fig.
4A, cluster II) have overall reduced levels of the active histone
marks H3K4mel and H3K27Ac, whereas up-regulated genes from
cluster III gained active histone marks. This indicates that the
histone composition within the open reading frame of genes can
successfully represent their transcriptional state.

Together, the significant correlations of the redistributed
ESR1-binding profile with the altered gene expression indicates
that the observed changes in transcription factor binding affinity
are functional and transcriptionally relevant.

GATADZ3 participates in E2-induced long-range chromatin
interactions

Loss of functional GATA3 results in changes in ESR1, FOXA1, and
EP300 binding, plus H3K4mel and H3K27Ac histone marks,
which correlated with altered gene expression. Except for ESR1
binding, all of these changes are seen in the absence of estrogen
treatment, when ESR1 is not on the chromatin. We speculated that
these global genomic changes may be attributed to transcriptional
chromatin loops that form in ESR1+ breast cancer cells (Fullwood
et al. 2009). We experimentally assessed this using chromosomal
conformation capture (3C) assays within the TFF gene cluster
(Supplemental Fig. 9). We focused on the TFF locus because it
provides a unique snapshot of an ESR1-regulated microenviron-
ment. TFF1 and TFF3 are classic ESR1 target genes, strongly es-
trogen induced, which in siGATA3 conditions become two of the
most differentially up-regulated genes (Supplemental Fig. 10A).
We assessed chromatin interactions between regions that con-
tained GATA3-dependent ESR1-binding events or were bound by
other transcription factors such as FOXA1 or CTCE. Importantly, at
this locus we identified two ESR1-binding events that become
stronger in siGATA3 conditions (Supplemental Fig. 9A, anchors 2
and 10). While many of these genomic regions can form chro-
matin loops in wild-type (siControl) MCF7 cells (Supplemental Fig.
10B,C), when GATA3 was silenced, we find an ESR1 and hor-
mone-independent gain in the chromatin loops that are formed
between these specific loci (Supplemental Fig. 9B-D). These re-
sults suggest that estrogen-ESR1 may be dispensable for the for-
mation of intrachromosomal loops when GATA3 is not present at
this locus. Since GATA3 appears to modulate long-range chroma-
tin interactions, loss of GATA3 may result in different chromatin
loops forming, explaining the indirect gain of ESR1 and FOXA1
binding in siGATA3 conditions.

Discussion

FOXA and GATA family members are crucial for hormone-driven
cancers. In breast cancer, GATA3 and FOXA1 are genes that define
an ESR1+ breast tumor (Perou et al. 2000; Sorlie et al. 2003), pos-
sibly due to their requirement in eliciting ESR1-mediated tran-
scription and cell growth. Supportive evidence suggests that
GATA3 and FOXA1 are sufficient to partially restore a functional
ESR1 pathway in cells that are normally ESR1 negative (Kong et al.
2011). The global analysis presented here suggests that GATA3
mediates ESR1 and FOXA1 binding at ERE elements embedded in
chromatin depleted of active histone modifications, highlighting
a distinct role for GATA3 relative to FOXA1. In addition, we show
that GATA3 can act upstream of FOXA1 in mediating ESR1 binding
by modulating enhancer composition, as indicated by the altered
cofactor binding and distribution of active histone marks (Fig. 3).
One possible explanation for this is that GATA3 binding is required
for maintaining optimal chromatin conditions at specific loci
for FOXA1-binding capacity (direct GATA3- and FOXA1-binding
events). Another is that GATA3 mediates chromatin loops between
FOXA1-bound enhancers and other cis-regulatory elements (in-
direct FOXA1-binding regions), which may explain why silencing
of GATA3 influences FOXA1 and ESR1 at specific regions. However,
it is clearly evident that there are functional consequences of
GATA3 silencing that link fluctuations of transcription factor
binding and deposition of active histone marks with changes in
gene expression programs (Fig. 4).

