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Mutational inactivation of BRCA1 confers a cumulative lifetime risk
of breast and ovarian cancers. However, the underlying basis for
the tissue-restricted tumor-suppressive properties of BRCA1 re-
mains poorly defined. Here we show that BRCA1 mediates ligand-
independent transcriptional repression of the estrogen receptor a
(ERa), a principal determinant of the growth, differentiation, and
normal functional status of breasts and ovaries. In Brca1-null
mouse embryo fibroblasts and BRCA1-deficient human ovarian
cancer cells, ERa exhibited ligand-independent transcriptional ac-
tivity that was not observed in Brca1-proficient cells. Ectopic
expression in Brca1-deficient cells of wild-type BRCA1, but not
clinically validated BRCA1 missense mutants, restored ligand-inde-
pendent repression of ERa in a manner dependent upon apparent
histone deacetylase activity. In estrogen-dependent human breast
cancer cells, chromatin immunoprecipitation analysis revealed the
association of BRCA1 with ERa at endogenous estrogen-response
elements before, but not after estrogen stimulation. Collectively,
these results reveal BRCA1 to be a ligand-reversible barrier to
transcriptional activation by unliganded promoter-bound ERa and
suggest a possible mechanism by which functional inactivation
of BRCA1 could promote tumorigenesis through inappropriate
hormonal regulation of mammary and ovarian epithelial cell
proliferation.

Germline inactivation of the gene that encodes BRCA1
represents a predisposing genetic factor in '15–45% of

hereditary breast cancers, and minimally 80% of combined
hereditary breast and ovarian cancer cases (1). Functionally,
BRCA1 has been implicated in the maintenance of global
genome stability (2–4), and the underlying basis for this activity
likely derives from its central role in the cellular response to
DNA damage, wherein it controls both DNA damage repair and
the transcription of DNA damage-inducible genes (5–14).

Because the DNA damage-induced signaling pathways that
converge on BRCA1 are likely to be conserved in most cell types,
BRCA1 is likely to occupy a fundamental and universally
conserved role in the mammalian DNA damage response.
Nonetheless, germ-line inactivation of BRCA1 leads predomi-
nantly to cancer of the breast and ovary, and the underlying basis
for its tissue-restricted tumor-suppressive properties thus re-
mains undefined.

At least two hypotheses have been proposed to explain the
tissue-specific nature of BRCA1-mediated tumor suppression,
both of which invoke a role for estrogen in either the initiation
or promotion of tumor formation (15). According to one model,
the tissue-specific tumor-suppressive properties of BRCA1 de-
rive, at least in part, from its response to tissue-specific DNA
damage. In this regard, certain oxidative metabolites of estrogen
itself have been documented to be genotoxic in nature (16), and
BRCA1 may therefore play a role in protecting breast and
ovarian tissue from estrogen-induced DNA damage.

A second model, not mutually exclusive with the one described
above, to account for the this tissue-specific tumor-suppressive
function invokes a role for BRCA1 in the modulation of estrogen
signaling pathways and, hence, the expression of hormone-
responsive genes. In this regard, BRCA1 has been reported to

inhibit estrogen-dependent transactivation by the estrogen re-
ceptor a (ERa) through its direct interaction with ERa (17, 18).
BRCA1 has also been reported to enhance androgen-dependent
transactivation by the androgen receptor, allelic variants of
which modify cancer penetrance in BRCA1 mutation carriers
(19–21). Based on its postulated role in the control of nuclear
hormone signaling pathways, BRCA1 could therefore influence
epithelial cell proliferation and, by implication, cancer risk in
tissues such as breast and ovary.

Herein, we describe a role for BRCA1 in mediating ligand-
independent transcriptional repression of the ERa. Initial ef-
forts to elucidate the mechanistic basis for this repression reveal
that BRCA1 represents a ligand-reversible barrier to transcrip-
tional activation by unliganded promoter-bound ERa. These
findings suggest a potential role for BRCA1 in the proliferative
control of normal estrogen-regulated tissues and a potential
basis by which its mutational inactivation could promote tumor-
igenesis through inappropriate hormonal responses.

