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Activation of estrogen receptor � (ER�) results in both induction and repression of gene transcription; while
mechanistic details of estrogen induction are well described, details of repression remain largely unknown. We
characterized several ER�-repressed targets and examined in detail the mechanism for estrogen repression of
Reprimo (RPRM), a cell cycle inhibitor. Estrogen repression of RPRM is rapid and robust and requires a
tripartite interaction between ER�, histone deacetylase 7 (HDAC7), and FoxA1. HDAC7 is the critical HDAC
needed for repression of RPRM; it can bind to ER� and represses ER�’s transcriptional activity—this
repression does not require HDAC7’s deacetylase activity. We further show that the chromatin pioneer factor
FoxA1, well known for its role in estrogen induction of genes, is recruited to the RPRM promoter, is necessary
for repression of RPRM, and interacts with HDAC7. Like other FoxA1 recruitment sites, the RPRM promoter
is characterized by H3K4me1/me2. Estrogen treatment causes decreases in H3K4me1/me2 and release of RNA
polymerase II (Pol II) from the RPRM proximal promoter. Overall, these data implicate a novel role for
HDAC7 and FoxA1 in estrogen repression of RPRM, a mechanism which could potentially be generalized to
many more estrogen-repressed genes and hence be important in both normal physiology and pathological
processes.

Estrogen is essential for the growth and development of
female reproductive tissues and is a known potent mitogen in
breast cancer. The pleiotropic effects of 17-�-estradiol (E2),
the most potent estrogen, are mediated through the � and �
estrogen receptors (ER� and ER�), which contain an ago-
nist-independent transcriptional activation function (AF-1),
a DNA binding domain (DBD), a hinge region, and an
agonist-dependent transcriptional activation function (AF-
2). ER� can regulate gene expression directly by binding
DNA at perfect or imperfect estrogen response elements
(EREs) (37) and half-ERE sites or indirectly by tethering to
other DNA-bound transcription factors like AP-1, Sp1, and
NF-�B (40, 60). ER� coordinates the assembly of chromatin
remodeling factors, p160 coactivators (SRC1, SRC2, and
SRC3), histone acetyltransferases (HATs) (p300, CBP, and
the p300/CBP-associated factor pCAF), histone methyl-
transferases, histone deacetylases, general transcription fac-
tors, the mediator complex, and RNA polymerase II (Pol II) to
the promoters of induced genes in an ordered and cyclical
fashion (50, 63).

Although ER� has been mostly studied as a transcriptional

activator, recent studies have shown that it can also negatively
modulate gene expression. For example, gene expression pro-
filing has demonstrated that greater than 50% of ER� target
genes are downregulated upon E2 treatment in MCF7 breast
cancer cells as well as in breast tumors (5, 8, 16, 53). We (31,
54) and others (1, 3, 19, 21, 52, 58, 59, 65, 70) have shown that
critical genes like those coding for CD24, E-cadherin, BASE,
interleukin-6 (IL-6), IR, retinoblastoma protein (Rb), ERBB2,
vascular endothelial growth factor (VEGF), tumor necrosis
factor alpha (TNF-�), and CD36 are repressed by E2. Many of
these E2-repressed genes are cell cycle inhibitors like cyclin
G2 (CCNG2) (66), proapoptotic genes, or tumor suppressor
genes, and thus their repression could be a critical step in
augmenting the growth and survival of a tumor and thereby in
the development and/or progression of breast cancer. While
the mechanisms of E2-mediated induction of genes like the
Trefoil factor 1 gene (TFF1/pS2) have been studied in great
detail, the mechanisms regulating E2-mediated repression
of genes are virtually unknown. One potential mechanism is
squelching (i.e., titration of limiting amounts of essential
transcription factors by the abundance of an overexpressed
transcriptional regulator), which would result in a loss of
basal transcription (5). However, active recruitment of re-
pressive complexes—for example, NCoR, (nuclear receptor
corepressor), histone deacetylase 1 (HDAC1), and CtBP1 to
the CCNG2 promoter (66, 67); NCoR and SMRT (silencing
mediator of RAR and TR) to the VEGFR2 promoter (25);
and NCoR and TAB2 to the BMP7, ABCG2, and BCL3
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promoters (74)—has been shown. Genomewide analysis of
ER� binding sites has implicated the involvement of the core-
pressor NRIP1 (nuclear receptor interacting protein 1) in the
E2-mediated repression of genes like BCAS4, IRX4, GUSB,
and MUC1, which are repressed at late time points (5). These
genes are most likely secondary rather than direct targets of
ER�, as they appear to require the E2 induction of NRIP1 for
their repression.

Given the paucity of information, it is of particular interest
to further explore the mechanism of estrogen repression of a
primary ER� target gene. We focused on a target gene which
(i) is directly and robustly repressed by estrogen in breast
cancer cell lines and (ii) is involved in mediating estrogen’s
mitogenic effects in breast cancer cells. Our data revealed
that the cell cycle inhibitor and tumor suppressor Reprimo
(RPRM) gene fits these criteria. Rather unexpectedly, we dis-
covered a unique role for HDAC7 in E2 repression of RPRM.
HDAC7, ER�, and FoxA1 are necessary for repression and
are recruited to the promoter, ultimately resulting in release of
RNA Pol II and decrease of transcription. In summary, we
propose a novel model for E2 repression which might also be
exploited for repression of other E2-regulated genes and thus
play an important role in hormone response.

MATERIALS AND METHODS

Cell culture. Human breast cancer cells (MCF7, T47D, and ZR-75-1) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen Life
Technologies) supplemented with 5% characterized fetal bovine serum
(HyClone), 2 mM glutamine, 100 IU/ml penicillin, and 100 �g/ml streptomy-
cin. Three days before E2 treatment, the cells were switched to improved min-
imal essential medium (IMEM) that was supplemented with 5% charcoal-dext-
ran-treated fetal bovine serum (HyClone). The medium was changed on day 2,
and the cells were treated with either vehicle or 10 nM E2 (Sigma-Aldrich Corp),
unless otherwise specified, 1 �M 4-OH-tamoxifen (4-OH-tam), or 1 �M ICI
182,780 (Imperial Chemical Industries), on day 3 for 4, 8, or 24 h. The serum-free
medium (SFM) consisted of phenol-red-free IMEM (Invitrogen), 2 mM glu-
tamine, 10 mM HEPES, 1 �g/ml fibronectin (Invitrogen), trace elements
(Biosources), and 1 �g/ml transferrin (Invitrogen). For experiments in which
cycloheximide (CHX) was used, CHX at 10 �g/ml was added at the same time
as E2 for the entire 4- or 8-h period. For experiments in which actinomycin
D (ActD) was used, ActD at 2 �g/ml was added 30 min before E2 treatment
and RNA was extracted at the �0.5-, 0-, 4-, 8-, and 24-h time points.