Furthermore, since ESR1 and its cooperating transcription
factors bind predominantly at distal enhancers, it is likely to elicit
its transcriptional effect through DNA looping to proximal pro-
moters or “transcription factories” as indicated by studies of higher
genomic organization (Li et al. 2012). Here we show that GATA3
participates in the formation of three-dimensional chromatin in-
teractions in breast cancer cells (Supplemental Figs. 9, 10), support-
ing similar conclusions about GATA factors in blood cells (Vakoc
et al. 2005; Jing et al. 2008). In our system and in the presence of
GATA3, interactions are formed between ESR1, GATA3, and FOXA1-
bound enhancer elements at the TFF locus, suggesting that GATA3
participates in chromatin loops, but simultaneously blocks po-
tential interactions until ESR1 is recruited. However, in the absence
of GATA3, these interactions become ESR1 independent and are
likely to mediate the elevated expression of TFF1 and TFF3.

Based on the observation that ESR1 redistribution correlated
with cofactor binding, chromatin state, and gene transcription, as
well as our experimental evidence at the TFF locus, we can spec-
ulate that enhancers brought in the proximity of anchoring events
may become more accessible due to an “opening” of the sur-
rounding chromatin. In contrast, enhancers moved away from
anchoring neighborhoods may become less accessible and tran-
scriptionally active, as suggested by the ESR1 Weaker-siGATA3-
binding events (Figs. 3, 4).

Silencing of FOXAL1 in prostate cancer cells reprograms AR
binding, with a loss of many AR-binding events and a simulta-
neous acquisition of numerous new AR-binding events (Sahu et al.

Figure 4. MCF7 cells depleted of GATA3 have an altered E2 transcriptional program that correlates with the redistributed ESR1 binding. (A) Integration of
the Differentially Expressed Genes (DEG) with the redistributed ESR1 ChiP-seq data sets. A 50-kb window around the transcription start sites (TSS) of all DEG
targets was overlapped with the altered ESR1 binding in siGATA3 conditions. ESR1 stronger binding is enriched near genes that are overexpressed in siGATA3
compared with siControl (bottom of gene cluster |, cluster lll, and cluster IV). ESRT Weaker events are in the vicinity of genes down-regulated by siGATA3 (Gene
clusters 1 and Il). Also included (right) is information showing whether each gene has an ESR1-binding event within 50 kb of the TSS. Included is ESR1 binding
that is gained (green), lost (yellow), or not changed (blue) following GATA3 silencing. (B) Gene Set Analysis Enrichment (GSEA) reveals that ESR1 Stronger
events after GATA3 silencing are enriched near up-regulated genes, whereas ESR1-Weaker siGATA3-binding events correlate with transcriptional down-

regulation in siGATA3-treated cells.
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2011; Wang et al. 2011). This resembles our observations for
GATA3 and its ability to both positively and negatively impact
ESR1 recruitment in breast cancer cells. A distinct difference is that
in breast cancer cells lacking GATA3, we observed substantial epi-
genetic changes at distal enhancers, whereas in the prostate cells,
enhancer accessibility was not affected when FOXA1 was silenced
(Sahuetal. 2011; Wang et al. 2011). In general, forkhead and GATA
members appear to facilitate nuclear receptor access to their DNA
response elements. In breast cancer cells accessibility at cis-regu-
latory elements is predetermined by the presence of specific his-
tone modifications such as H3K4me1l-2 (Lupien et al. 2008; Wang
et al. 2011) and H3K27Ac (this study). FOXA1 mediates nuclear
receptor binding in both breast and prostate cancer cells, whereas
GATA3 is mostly limited to the breast. However, another member
of the GATA family, GATAZ2, is highly expressed in prostate (Bohm
et al. 2009) and involved in AR function (Wang et al. 2007). Al-
though FOXA and GATA factors are crucial for nuclear receptor
function in breast and prostate they may have evolved tissue-
specific functions, such as the ability for FOXA1 to positively and
negatively influence AR binding in prostate cancer cells, a scenario
observed for GATA3 and ESR1 in breast cancer cells.