Materials and Methods
Cell Culture. p532y2 (Brca11y1) and p532y2; Brca12y2
(Brca12y2) mouse embryonic fibroblasts (MEFs) were cul-
tured as described (14). Human MCF7 cells were maintained in
DMEM supplemented with 10% FCS. Human BG-1-derived
NEO1 and AS4 cell lines were maintained as described (22).
Depletion of hormone ligands for nuclearysteroid receptor
activation studies was achieved by cell culture in medium con-
taining either 10% charcoalydextran-treated serum (HyClone)
or defined serum replacement 2 (Sigma).

Plasmids and Transfections. Transfection assays were performed
by using the following conditions.

Reporter plasmids. Used at 0.5 mg each, including pTRE(F2)-
TK-Luc, pGRE-TK-CAT, pERE-TK-Luc, or pPRE-TK-CAT
(23); 0.5 mg of pGAL4-SV40-Luc containing five GAL4
DNA-binding sites upstream of the minimal simian virus 40
(SV40) promoter, driving expression of the luciferase reporter
gene in the pGL2 vector (Promega); and 0.5 mg of pGAL4-
E1B-Luc (24).

Receptor expression plasmids. Used at 1.0 mg each, including
RSV-hTRb, RSV-hGR, RSV-hERa, and RSV-hPRb (23).

BRCA1 expression plasmids. Used at 1.0 mg each, including
pcDNA3.1-BRCA1, pcDNA3.1-BRCA1-A1708E, pcDNA3.1-
BRCA1-Q356R, and pcDNA3.1-BRCA1-A1708EyQ356R ex-
pressing either human wild-type BRCA1 or familial breast
cancer-derived BRCA1 mutants (14).

Abbreviations: ERa, estrogen receptor a; MEF, mouse embryonic fibroblast; E2, 17b-
estradiol; RT-PCR, reverse transcription–PCR; HDAC, histone deacetylase; ChIP, chromatin
immunoprecipitation; AF-1, N-terminal ligand-independent activation function; AF-2, C-
terminal ligand-inducible activation function.
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Chimeric activators. Used at 1.0 mg of GAL4-ERa, generated
by an amino-terminal fusion of ERa with the GAL4 DNA-
binding domain in pM3 (25); 0.1 mg of pVP16-GAL4 or
pVP16-GAL4-ERa containing ERa amino acids 251–595, as
described (26).

MEFs (6 3 104) or BG-1 cells (2 3 105) cultured in ligand-free
medium were transfected by Lipofectin-based methods under
serum-free conditions. Culture medium was replaced with fresh
ligand-free medium 24 h after transfection, and 1027 M 17b-
estradiol (E2) or 330 nM trichostatin A was added as indicated.
Cells were harvested 48 h after transfection for luciferase assay
as described (14) or chloramphenicol acetyltransferase (CAT)
assay by liquid scintillation counting (Promega).

Reverse Transcription (RT)-PCR Analysis. BG-1-derived cells were
cultured in ligand-free medium for at least 5 days, and treated
with 1027 M E2 for 1 h as indicated. Approximately 15 mg of total
cellular RNA was subjected to semiquantitative RT-PCR anal-
ysis following a procedure previously described for estrogen-
responsive genes (27, 28).

Chromatin Immunoprecipitation (ChIP). MCF7 cells were cultured
in ligand-free medium for at least 5 days and treated with 1027

E2 for 1 h as indicated. ChIP assays were performed as
described (29).