RNA extraction, qRT-PCR, and PCR. Total RNA was isolated using the
RNeasy RNA isolation kit (Qiagen) as recommended by the supplier. Triplicate
RNA samples were prepared for each treatment group. RNA was subjected to
DNase treatment (Roche) prior to being reverse transcribed using SuperScript II
reverse transcriptase (Invitrogen) in accordance with manufacturer’s instruc-
tions. The SYBR green or TaqMan PCR was then carried out on an ABI PRISM
7700 sequence detector (Applied Biosystems), using the SYBR green master mix
(Applied Biosystems) or the TaqMan PCR mix comprised of 300 nM (each) the
forward and reverse primers, 100 nM probe, 0.025 U/�l of Taq polymerase
(Invitrogen), 1� Rox dye (Invitrogen), 125 �M (each) deoxynucleotide triphos-
phate (Invitrogen), 5 mM MgCl2 (Invitrogen), and 1� Taq polymerase buffer
(Invitrogen). The cycling conditions were 94°C for 1 min, followed by 40 cycles
at 94°C for 15 s and 60°C for 30 s. Primer Express 2.0 software (Applied
Biosystems) was used to design all of the primers and probes. The sequences of
the primers and probes for each of the genes tested are shown in Table S1 in the
supplemental material. The fold change for each gene was calculated using the
cycle threshold (��CT) method as described in reference 46, and data are
represented as E2 fold change over vehicle, unless otherwise stated. For each
sample, real-time quantitative reverse transcription-PCRs (qRT-PCRs) were
done in triplicate for each gene of interest and the reference gene (�-actin) to
normalize for input cDNA. Methylation-specific PCR (MSP) was performed as
described previously (68).

Nuclear run-on assays. Nuclear run-on assays were performed as described
previously (57, 67). Briefly, 6 � 107 MCF7 cells were treated with vehicle or E2
for 0.5 and 7 h. The cells were washed with phosphate-buffered saline (PBS),

harvested, and lysed in lysis buffer (0.5% NP-40, 10 mM KCl, 10 mM MgCl2, 10
mM HEPES [pH 7.9], and 0.5 mM �-mercaptoethanol [�-ME]) on ice until the
cells had uniformly lysed and the nuclei appeared free of cytoplasmic material
(�1 h). The nuclei were centrifuged at 500 � g, washed with lysis buffer without
NP-40, and resuspended in 100 �l storage buffer (50 mM Tris-HCl, 5 mM MgCl2,
0.5 mM �-ME, 40% glycerol) before being frozen at �80°C. A 100-�l amount of
transcription buffer (10 mM Tris-HCl [pH 8.0], 0.3 M MgCl2, 5 mM dithiothre-
itol, 40 U RNase inhibitor [Roche], 1� biotin labeling mix [Roche]) was added
to the nuclei, and the reaction mixture was incubated at 30°C for 45 min. RNA
was isolated by using Trizol reagent (Invitrogen). A 50-�l amount of streptavi-
din-conjugated magnetic beads (Invitrogen) resuspended in binding buffer (10
mM Tris-HCl [pH 7.5], 1 mM EDTA, 100 mM NaCl) was added to each sample
and incubated for 2 h at room temperature. Beads were washed twice in 500 �l
of 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 15%
formamide for 15 min and once in 500 �l of 2� SSC for 5 min and then dissolved
in 30 �l of diethyl pyrocarbonate-water. RNA was reverse transcribed, and qPCR
reactions were carried out as described above.

siRNA. MCF7 cells (2 � 105) cells were plated in DMEM, and medium was
switched to IMEM the next day. The cells were then transfected with 50 nM
small interfering RNA (siRNA) using DharmaFECT1 (Thermo Fisher Scien-
tific). The siRNAs used were as follows: siGENOME nontargeting siRNA 2,
ER�, HDACs 1 to 10 (Dharmacon), and FoxA1 (4). NCoR, SMRT, LCoR, and
NRIP1 siRNA experiments were performed as described previously (31).

Luc assays. Dual-luciferase (Luc) reporter assays were performed as previ-
ously described (69), with some changes described here. Briefly, MCF7 cells (4 �
105) were plated in 6-well plates in DMEM 1 day before transfection with 200
ng/well ERE-thymidine kinase (Tk)-Luc, 100 ng/well pRL-Null (a Renilla Luc
construct for normalizing of transfection efficiency), and SAFB1 (used as a
positive control) or various concentrations of HDAC7 or HDAC7 deletion
constructs using Lipofectamine 2000. Smaller amounts of Flag-HDAC7(438–
912) were transfected to keep the protein level relatively similar to that of
Flag-HDAC7, as seen in the Western blot (see Fig S5B in the supplemental
material). The amounts used were as follows: 100 ng/well of Flag-HDAC7 or
Flag-HDAC7(1–487) or Flag-HDAC7 (H670A) or 10 ng/well of Flag-HDAC7
(438–912). For the RPRM promoter reporter assays, MCF7 cells were trans-
fected with 500 ng/well of the RPRM promoter and 100 ng/well of pRL-Null.
Medium was changed to IMEM 16 h after transfection, cells were treated with
vehicle or E2 for 24 h, and luciferase assays were performed as previously
described (30).

Plasmids. The RPRM promoter was amplified by PCR from bacterial artificial
chromosome (BAC) clone 389H5 and primer pairs containing BamHI/NcoI
digestion sites: RPRM-BamHI-F1 (GTCGGATCCGATTCATATTTTTGTGC
AACCATCA) and RPRM-NcoI-R1 (GTCCCATGGTCATTATGTACAGGCT
ACGCTCGTC). The 5,566-bp PCR product was digested with BamHI and NcoI
and inserted into the pGL3-basic luciferase vector. The HDAC7 constructs have
been previously published (14). The Flag-HDAC7 (H670A) construct was cloned
by subcloning into the pcDNA3.1-Flag-HDAC7 construct a piece of the mutated
construct from a mouse stem cell virus (MSCV)-internal ribosome entry site
(IRES)-green fluorescent protein (GFP)-HDAC7(437–912) H657A construct
using the NaeI site. The histidine mutated in hHDAC7-H670A is shown in
boldface in the sequence 665-RPPGHHADHST-675.