In the clinical setting, GATA3 is one of the most differentially
expressed genes in ESR1-positive versus ESR1-negative breast
cancers and is a prognostic marker for aggressive disease and poor
survival (Mehra et al. 2005). Interestingly, GATA3 is mutated in
breast cancers with a frequency of ~10% (The Cancer Genome
Atlas Network 2012). Based on our findings that GATA3 depletion
redistributes ESR1 binding, we speculate that breast cancers with
GATA3 mutations may have an altered ESR1-binding profile and
transcriptional program. As presented here, silencing of GATA3
resulted in substantial changes in the presence of histone marks,
transcription factor binding, and gene expression, even in hormone-
depleted conditions. If GATA3 mutations in breast tumors render
GATA3 nonfunctional, it is possible that similar to our findings,
there may be an altered ESR1-mediated transcriptional program. The
TFF1 and TFF3 genes, shown to be up-regulated by GATA3 silencing
(Supplemental Fig. 10A), are two of the most significant prognostic
genes for bone metastases (Smid et al. 2006). The altered higher ge-
nomic organization at this locus following silencing of GATA3 re-
capitulates an E2-induced program, but importantly, in an ESR1-
independent manner. Since the majority of luminal breast cancers
remain ESR1 positive even in distant metastases (Harrell et al. 2006;
Hoefnagel et al. 2010), we can speculate that changes in the se-
quence fidelity and function of factors, such as GATA3, may con-
tribute to the heterogeneity observed in ESR1+ breast disease.

Our findings help define the hierarchy of different transcription
factors in the ESR1-mediated transcriptional program (Supplemental
Fig. 10D). In the presence of GATA3, ESR1 binding is mediated by
GATA3 and FOXAL to the cis-regulatory elements that drive tran-
scription of the ESR1 target genes. However, in the absence of GATA3,
chromatin accessibility at potential ESR1-binding elements may be
altered, resulting in a rewired ESR1-binding profile and expression
program. Our data indicate that GATA3 is one of the central com-
ponents of the ESR1 complex that determines the binding potential
and transcriptional targets in breast cancer cells.

Methods

Cell culture

MCEF?7 cells were cultured in DMEM and ZR-75-1 cells in RPMI media
(Invitrogen) at 10% FCS. For hormonal deprivation, cells were

cultured for 3 d in phenol-red free DMEM or RPMI, respectively,
supplemented with 5% charcoal-treated serum. E2 (Sigma) was
added at a final concentration of 100 nM, for 3 h for ChIP-seq and
3C experiments, 6 h for the microarray expression experiment.

siRNA transfections

We used three different siRNAs against GATA3: ON-TARGET plus
siRNA J-0033781-09 and two additional custom-made siRNAs tar-
geting the 3’ UTR of the RefSeq NM_002051. The sense sequences of
the custom made ones are siGATA3-Custom-1: AAACUAGGUCU
GAUAUUCAUU and siGATA3-Custom-2: CUUUAUUGCAUCU
GGGUAGUU. AllStars Negative Control siRNA (Cat nr: 1027281,
Qiagen) was used as a negative control. All siRNA experiments were
at a final concentration of 50 nM. Transfections were conducted
using Lipofectamine 2000 (Invitrogen). For the microarray ex-
pression experiment we used the three siRNAs against GATA3
separately; for the ChIP-seq and 3C we used a pool of them to
achieve better knockdown and eliminate potential nonspecific
effects by using a single siRNA.

ChlIP-seq library preparation, lllumina Sequencing,
and enrichment analysis

MCEF?7 cells were transfected with siRNA and cultured in hormone-
deprived conditions for a further 3 d. Chromatin Immunoprecipi-
tations and library preparations were performed as previously de-
scribed (Schmidt et al. 2009). Sequences generated by the Illumina
GAIIx genome analyzer were aligned against NCBI Build 36.3. For
more details regarding antibodies and data analysis, please refer to
the Supplemental Information for materials and methods.

Microarray experiment

MCEF?7 cells were transfected with siRNA and cultured in hormone-
deprived conditions for a further 3 d. Cells were subsequently treated
with 100 nM estrogen (E2) or control (Veh) for 6 h. We performed
two independent biological experiments, each using three different
siRNAs against GATA3 individually (six siGATA3 replicates in total).
For siControl we used RNA from five biological replicates.

Chromosome-conformation-capture (3C) assays

3C assays were performed as previously described (Nativio et al.
2009) with minor modifications (see Supplemental Information).
The siRNA transfections procedure was the same as for the ChIP-
seq experiments shown in Supplemental Figure 4A. E2 stimulation
was performed for 3 h. Primer sequences and a detailed protocol
are provided in the Supplemental section.

Data access

The microarray data and ChIP-seq data from this study have been
deposited in the NCBI Gene Expression Omnibus (GEO) (http://
www.ncbi.nlm.nih.gov/geo/) under accession nos. GSE39623 and
GSE40129, respectively.
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