Antibodies. Antibodies used for soluble and chromatin immuno-
precipitations and immunoblot analyses were as follows: BRCA1
(mAb 6B4); ERa (rabbit polyclonal antibody HC-20 or mouse
mAb D-12, Santa Cruz Biotechnology); CtIP (mAb 19E8);
TFIIH p89 (rabbit polyclonal antibody S-19, Santa Cruz Bio-
technology); glutathione S-transferase (MAb 8G11); RNA poly-
merase II large subunit (mAb 8WG16); cathepsin D (rabbit
polyclonal antibody 06-467, Upstate Biotechnology, Lake Placid,
NY); pS2 (mouse mAb V3030, Biomeda, Hayward, CA); human
progesterone receptor b (mouse mAb PriB-30, Santa Cruz
Biotechnology); p84 (mAb 5E10).

Results
BRCA1 has been shown to modulate the ligand-dependent
transcriptional activity of specific members of the nuclear
hormone receptor family (17–20). However, endogenous
BRCA1 present in the transfected cell lines used in previous
studies precluded analysis of the effect of BRCA1 on the
ligand-independent function of these receptors. Therefore, to
more directly assess the role of BRCA1 in nuclear receptor
transactivation without competition from endogenous
BRCA1, we analyzed a panel of nuclear receptors for their
respective ligand-independent transcriptional activities in
Brca1-nullizygous MEFs.

A set of minimal thymidine kinase (TK) promoters, each
under control of distinct hormone-response elements specific for
either the human thyroid receptor b (TRb), the glucocorticoid
receptor (GR), the ERa, or the progesterone receptor b (PRb)
were individually tested for their respective abilities to direct
expression of a reporter gene in the absence or presence of each
corresponding receptor (absent ligand) after transfection into
Brca1-proficient (Brca11y1) or Brca1-deficient (Brca12y2)
MEFs (14). Unexpectedly, we observed significant ligand-
independent activation of reporter gene expression directed by
both the progesterone receptor b and the ERa in Brca1-deficient
MEFs compared with Brca1-proficient MEFs (Fig. 1A). By
contrast, no ligand-independent stimulation of reporter activity
directed by either the thyroid receptor b or the glucocorticoid
receptor could be observed in Brca1-deficient MEFs (Fig. 1 A).
Interestingly, although E2 activated the ERa in both Brca1-
proficient and Brca1-deficient MEFs, the relative level of in-
duction observed in Brca1-deficient MEFs was diminished 2-fold

relative to Brca1-proficient MEFs (Fig. 1B). We confirmed by
immunoblot analysis that the transfected ERa was expressed
equivalently in BRCA1-proficient and BRCA1-deficient MEFs,
thus excluding the possibility that differences in receptor activity
derive from differences in receptor protein expression (Fig. 1C).

Ectopic expression of wild-type BRCA1 in Brca1-deficient
MEFs repressed ligand-independent activation directed by ERa
(Fig. 2A). Likewise, a BRCA1 derivative carrying a familial
breast cancer-derived missense mutation in the ring finger
(C64G) also repressed ligand-independent activation by ERa
(Fig. 2 A). By contrast, BRCA1 derivatives carrying familial
breast cancer-derived missense mutations in either an exon
11-encoded region that binds Rad50 and the transcriptional
repressor ZBRK1 (Q356R) or the C-terminal BRCT domain
(A1708E) abolished the ability of BRCA1 to repress ligand-
independent transactivation directed by ERa (Fig. 2 A). Differ-
ences in the transcriptional repression activities of the various
BRCA1 mutant derivatives could not be attributed to differences
in their respective levels of expression because each of the
BRCA1 mutant derivatives was expressed at a level comparable