Coimmunoprecipitations. 293T cells were plated in 15-cm dishes, transfected
with Flag-HDAC7, and the medium was switched to IMEM. The cells were
treated with either vehicle or 10 nM E2 for 16 h. After being washed with ice-cold
PBS twice, the cells were collected into 1 ml of ice-cold PBS. They were then
centrifuged at 800 � g for 2 min at 4°C, and the cell pellet was resuspended in
600 �l of lysis buffer (150 mM NaCl, 1% NP-40, and 50 mM Tris) and incubated
for 20 min on ice. The lysate was centrifuged for 20 min at 14,000 � g at 4°C, and
the supernatant containing 1 mg of protein was incubated with the ER� antibody
H-184 (Santa Cruz) overnight or with Flag-M2 beads (Sigma-Aldrich) for 1 h.
Twenty microliters of protein G-Sepharose was added to the ER� sample, and
the incubation was continued for 1 h. The Sepharose and Flag beads were
centrifuged and washed 4 times in 1 ml of lysis buffer. The washed beads were
boiled with Laemmli buffer and subjected to SDS-PAGE followed by immuno-
blotting with anti-ER� 6F11 (Novocastra Laboratories) and anti-Flag (M2
F1804; Sigma Aldrich) antibodies. A similar procedure was used for the immu-
noprecipitation in Ly2 cells, where ER� and HDAC7 were immunoprecipitated
with anti-ER� HC-20 (Santa Cruz Biotechnology) and anti-HDAC7 H-273
(Santa Cruz Biotechnology), respectively, and immunoblotted with anti-ER�
D-12 and F-10 (Santa Cruz Biotechnology) and anti-HDAC7 H00051564 (Ab-
nova Corporation). Coimmunoprecipitation experiments for HDAC7 and
FoxA1, in MCF7 cells, were done using a similar procedure in which HDAC7
was immunoprecipitated with anti-HDAC7 H-273 (Santa Cruz Biotechnology)
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and ab53101 (Abcam) antibodies and FoxA1 was immunoprecipitated with anti-
FoxA1 ab5089 (Abcam) and C20 (Santa Cruz) antibodies. The membranes were
immunoblotted with anti-HDAC7 H-273 (Santa Cruz) and anti-FoxA1 ab5089
(Abcam).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
as described before (64). Briefly, MCF7 cells (3 � 106) were plated in 15-cm
dishes in DMEM. After 24 h, the cells were washed with PBS twice and then
switched to IMEM. The medium was changed on day 2 of culture, and on day 3
of culture, the cells were treated with either vehicle, 10 nM E2, or 1 �M
4-OH-tam for 45 min. After DNA purification (QIAquick spin kit; Qiagen), the
promoter regions were amplified by qRT-PCR using the primers described in
Table S2 in the supplemental material. The ChIP antibodies used were ER�
antibody H-184 and HC20 (Santa Cruz Biotechnology), FoxA1 antibodies
ab5089 (Abcam) and C20 (Santa Cruz Biotechnology), H3K9ac (Jiemin Wong),
H3K27me3 antibody (Upstate), H3K4me1 antibody ab8895 (Abcam), H3K4me2
antibody 07-030 (Millipore), H3K4me3 antibody MC315 (Millipore), Pol II
antibody 8WG16 (Covance), HDAC7 antibody ab53101 (Abcam), p300 an-
tibody N-15 (Santa Cruz Biotechnology), H3K9me2 antibody ab1220 (Ab-
cam), H3K9me3 antibody ab8898 (Abcam), H4K16ac antibody 07-329 (Up-
state), and HA antibody HA.11 (Covance). qPCR was used to calculate
enrichment, which is displayed as “% Input” on the y axis or log2 E2 fold
change compared to vehicle control. Primers are presented in the supple-
mental material.

Immunofluorescent staining and confocal microscopy. 293 cells (7.5 � 104)
were plated on poly-D-lysine-coated coverslips in DMEM in 24-well plates. One
day after plating, cells were washed twice with PBS, fixed in 4% formaldehyde
diluted in PBS for 10 min at room temperature, washed twice with PBS, perme-
abilized with 0.5% Triton X-100 diluted in PBS for 5 min, washed twice with
PBS, and then incubated with 1% bovine serum albumin (BSA) in PBS for 1 h.
Following this, the cells were incubated with primary antibody (anti-Flag, diluted
1:100 in 1% BSA in PBS) for 1 h at room temperature, washed three times with
PBS, incubated with secondary antibody (Alexa 488-conjugated goat anti-mouse
IgG, diluted 1:1,000 in 1% BSA in PBS) for 1 h at room temperature in the dark,
washed three times with PBS, incubated with the DNA marker TOPRO-3 (di-
luted 1:80 in PBS) for 30 min at room temperature in the dark, washed three
times with PBS, and then mounted with mounting medium. Confocal images

were obtained using a Nikon confocal Eclipse E1000 scanning laser microscope
(Nikon) with a �60 objective lens.

RESULTS

RPRM is a primary and direct ER� target gene. Using
previously published gene expression profiling studies (7, 9, 16,
17, 43, 72), we identified 20 candidate genes which were con-
sistently and robustly repressed by estrogen, including the Rep-
rimo (RPRM), ceramide kinase (CERK), kruppel-like factor 6
(KLF6), claudin 4 (CLDN4), EGF-containing fibulin-like ex-
tracellular matrix protein 1 (EFEMP1), ectodermal-neural
cortex (ENC1), BCL2-interacting killer (BIK), HMG-box tran-
scription factor 1 (HBP1), chemokine (C-X-C motif) receptor
4 (CXCR4), RAP1 GTPase activating protein 1 (RAP1GA1),
P-cadherin (CDH3), bone morphogenetic protein 7 (BMP7),
MAX dimerization protein 4 (MXD4), mucin 1 (MUC1), N-
myc downstream-regulated gene 1 (NDRG1), retinoblastoma-
like 2 (RBL2), BCL2-antagonist/killer 1 (BAK), cyclin-depen-
dent kinase inhibitor 1A (p21/CDKN1A), polo-like kinase 2
(PLK2), and dual-specificity phosphatase 1 (DUSP4) genes.
To validate this finding, we examined the effect of E2 on
expression of these genes in MCF7 cells, using E2 induction of
pS2 and E2 repression of CCNG2 as positive controls. We
confirmed significant repression of 15 genes (RPRM, KLF6,
CLDN4, CERK, EFEMP1, ENCI, BIK, HBP4, CXCR4,
RAP1GA1, CDH3, BMP7, MXD4, MUC1, and NDRG1) (Fig.
1A; see Fig. S1 in the supplemental material). As expected, a
100-fold excess of the antiestrogen ICI 182,780 (ICI) pre-
vented the repression of the genes, suggesting that these genes

FIG. 1. Identification of estrogen-repressed genes in breast cancer cell lines. qRT-PCR was used to test E2-mediated repression of candidate
genes, with pS2 and CCNG2 serving as controls. The relative mRNA expression is depicted as ligand-mediated fold change compared to vehicle
control. This fold change is reflected in the color intensity, as shown in the color scale, and E2-mediated repression for each gene shown is
significant for at least the time point shown. (The raw relative mRNA expression data are shown in Fig. S1 in the supplemental material.) MCF7
(A), ZR-75-1 (B), and T47D (C) breast cancer cells were treated for 4, 8, or 24 h with either vehicle, E2, or a combination of E2 and ICI 182,780.
The data are an average from three replicates.
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are in fact regulated by ER. Some targets were repressed only
at the late time point, such as MXD4, suggesting indirect
regulation: for example, through an NRIP1-dependent path-
way (5). However, timing of repression needs to be interpreted
with caution, since late repression could also simply be a result
of a long mRNA half-life. We tested repression of a subset of
the genes (RPRM, KLF6, CLDN4, CERK, EFEMP1, and
ENC1) in the ER�-positive breast cancer cell lines ZR-75-1
(Fig. 1B; see Fig. S2A in the supplemental material) and T47D
(Fig. 1C; also see Fig. S2B in the supplemental material) and
found cell-type-specific differences which may be attributed to
the absence and/or differential recruitment of coregulators.