Fig. 1. BRCA1 mediates ligand-independent repression of the receptors for
estrogen and progesterone. (A) Brca11y1 and Brca12y2 MEFs in hormone-
free media were transfected with reporter plasmids (pTK-Luc or pTK-CAT)
carrying response elements specific for individual hormone receptors without
(2) or with (1) plasmids expressing the human thyroid receptor b (hTR),
glucocorticoid receptor (hGR), estrogen receptor a (hER), or progesterone
receptor b (hPR). Transfections performed without (2) receptor expression
plasmids were performed instead with a molar equivalent of the backbone
expression plasmid pRSV. The relative transactivation level represents the
fold-increase in transfected reporter gene activity measured in cells cotrans-
fected with a specific receptor expression plasmid relative to the level of
transfected reporter gene activity measured in cells cotransfected with the
backbone pRSV expression plasmid. Reporter gene activity was first normal-
ized to b-galactosidase activity obtained by cotransfection of an internal
control pSV40-b-gal expression plasmid as described (14). Expression of the
pSV40-b-gal plasmid was not affected by the absence of presence of BRCA1 or
any of the nuclear hormone receptors analyzed (data not shown). (B)
Brca11y1 and Brca12y2 MEFs in estrogen-free media were transfected with
pERE-TK-Luc carrying three copies of the consensus estrogen response ele-
ment (ERE) with (1) pRSV-ERa in the absence (2) or presence (1) of E2 (1027

M) before assay for luciferase activity. The relative induction level represents
the relative transactivation level measured in the presence of E2 divided by the
relative transactivation level measured in the absence of E2. (C) Brca11y1
(lanes 1–3) and Brca12y2 (lanes 4–6) MEFs either untransfected (lanes 1 and
4) or transfected (lanes 2, 3, 5, and 6) with an ERa-expressing vector were lysed,
and immunoprecipitated ERa was immunoblotted with ERa-specific antibod-
ies (Upper). Immunoblot analysis of the nuclear matrix protein p84 (Lower)
indicates that nearly equivalent amounts of each cell lysate were used in the
immunoprecipitations.
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to wild-type BRCA1 (Fig. 2C). BRCA1-mediated, ligand-
independent repression of ERa was largely reversed by tricho-
statin A, implicating histone deacetylase (HDAC) activity in this
process (Fig. 2B). Collectively, these results reveal a function for
BRCA1 as a repressor of ligand-independent, ERa-mediated
transactivation.

To confirm these results in a biologically relevant cell type, we
analyzed the ligand-independent activity of ERa in human
ovarian adenocarcinoma BG-1 cells, which are ERa-positive and
estrogen-dependent for growth (30). Previously, Annab et al.
(22) described the generation of independent BG-1 clonal cell
lines that support stably reduced BRCA1 mRNA and protein
levels by retroviral-mediated BRCA1 antisense delivery. We
tested the ability of ERa to direct ligand-independent transcrip-
tion of the ERE-TK-Luc reporter gene after transfection into
either a control retroviral vector-infected BG-1 clonal cell line
(NEO1) or, alternatively, a BRCA1 antisense-infected BG-1
clonal cell line (AS4) exhibiting severely reduced BRCA1 ex-
pression levels (Fig. 3E; ref. 22). Consistent with the results
obtained in MEF cells, ERa exhibited significantly increased
ligand-independent activity in BRCA1-deficient AS4 cells com-
pared with BRCA1-proficient NEO1 cells (Fig. 3A). We also
observed a 2-fold reduction in the relative level of E2-mediated
induction of reporter gene activity in AS4 cells compared with
NEO1 cells, once again consistent with the results obtained in
MEF cells (Fig. 3B). These results confirm that in a biologically
relevant epithelial cell type, BRCA1 can mediate repression of
ligand-independent ERa transactivation activity.

To determine whether the reduced BRCA1 expression levels
in AS4 cells could be correlated with an increase in the ligand-
independent expression of endogenous estrogen-responsive
genes, we performed a direct comparative analysis of NEO1 and
AS4 cells with respect to their ligand-independent expression of
several estrogen-responsive genes. Individual monolayer cul-
tures of NEO1 and AS4 cells were grown in the absence of
estrogen for 5 days followed by the addition of either no
hormone or, alternatively, E2 (1027 M) for 1 h. Subsequently,
cells were harvested and analyzed by semiquantitative RT-PCR

for the expression levels of the endogenous estrogen-responsive
pS2, cathepsin D, and progesterone receptor genes.

Relative to the expression level of an internal control ribo-
somal S16 gene, we observed increases in the ligand-independent
expression levels of the pS2, cathepsin D, and progesterone
receptor genes of 3-, 5-, and 9-fold, respectively, in BRCA1-
deficient AS4 cells compared with BRCA1-proficient NEO1
cells (Fig. 3C). Interestingly, although the addition of E2 stim-
ulated transcription of the pS2, cathepsin D, and the progester-
one receptor genes in NEO1 cells, no such E2-dependent
increase in the transcription of these genes could be observed in
AS4 cells (Fig. 3C). Qualitatively similar results were observed
at the protein level by immunoblot analysis. Relative to the level
of an internal control protein (nuclear matrix protein p84),
E2-independent increases in the steady-state levels of the pS2,
cathepsin D, and progesterone receptor proteins could be ob-
served in AS4 cells compared with NEO1 cells (Fig. 3D).
Furthermore, although the addition of E2 elevated the steady-

Fig. 2. Ectopic expression of wild-type BRCA1 in Brca1-deficient MEFs re-
stores ligand-independent repression of ERa transactivation in a histone
deacetylase (HDAC)-dependent manner. (A and B) Brca12y2 MEFs in estro-
gen-free media were transfected with pERE-TK-Luc without (2) or with (1)
pRSV-ERa, pCDNA3.1-BRCA1 expressing wild-type human BRCA1 (WT), or
pCDNA3.1-BRCA1 derivatives bearing missense mutants A1708E, Q356R,
A1708EyQ356R, or C64G before assay for luciferase activity. Where indicated,
trichostatin A (TSA; 330 nM) was also included. (C) Brca12y2 MEFs in estro-
gen-free media were untransfected (lane 1) or cotransfected with expression
vectors for ERa and either wild-type BRCA1 (lane 2) or various BRCA1 mutant
derivatives (lanes 3–6) as indicated. Cells were lysed, and immunoprecipitated
BRCA1 and ERa were subjected to immunoblot analysis using antibodies
specific for BRCA1 (Top) or ERa (Middle). Immunoblot analysis of the nuclear
matrix protein p84 (Bottom) indicates that nearly equivalent amounts of each
cell lysate were used in the immunoprecipitations.

Fig. 3. Reduced BRCA1 expression in BG-1 human ovarian adenocarcinoma
cells is accompanied by increases in estrogen-independent expression of
estrogen-responsive genes. (A) Retroviral vector-infected (NEO1) and BRCA1
antisense-infected (AS4) BG-1 cell clones in estrogen-free media were trans-
fected with pERE-TK-Luc without (2) or with (1) pRSV-ERa before assay for
luciferase activity. (B) NEO1 and AS4 cells in estrogen-free media were trans-
fected with pERE-TK-Luc with (1) pRSV-ERa in the absence (2) or presence (1)
of E2 (1027 M) before assay for luciferase activity. (C) NEO1 (lanes 1 and 3) or
AS4 (lanes 2 and 4) cells in estrogen-free media were either untreated (lanes
1 and 2) or treated (lanes 3 and 4) with E2 (1027 M) for 1 h. Cells were harvested
and processed for semiquantitative RT-PCR analysis using primers specific for
the estrogen-responsive cathepsin D (Cat D), pS2, and progesterone receptor
genes, as well as the estrogen-nonresponsive ribosomal S16 gene. (D) NEO1
(lanes 1 and 3) or AS4 (lanes 2 and 4) cells (5 3 106) in estrogen-free media were
either untreated (lanes 1 and 2) or treated (lanes 3 and 4) with E2 (1027 M) for
24 h. Culture medium was concentrated 10-fold by using a Centriprep YM-3
device, and 1y10th of the concentrate was resolved by SDSy15%PAGE and
processed for immunoblot analysis using antibodies specific for pS2. Cells were
also lysed in RIPA buffer, and 1y10th of the lysate was subjected to immuno-
blot analysis using antibodies specific for progesterone receptor b (PR), ca-
thepsin D (Cat D), or nuclear matrix protein p84, which served as an internal
loading control. (E) Whole cell lysates derived from NEO1 and AS4 cells were
resolved by SDSy10%PAGE and processed for immunoblot analysis using
antibodies specific for BRCA1, CtIP, and the p89 subunit of the transcription
factor IIH (TFIIH), the latter two of which served as internal loading controls.
The ERa-positive status of these cells was verified by using an ERa-specific
rabbit polyclonal antibody. Densitometric quantitation of the immunoblot
and normalization to the CtIP and TFIIH signals revealed BRCA1 expression to
be reduced by 70% in AS4 cells compared with NEO1 cells.
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state level of each of these proteins in NEO1 cells, no such
E2-dependent increase could be observed in AS4 cells (Fig. 3D).
Quantitative differences between RT-PCR and immunoblot
analyses could reflect the influence of posttranscriptional reg-
ulatory processes. Nonetheless, RT-PCR and immunoblot anal-
yses both reveal that the ligand-independent expression of
endogenous ERa-target genes is increased in BRCA1-deficient
cells. Collectively, these results implicate BRCA1 in the ligand-
independent repression of endogenous estrogen-responsive
genes.