RPRM showed the most robust repression in both MCF7
and ZR-75-1 breast cancer cells. RPRM has previously been
shown to cause cell cycle arrest (55), an effect which we were
able to reproduce in MCF7 cells. Knockdown of RPRM with
siRNA resulted in significantly increased entry into S phase
(Fig. 2A). Based on its robust repression and its potential role
in tumorigenesis, we studied the mechanism of its repression in
more detail. First, we tested whether repression is mediated via
ER�, which is the main functional estrogen receptor in breast
cancer cells (38). We examined RPRM repression in the ab-
sence and presence of ER� using an siRNA that decreases
ER� levels by 	90% (Fig. 2B, inset). The E2-mediated repres-
sion of RPRM was abolished when ER� was silenced, clearly
demonstrating a requirement for ER� in repression (Fig. 2B).
Since it has been suggested that E2 can still influence signaling
in an ER�-independent manner (24, 49), we tested RPRM
repression in an ER�-negative cell line, HCC1143. We chose
this less commonly used cell line because RPRM expression
was suppressed, due to promoter hypermethylation, in most of
the more commonly used ER�-negative breast cancer cell lines
(data not shown). E2 failed to repress RPRM in HCC1143
cells, providing additional evidence that ER� is required for
the repression (Fig. 2C).

A time course analysis showed that RPRM was quickly and
robustly repressed by E2 as early as 3 h and was reduced to less
than 15% of its initial levels by 12 h (Fig. 2D). Maximum
RPRM repression was reached at 10�10 M (Fig. 2E), sug-
gesting that the repression occurs at physiological E2 doses.
RPRM was also repressed by the selective estrogen receptor
modulator (SERM) tamoxifen, but not by the pure anties-
trogen ICI 182,780 (Fig. 2F).

Although the rapid repression of RPRM suggested that it is
a primary ER� target, we also tested the effect of the transla-
tional inhibitor cycloheximide (CHX) on repression (Fig. 2G).
E2-mediated repression of RPRM was not affected, suggesting
that it does not require the synthesis of an intermediate regu-
latory protein for its repression. Similarly, some of the other
candidate genes previously tested (Fig. 1A), including those
coding for KLF6, CLDN4, CERK, EFEMP1, and ENC1, were
still repressed by E2 in the presence of CHX, indicating that
they are also primary ER� targets (see Fig. S3 in the supple-
mental material).

To test whether E2 affects the stability of RPRM mRNA, we
treated the cells with actinomycin D (ActD). As shown in Fig.
2H, the addition of ActD decreased RPRM mRNA levels, but
this was not significantly affected by E2, suggesting that estro-
gen does not affect the stability of RPRM mRNA. Finally, we
performed nuclear run-on assays to directly test whether the

addition of estrogen would result in a decrease of newly syn-
thesized RPRM RNA transcripts (Fig. 2I). As a positive con-
trol, we used pS2, which showed the expected increase in
transcription rate. Transcription for CCNG2 increased ini-
tially, but subsequently decreased, as recently reported (67). In
contrast, transcription rates for RPRM were already decreased
by 16% after 30 min of E2 treatment and were further de-
creased by 52% after 7 h of treatment. Collectively, these data
suggest that RPRM is a primary and direct ER� target gene
that is rapidly repressed at the transcriptional level by physio-
logical doses of E2.

ER� is recruited to an E2-responsive promoter region. Ge-
nome-wide studies using the chromatin immunoprecipitation
(ChIP)-on-chip assay, coupled with gene expression array anal-
ysis, have shown an overrepresentation of ER� binding sites
within 50 kb of the transcriptional start site in upregulated
genes. However, this did not hold true for early downregulated
genes, suggesting that many E2-repressed genes might not
show ER� recruitment or that recruitment is weaker (5, 44).
Consistent with this notion, these genomewide studies did not
reveal any ER� binding sites within 50 kb of the RPRM tran-
scriptional start site. Intriguingly, the RPRM gene contains
multiple half-ERE sites, one palindromic ERE site, and mul-
tiple Forkhead (FKH) binding sites, as well as other transcrip-
tion factor binding sites previously found to play a role in
estrogen response (Fig. 3A). To directly test whether ER�
could be recruited to these putative sites, we performed ChIP
assays, using primers for the ERE/FKH site (�4.8 kb) and
the transcriptional start site (
0.1 kb). They showed estro-
gen-induced recruitment of ER� (Fig. 3B), with minimal
recruitment of ER� to a nonfunctional ERE (NFERE),
recently described as a negative control for ER� ChIP assays
(47). Although the E2-induced recruitment of ER� to the
RPRM enhancer was consistent, it was considerably weaker
than recruitment to the promoter of pS2, a classical E2-in-
duced gene. Time course ChIP experiments showed that ER�
was recruited in a cyclical manner, with two apparent cycles
within a 120-min period (Fig. 3C).

To test whether the RPRM promoter, harboring the ER�-
binding sites, was indeed repressed by E2, we cloned a 5.6-kb
promoter fragment into a luciferase reporter and tested its
activity in transient reporter assays (Fig. 3D). These studies
showed that E2 was able to repress activity of the promoter
and that this repression could be reversed with the antiestro-
gen ICI 182,780. Collectively, these data suggest that ER� is
recruited to the RPRM promoter, which contains a number of
EREs, mediating E2 repression of RPRM transcription.

HDAC7 has a unique role in E2 repression of RPRM. Given
the previous evidence for corepressors being involved in estro-
gen repression (5, 25, 54, 66, 74), we asked whether they would
play a role in RPRM repression. However, knockdown of the
corepressors NCoR, SMRT, NRIP1, LCoR (ligand-depen-
dent corepressor), SAFB1 (scaffold attachment factor B1),
and SAFB2 failed to relieve repression (data not shown).
Based on the previously reported role of p53 in regulating ER�
activity (45), the lack of RPRM repression in T47D cells which
are p53 negative, and finally the putative p53 binding sites in
the RPRM promoter, we next asked whether p53 was involved
in E2 repression of RPRM. To answer this question, we tested
whether p53 was recruited to the promoter and whether it was
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necessary for repression. ChIP assays revealed p53 binding to
the proximal promoter region (Fig. 4A). Knockdown of p53,
resulting in �80% decrease of RNA levels, had a significant
yet minimal effect on repression (Fig. 4B). Hence we conclude

that p53 may be involved in E2 repression of RPRM but does
not play a major role in this process.