To explore the mechanism by which BRCA1 mediates ligand-
independent repression of ERa, we first determined whether
BRCA1 could interact with unliganded ERa in vivo by coim-
munoprecipitation of the two proteins in human breast cancer
MCF7 cells cultured in the absence of estrogen. Consistent with
previous results (18), BRCA1 could be specifically coimmuno-
precipitated with unliganded ERa, thus demonstrating that the
two proteins can interact in vivo in a ligand-independent manner
(data not shown).

To explore the possibility that BRCA1 represses the transac-
tivation function of promoter-bound, unliganded ERa, we first
tested the effect of BRCA1 on the ligand-independent transcrip-
tional activity of ERa tethered to the yeast GAL4 DNA-binding
domain by using a reporter template bearing GAL4 DNA-
binding sites. This approach permitted us to assess the effect of
BRCA1 on the transactivation function of unliganded ERa
independent of any effects that BRCA1 might have on the
DNA-binding activity of unliganded ERa. GAL4-ERa was
cotransfected along with a GAL4-SV40-luciferase reporter tem-
plate into Brca1-proficient and Brca1-deficient MEFs. We ob-
served significant ligand-independent stimulation of reporter
activity in Brca1-deficient, but not in Brca1-proficient, MEFs
(Fig. 4A), suggesting one mechanism by which BRCA1 mediates
ligand-independent repression of ERa is through direct repres-
sion of the DNA-bound receptor.

To confirm this observation under biologically relevant con-
ditions in vivo, we used ChIP analyses to determine whether
BRCA1 can be recruited directly to estrogen-responsive pro-
moters in the absence of ligand. MCF-7 cells were grown in the
absence of estrogen for 5 days followed by the addition of either
no hormone or, alternatively, E2 (1027 M) for 1 h. Promoter
occupancy before and after E2 treatment at the estrogen re-
sponse elements within the endogenous pS2 and cathepsin D
gene promoters by ERa, BRCA1, and RNA polymerase II was