Since the recruitment of HDACs and the deacetylation of
histones have been shown for other E2-repressed genes (66),

FIG. 2. RPRM, a cell cycle inhibitor, is a primary and direct ER� target gene. (A to I) qRT-PCR was used to calculate relative RPRM mRNA
expression as ligand-mediated fold change compared to the vehicle control. The data are an average of three replicates � standard error of the mean
(SEM). (A) RPRM knockdown increases S-phase entry of breast cancer cells. MCF7 cells were transfected with either nonspecific siRNA (siNS) or
RPRM siRNA (siRPRM), and qPCR was used to calculate relative mRNA expression. The data are an average from three replicates � SEM. siNS or
RPRM siRNA-transfected MCF7 cells were treated with either vehicle or E2 for 16 h, and the percentage of cells in each phase of the cell cycle (G0/G1,
S, and G2/M) was determined using fluorescence-activated cell sorter (FACS) analysis. The data are an average of three replicates in four independent
experiments. (B) MCF7 cells were transfected with either nonspecific siRNA (siNS) or ER� siRNA (siER) followed by either vehicle or E2 treatment
for 12 h. The inset shows protein levels of ER� and �-actin as measured by immunoblotting. WB, Western blotting. (C) ER�-negative HCC1143 breast
cancer cells were treated with vehicle or E2 for 12 h, and RNA was measured by qPCR. (D) MCF7 cells were treated with E2 for 1, 2, 3, 4, and 12 h.
(E) MCF7 cells were treated with different doses of E2, as indicated, for 8 h. The data are represented as relative mRNA expression of the different doses
compared to the E2 dose of 10�12 M. (F) MCF7 cells were treated with E2, 4-OH-tamoxifen (tam), and ICI 182,780, for 16 h, and RNA was isolated
for qRT-PCR. veh, vehicle. (G) MCF7 cells were treated with either vehicle, E2, or a combination of vehicle or E2 and cycloheximide (CHX) for 4 and
8 h. (H) MCF7 cells were treated with either actinomycin D (ActD) or a combination of ActD and E2 for 4 and 8 h. The data are an average of three
replicates � standard deviations (SD). (I) Nuclear run-on assays were performed in MCF7 cells treated with E2 for 0.5 h and 7 h, as previously described
(67). Transcript levels of pS2, CCNG2, and RPRM were determined by qRT-PCR. The error bars represent the SEM from three determinations. In
panels B, F, and G, asterisks indicate P � 0.05 by t test.
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we next examined whether HDACs played a role in RPRM
repression. We individually silenced HDACs 1 to 10 using
siRNAs, which resulted in 60 to 90% decreases of HDAC
RNA levels (see Fig S4A in the supplemental material).
Knockdown of HDAC3 and HDAC8 resulted in consistently
lower basal activity, suggesting a role for these HDACs as
positive regulators of RPRM transcription (Fig. S4B). How-
ever, out of the 10 tested HDACs, only HDAC7 affected E2
repression of RPRM—knockdown of HDAC7 resulted in
complete relief of repression (Fig. 5A). Subsequent ChIP as-
says showed that E2 treatment resulted in HDAC7 recruitment
to the RPRM promoter (Fig. 5B). Like ER�, it was recruited
to both the �4.8-kb ERE and the transcriptional start site. We
also observed cycling of HDAC7, although with a shorter cycling
time: the maximum recruitment was between 5 and 15 min. Re-
cruitment to the pS2 promoter was used as a control, and
HDAC7 recruitment was detected, as previously reported (50).

Given that treatment with the SERM tamoxifen also re-
sulted in repression (Fig. 2F), we asked the question whether
tamoxifen treatment would result in recruitment of HDAC7 to
the RPRM promoter. ChIP assays were performed in the pres-
ence of estradiol or tamoxifen, and HDAC7 recruitment was

comparable between the two ligands (Fig. 5C). Finally, we
tested whether HDAC7 recruitment was ER� dependent.
Therefore, MCF7 cells were transfected with siRNA to ER�
and treated with E2, and ChIP assays were performed. These
studies showed that loss of ER� totally abolished HDAC7
recruitment to the RPRM promoter (Fig. 5D).

To examine whether the effect of HDAC7 was specific for
RPRM repression or might be part of a more general mecha-
nism, we tested whether HDAC7 was required for repression
of other E2-repressed genes (n 
 12). Intriguingly, knockdown
of HDAC7 resulted in complete loss of E2 repression of
ENC1, NEDD9, OPG, CXCR4, and CERK (Fig. 5E). There
was a partial effect on E2 repression of EFEMP1, RAP1GA1,
BIK, and MXD4, while repression of CCNG2, HBP1, and
CLDN4 was not affected. Collectively, these data suggest a
previously unknown role for HDAC7 in E2 repression of
RPRM, which might also be applicable to repression of at least
some other E2-regulated genes.

HDAC7 interacts with ER� and can repress ER�’s tran-
scriptional activity independent of its deacetylase function.
The observed role for HDAC7 in E2-mediated repression
prompted us to examine the relationship between HDAC7 and

FIG. 3. ER� is recruited to an E2-responsive RPRM promoter. (A) Simplified model showing consensus sites and positions of primers used
in subsequent ChIP assays in the RPRM gene. (B) ChIP assays for ER� in MCF7 cells after treatment with vehicle (veh) or E2 for 45 min. The
recruitment of ER� to different positions in the RPRM gene as well as to the negative control region, NFERE, and the pS2 promoter is shown.
Data are represented as the log2 E2 fold change compared to vehicle control and are an average of four independent experiments � SEM. A t
test analysis was performed in which E2 treatment groups were compared to the vehicle group. *, P � 0.05 (C) ChIP assays for ER� in MCF7
cells after treatment with E2 for various time points, as indicated. The recruitment of ER� to different positions in the RPRM gene is shown. Data
are represented as the log2 E2 fold change compared to vehicle control and are an average of two independent experiments. (D) MCF7 cells were
transfected with the RPRM promoter and treated with vehicle, E2, or ICI for 24 h, following which luciferease reporter assays were performed.
The data represent relative luminescence units (RLU) that are an average of three replicates � SD and are representative of at least five
independent experiments. *, P � 0.05, t test.
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ER� in more detail. First, we determined HDAC7 protein
expression in a series of breast cancer cell lines. As controls, we
used the thymocyte hybridoma cell line DO11.10 described in
previous HDAC7 studies (56) and extracts from cells trans-
fected with HDAC7 siRNA or HDAC7 cDNA. As shown in
Fig. 6A, HDAC7 is widely expressed in breast cancer cell lines.
In breast tumors, its levels are significantly associated with
ER� expression (http://www.oncomine.org/) (Fig. 6B). Coim-
munoprecipitations in cells with overexpressed tagged HDAC7
(Fig. 6C, top panel) showed an interaction between HDAC7
and ER� which was not affected by estrogen treatment. Inter-
actions could also be detected with endogenous ER� and
HDAC7 proteins (Fig. 6C, bottom panel). Next we asked the
question whether the ER�-HDAC7 interaction observed in
the coimmunoprecipitation assay would result in decreased
ER� activity, as measured in the classical ERE-Tk-reporter
assay. Transient transfection of ERE-Tk-Luc, together with
increasing concentrations of HDAC7, resulted in a dose-de-
pendent decrease of ER� activity, suggesting that HDAC7
recruitment to ER� caused formation of a repressive complex
(Fig. 6D).

It was previously shown that the corepressor activity of class
II HDAC family members, like HDAC7, on transcription fac-

tors, including AR (33), MEF2 (11), and Runx2 (29), can be
independent of their deacetylase activity. To test whether
HDAC7 deacetylase function was necessary for repression of
ER� activity, we overexpressed the N-terminal region (posi-
tions 1 to 487) of HDAC7, which lacks the histone deacetylase
domain, in transient ERE-Tk reporter assays. We found that
the N terminus was sufficient for significant repression (Fig.
6E), suggesting that HDAC7-mediated repression was also
independent of its deacetylase activity. To conclusively prove
this point, we mutated the histidine at HDAC7 position 670
(H670A), corresponding to H657 in mouse HDAC7, which
was previously shown to be necessary for deacetylase activity
(10). Overexpression of HDAC7-H670A resulted in repression
comparable to that of wild-type HDAC7, thus confirming
that the HDAC7-mediated repression of ER�’s activity was
deacetylase independent. As a control, we transfected a C-
terminal protein (positions 439 to 912) that localized to the
cytoplasm due to lack of the nuclear localization signal (NLS)
(see Fig. S5 in the supplemental material) and, as expected,
was unable to confer repression. Consistent with the lack of
involvement of HDAC7’s deacetylase activity, we were unable
to detect E2-mediated changes in histone 3 lysine 9 acetylation
(H3K9ac), H4K16 acetylation, or recruitment of p300 (Fig. 6F)
(data not shown). Together, these data suggest that HDAC7
can bind to ER� and mediate repression independent of its
deacetylase activity.

FoxA1 is necessary for RPRM repression and interacts with
HDAC7. The Forkhead (FKH) family member FoxA1 is a
transcription factor known to initiate chromatin remodeling at
E2-responsive promoters (4, 12, 41). FoxA1 was originally de-
scribed as a pioneering factor for chromatin remodeling events
associated with activation of genes (4, 41, 47); however, just
like induced genes, E2-repressed genes contain significantly
more ER/FoxA1-overlapping sites compared to non-E2-regu-
lated genes (47). In addition, FoxA1 has been reported to play
a role in regulating basal expression of E2-repressed genes and
a significant fraction of its binding sites have a relatively closed
chromatin conformation and are characterized by repressive
histone marks (3, 47). Given that the functional ERE site at
�4.8 kb was adjacent to a sequence (ATGTAAATAC) with
high similarity to the consensus FKH FoxA1 binding motif (4)
and the presence of additional putative FoxA1 binding sites in
the RPRM promoter, we asked whether FoxA1 was involved in
RPRM repression.

At first, we measured FoxA1 protein expression in a number
of breast cancer cells and observed a strong correlation with
ER� positivity (Fig. 7A), as was previously described (2).
Knockdown of FoxA1 in MCF7 cells, using siRNA, resulted in
loss of E2-mediated repression of RPRM (Fig. 7B), providing
strong evidence that FoxA1 activity is necessary for the estro-
gen repression of RPRM. ChIP assays revealed that FoxA1
was bound to overlapping ERE/FoxA1 site (�4.8 kb), and the
proximal promoter region (0.1 kb) (Fig. 7C, left panel), al-
though the estrogen effect was more pronounced at the over-
lapping ERE/FoxA1 site (right panel). As a positive control,
we tested FoxA1 recruitment to ER3440, an ER�/FoxA1-
shared binding site recently described (47). Similar results
were also obtained using a different FoxA1 antibody in the
ChIP assays (see Materials and Methods for details on anti-
bodies). Estrogen-induced recruitment of FoxA1 was ER� de-

FIG. 4. Involvement of p53 in E2 repression of RPRM. (A) ChIP
assays for p53 and IgG (negative control) in MCF7 cells after treat-
ment with vehicle or E2 for 45 min. The recruitment of p53 to the
RPRM 
0.1-kb promoter is shown. Data are representative of three
independent experiments. (B) MCF7 cells were transfected with non-
specific siRNA (siNS) or siRNA against p53 followed by either a
vehicle (V) or an E2 (E) treatment for 12 h. The knockdown of p53 is
shown in the left panel, and its effect on RPRM expression is shown in
the right panel. qRT-PCR was used to calculate relative mRNA ex-
pression as fold change compared to the vehicle control. The data are
an average of three replicates � SEM. *, P � 0.05, t test comparing E2
repression in the presence of siNS and sip53.

VOL. 30, 2010 HDAC7 IN ESTROGEN REPRESSION OF GENES 405



406 MALIK ET AL. MOL. CELL. BIOL.



pendent—knockdown of ER� by siRNA totally abolished
FoxA1 recruitment (Fig. 7D). In contrast, loss of ER� did not
affect FoxA1 recruitment to the pS2 promoter, an estrogen-in-
duced gene, suggesting differences in FoxA1 recruitment between
estrogen-repressed and -induced genes. Finally, ChIP assays re-
vealed that HDAC7 recruitment was not a prerequisite for FoxA1
recruitment to the RPRM promoter (data not shown).

Given the binding of HDAC7 and FoxA1 to the same
RPRM promoter binding sites and their shared requirement
for E2 repression, we asked whether the two proteins interact.
This was tested in coimmunoprecipitations, using two indepen-
dent antibodies for both HDAC7 and FoxA1 (Fig. 7E). Per-
forming the immunoprecipitation with the HDAC7 antibodies,
we observed strong interactions with FoxA1. The interaction,
which was estrogen independent (data not shown), was weaker
in the reciprocal coimmunoprecipitation, but could still be
detected. The interaction between ER� and HDAC7 was not
significantly affected by different amounts of FoxA1 (data not
shown), suggesting that HDAC7 and FoxA1 do not compete
with each other for binding to ER�.

Ligand-dependent H3K4 demethylation is associated with
release of RNA Pol II. FoxA1 occupies only a very small per-
centage of its potential recognition motifs (less than 4%) (47),
and recent studies have shown that its recruitment is guided by
histone H3 lysine 4 (H3K4) methylation, especially H3K4me1/
me2 (47). Analysis of these specific histone modifications at
the FoxA1 recruitment sites in the RPRM promoter revealed
a significant and strong presence of H3K4me1 and H3K4me2
at the proximal ER/FoxA1 binding site at 
0.1 kb (Fig. 8A).
We again used ER3440, the recently described ER�/FoxA1-
shared binding site (47), and pS2 as controls, where we also
found H3K4me1/me2 present, as expected. The removal of
these marks was recently shown to be necessary for E2 induc-
tion of genes (20), and we hence sought to determine if de-
crease of H3K4me1/me2 recruitment was also associated with
E2 repression of target genes. ChIP assays were performed,
and significant decreases of H3K4me1/me2 were observed for
ER3440 and pS2 and importantly also for the proximal RPRM
promoter region (Fig. 8B). Finally, we sought to determine
whether this was associated with dissociation of RNA Pol II. In
agreement with transcriptional repression of RPRM, RNA Pol
II was significantly released upon E2 treatment (Fig. 8C). To-
gether, these results provide compelling evidence for the role
of an interplay between FoxA1 and H3K4me1/me2 in regula-
tion of E2-repressed genes, in addition to the previously re-
ported role in gene induction.

DISCUSSION

Here we report a novel mechanism for estrogen-mediated
repression of gene expression involving an interplay between
ER�, HDAC7, and FoxA1. Over the last 2 decades, induction
of genes by ER� has been a subject of intense investigation,
but recent studies have shown that over half of E2-regulated
genes are actually repressed. It is likely that an understanding
of E2-mediated repression of transcription will allow a more
thorough understanding of how ER� mediates its downstream
actions, such as regulation of cell proliferation. Transient re-
pression of cell cycle inhibitors such as CCNG2 and RPRM is
likely to play a vital role in mediating estrogen’s effects in
hormone-responsive cells, thus contributing both to estrogen
action in normal physiology and to various pathological pro-
cesses such as breast cancer. For example, ER� represses
ErbB2 expression, and loss of this control may lead to aggres-
sive ErbB2-positive tumors with poor outcome. Surprisingly,
despite the long-held knowledge of the inverse correlation
between ER� and ErbB2 in breast tumors, few studies have
directly investigated how ER� downregulates ErbB2 (28, 52).
It is therefore critical that we unravel the full diversity of
mechanistic programs for ER�-mediated gene repression.

Currently, there is evidence for three models of estrogen
repression, which are not mutually exclusive. In the first model,
repression is simply the result of loss of activation, due to
squelching of coactivators from promoters or enhancers (5,
32). Second, corepressors can compete with coactivators at the
regulatory region of the repressed gene, with competition of
PAX2 with the ER� coactivator AIB-1/SRC-3 for binding and
regulation of ErbB2 transcription being a recent example (28).
The third model involves active recruitment of repressive com-
plexes, including NCoR, SMRT, and HDACs (25, 35, 66, 74).
Our data provide strong evidence for “active repression” play-
ing a crucial role for a significant subset of estrogen-repressed
genes.

Here we show estrogen-dependent recruitment of ER�,
HDAC7, and FoxA1 to the proximal and also more distal
promoter in the RPRM gene. We also find a modest role for
p53 in RPRM repression, and there might be other factors that
play a role in this process that have yet to be identified. Pre-
vious studies have shown that HDACs, such as HDAC1 and
HDAC4, can interact with ER� and repress its transcriptional
activity (34, 42). Moreover, various ER�-associated corepres-
sors, including NCoR, SMRT, NRIP1, LCoR, MTA1, REA,
and SAFB1/2 have been shown to recruit HDACs (13, 15, 26,
39, 73). However, this is the first time that a unique role of
HDAC7 in estrogen repression has been described.

FIG. 5. HDAC7 is necessary for repression of RPRM and other E2-repressed genes. (A) RPRM qRT-PCR was performed using RNA from
MCF7 cells transfected with nonspecific siRNA (siNS) or siRNA against HDACs 1 to 10 and treated with vehicle (V) or E2 (12 h). (B) HDAC7
ChIP in MCF7 cells treated with vehicle (veh) or E2 for 5, 15, 45, and 60 min. Data are represented as the log2 E2 fold change compared to vehicle
control and are an average of two independent experiments � SEM. (C) HDAC7 ChIP in MCF7 cells treated with vehicle, E2, or 4-OH-tamoxifen
for 15 min. Nonfunctional ERE was used as negative control. *, P � 0.05, t test comparing recruitment in the presence of E2 versus vehicle.
(D) HDAC7 ChIP in MCF7 cells, transfected with siNS (ns) or ER� (ER) siRNA, followed by 45 min of treatment with vehicle or E2. *, P �
0.05, t test comparing recruitment in the presence of siNS and ER� siRNA. (E) The E2-mediated repression of candidate genes was tested using
RNA from MCF7 cells transfected with siNS or HDAC7 siRNA. The data are an average of three replicates � SD and are representative of two
independent experiments. *, P � 0.05, t test.
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HDAC7 belongs to the class IIa HDACs, which also include
HDAC4, HDAC5, HDAC6, and HDAC9. The members share
a bipartite domain organization with significant sequence sim-
ilarities in the long N-terminal extension and the C-terminal
catalytic domains. HDAC7 can bind to a number of DNA-
binding transcription factors, including the myocyte enhancer

factor MEF2 (11, 22, 23) and the androgen receptor (AR) (33),
for which it serves as a corepressor. Its corepressor activity is,
at least in part, regulated through interaction with an NCoR/
SMRT-containing complex; however, this is not likely to be the
case for RPRM repression since NCoR and SMRT knockdown
did not affect its repression. HDAC7-mediated repression of

FIG. 6. HDAC7 interacts with ER� and represses its transcriptional induction activity independent of HDAC7’s deacetylase activity. (A) Pro-
tein expression levels of HDAC7, ER�, and �-actin in cell lines, as indicated, were measured by immunoblotting. (B) Normalized expression data
for HDAC7 in ER�-positive and -negative tumors in various studies as listed on the graph obtained from the Oncomine Cancer Profiling Database.
(C, upper panel) 293T cells were transfected with ER� and Flag-HDAC7, treated with vehicle or E2 (16 h), lysed, and immunoprecipitated (IP)
and immunoblotted as indicated. (C, lower panel) Coimmunoprecipitation of endogenous ER� and HDAC7 in Ly2 breast cancer cells, using
antibodies as indicated. Five percent (top panel) or 1% (bottom panel) input was loaded on the gel. (D) MCF7 cells were transfected with
ERE-Tk-Luc and increasing amounts of Flag-HDAC7 (0, 50, 100, and 250 ng) or SAFB1 (250 ng [used as a positive control]) (30) and treated
with vehicle or E2. The data represent the average of three replicates � SD and are representative of five independent experiments. (E) MCF7
cells were transfected with ERE-Tk-Luc and pcDNA3.1 or Flag-HDAC7 constructs and treated as indicated. The data represent averages of three
replicates � SD and are representative of three independent experiments. A t test analysis was performed in which the E2 treatment group for
each HDAC7 transfection was compared to the E2 treatment group in the absence of HDAC7 transfection. *, P � 0.05. V, vehicle. (F) ChIP assays
for H3K9ac were performed in MCF7 cells after treatment with vehicle (veh) or E2 for 45 min. The recruitment to different positions in the RPRM
gene and pS2 promoter is shown. Data are represented as the log2 E2 fold change compared to the vehicle control and are an average of two
independent experiments � SEM. *, P � 0.05, t test comparing recruitment in absence and presence of E2.
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RPRM was independent of its deacetylase function, as also
reported for its effect on AR (33), MEF2 (11), and Runx2 (29).
The deacetylase activity in HDAC7 is known to be relatively
weak (61), and it is therefore likely that the protein has addi-
tional enzymatic and/or nonenzymatic functions critical in re-
pression, which are yet to be discovered. One possibility is that
its recently described Sumo E3 ligase activity (18, 23) might
play a role in ER� given that posttranslational modification by
sumoylation is primarily associated with transcriptional repres-
sion (48). Future studies will address this question by testing

whether HDAC7 can mediate sumoylation of ER�, which has
previously been shown to be sumoylated (62, 71). Since we
identified HDAC7 interaction with FoxA1, a second option,
albeit more speculative, is that FoxA1 is also modified by
sumoylation, with HDAC7 functioning as its E3 ligase. Clearly,
given that HDAC7 is also recruited to pS2, yet pS2 is induced
and not repressed, posttranslational modifications of HDAC7
or HDAC7-interacting proteins or recruitment of additional
proteins to the complex can be expected.

The presence of FKH consensus sites in the RPRM pro-

FIG. 7. FoxA1 is essential for E2 repression of RPRM. (A) Protein expression levels of FoxA1 and �-actin in ER�-negative and -positive cell
lines, as indicated, were measured by immunoblotting. (B) RPRM qRT-PCR using RNA from MCF7 cells that were transfected with siNS or
FoxA1 siRNA and treated with vehicle (V) or E2 (12 h). The inset shows protein levels of FoxA1 and �-actin, as measured by a Western blot. The
data are an average of three replicates � SD and are representative of three independent experiments. *, P � 0.05, t test. (C) FoxA1 ChIP in MCF7
cells. (Left panel) Data are represented as percent input and are an average of four independent experiments � SEM. *, P � 0.05, t test comparing
recruitment relative to 
4.0-kb RPRM control recruitment. (Right panel) Cells were treated with vehicle (veh) or E2 for 45 min. FoxA1
recruitment is represented as the log2 E2 fold change compared to vehicle control and is an average of three independent experiments � SEM.
*, P � 0.05, t test comparing recruitment in the presence of E2 versus vehicle. (D) FoxA1 ChIP in MCF7 cells, transfected with siNS (ns), or ER�
siRNA, followed by 45 min of treatment with vehicle or E2. Data are presented and analyzed as in the right panel in panel C. (E) Endogenous
HDAC7 and FoxA1 were coimmunoprecipitated in MCF7 cells, using antibodies as indicated. Five percent input was loaded on the gel.
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moter raised the question whether FoxA1 was involved in
RPRM repression. Our results revealed that FoxA1 binds to
the promoter and is necessary for repression. This is a novel
observation, since to date, FoxA1 has exclusively been de-
scribed as a licensing factor for chromatin remodeling events
associated with E2-induction of genes (4, 41, 47), although
there is some evidence for its role in the maintenance of basal
expression of estrogen-repressed genes (3, 47). A role for
FoxA1 in repression is supported by genomewide ChIP-on-
chip studies comparing FoxA1 and ER� cistromes which iden-
tified a highly significant overlap of ER� and FoxA1-binding
sites in both estrogen-induced and -repressed genes (4, 47).
Although FoxA1 in general has mostly been described in in-
duction of transcription, it has been shown to be capable of
repression: for example, of AFP promoter activity in hepatoma
cells (27).

Recent studies by the Brown laboratory have shown that
FoxA1 translates epigenetic signatures into enhancer-driven
transcription, and our findings certainly fit this model (47). The
binding site of FoxA1 in the RPRM regulatory genomic region
is marked by H3K4me1 and -me2, the same epigenetic mark
which was previously shown to be critical for FoxA1 recruit-
ment (47). Recent studies have also shown that demethylation
of H3K4m1 and H3K4me2 is associated with estrogen re-
sponse—LSD1 demethylates HeK4me1/m2, which was neces-
sary for estrogen-dependent induction of genes such as the pS2
and GREB1 genes (20). Similarly, a decline in both HeK4me2
and HeK9me has been reported on the prostate-specific anti-
gen (PSA) promoter upon androgen treatment in prostate
cancer cells (36, 51). These data support a model in which
histone methyltransferases impose inhibitory marks and dis-
missal of those marks by demethylases is required to permit

FIG. 8. H3K4me1/2 demethylation and Pol II release at RPRM promoter. (A) ChIP assays for H3K4me1 and H3K4me2 were performed in
MCF7 cells. Recruitment to different positions in the RPRM gene, the pS2 promoter, and the ER� binding site ER3440 used as a control (47)
is shown. Data are represented as % input and are an average of two independent experiments � SEM. (B) ChIP assays for H3K4me1 and
H3K4me2 were performed in MCF7 cells after treatment with vehicle (veh) or E2 for 45 min. The recruitment to different positions in the RPRM
gene, the pS2 promoter, and the ER� binding site ER3440 used as a control (47) is shown. Data are represented as the log2 E2 fold change
compared to vehicle control and are an average of two independent experiments � SEM. *, P � 0.05, t test comparing recruitment in the presence
of E2 versus vehicle. (C) ChIP assays for RNA Pol II were performed in MCF7 cells after treatment with vehicle or E2 for 45 min. Data are
represented as the log2 E2 fold change compared to vehicle control and are an average of three independent experiments � SEM. *, P � 0.05,
t test comparing recruitment in the presence of E2 versus vehicle.
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recruitment of coactivators and other factors necessary for
gene induction. Our studies add an additional layer of com-
plexity, showing that decrease of these marks is not only asso-
ciated with transcriptional activation but also with genes tar-
geted for repression.

Finally, we show that recruitment of ER�, HDAC7, and
FoxA1 to the RPRM promoter was associated with dissocia-
tion of RNA Pol II from the RPRM promoter and with de-
creased rates of transcription. Although this was expected, a
recent study showed that estrogen-mediated repression of
CCNG2 was associated with a transient increase in transcrip-
tion and recruitment of p300, followed by subsequent recruit-
ment of corepressors (67). This data reflects the existence of
diverse mechanisms which might act in a nonredundant fash-
ion to ensure repression of growth-inhibitory signals.

In summary, we have revealed a unique role for HDAC7,
which we show is required not only for repression of RPRM,
but also for other E2-repressed genes we tested, suggesting
that HDAC7-mediated repression may be a common mecha-
nism of repression for a subset of E2-repressed genes. Given
the relevance of ER� and its target genes in a number of
hormone-dependent diseases, we suggest that this interaction
between ER�, HDAC7, and FoxA1 could be interrogated as a
novel target for prevention and treatment of such diseases,
including breast cancer.
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