then monitored by ChIP using antibodies specific for each of the
three proteins and semiquantitative PCR with primers flanking
the estrogen response elements of the pS2 and cathepsin D
promoters. In the absence of E2, ERa could be detected in
association with both the pS2 and cathepsin D promoters, and
this level was increased dramatically by the addition of E2 (Fig.
4B, lanes 2 and 6). Strikingly, we also observed pS2 and cathepsin
D promoter occupancy by BRCA1 in the absence of E2, and a
reduction in such occupancy after E2 treatment (Fig. 4B, lanes
3 and 7). By contrast, RNA polymerase II could be detected only
following, but not before, E2 treatment, consistent with its
ligand-dependent recruitment concomitant with transcriptional
activation of the pS2 and cathepsin D genes (Fig. 4B, lanes 4 and
8 and C, lanes 1 and 2). The specificity of factor association
within the estrogen-responsive region of the pS2 and cathepsin
D promoters was confirmed by ChIP analysis using antibodies
specific for ZBRK1, a sequence-specific DNA-binding transcrip-
tional repressor that does not bind to pS2 or cathepsin D
promoter sequences (14). ZBRK1-specific antibodies failed to
immunoprecipitate pS2 and cathepsin D promoter sequences
(data not shown). Further specificity of the ChIP assay was
demonstrated by the inability to detect occupancy by ERa,
BRCA1, or RNA polymerase II of a region '3 kb upstream of
the cathepsin D promoter (Fig. 4B). These results thus reveal the
association of BRCA1 with unliganded ERa at endogenous
estrogen-responsive promoters under physiologically relevant
conditions in vivo.

Like other steroid receptors, ERa contains two transactiva-
tion domains, an N-terminal ligand-independent activation func-
tion (AF-1) that is targeted by a variety of steroid-independent
cell-signaling pathways, and a C-terminal ligand-inducible acti-
vation function (AF-2) that resides within the receptor ligand-
binding domain (31, 32). Previous analyses of ERa suggest a
model whereby repressive factors binding to sequences within its
C-terminal ligand-binding domain repress constitutively active
AF-1 in the absence of an agonist or in the presence of an
antagonist (26, 33). To determine whether ligand-independent
repression of ERa by BRCA1 is mediated through the ERa
ligand-binding domain, we tested the ligand-independent activ-
ity of a VP16-GAL4-ERa receptor chimera after its expression
in both BRCA1-proficient and BRCA1-deficient BG-1 clonal
cell lines. This chimera encodes ERa amino acids 251–595,
including the hinge region and the ligand-binding domain, fused
C-terminally to the hybrid transactivator VP16-GAL4 (26).

Fig. 4. BRCA1 represses unliganded promoter-bound ERa-mediated transactivation. (A) Brca11y1 and Brca12y2 MEFs were transfected with a pGAL4-SV40-
Luc reporter plasmid either without (2) or with (1) a pGAL4-ERa expression plasmid before assay for luciferase activity. (B) Schematic diagram of the cathepsin
D (Cat D) and pS2 gene regions targeted for ChIP analysis. Negative numbers refer to sequence coordinates that delimit PCR amplicons defined by gene-specific
primer pairs relative to the transcription initiation site (right-angled arrow). Numbered nucleotides (nt) refer to the expected sizes of PCR-amplified products.
MCF-7 cells, cultured the absence of estrogen, were treated without (2E2) or with (1E2) E2 (1027 M) for 1 h. Soluble chromatin was prepared and subjected to
immunoprecipitation by using monoclonal antibodies specific for ERa (anti-ERa), BRCA1 (anti-BRCA1), or the RNA polymerase II large subunit (anti-pol II).
Immunoprecipitated DNA was PCR-amplified by using primers that span the indicated regions of the cathepsin D and pS2 gene promoters. Input (1%) of the
soluble chromatin subjected to immunoprecipitation was PCR-amplified directly by using each primer pair as indicated. (C) MCF-7 cells, cultured in the absence
of estrogen, were treated without (2E2) or with (1E2) E2 (1027 M) for 1 h before harvest and processing for semiquantitative RT-PCR analysis using primers
specific for the estrogen-responsive cathepsin D (Cat D) and pS2 genes, as well as the estrogen-nonresponsive ribosomal S16 gene.
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Previously, deletion analysis of this receptor chimera revealed
that constitutive VP16-GAL4-ERa activity could be recovered
by the removal of sequences within the ligand-binding domain of
the ERa moiety, thereby implicating the ERa ligand-binding
domain in ligand-independent transcriptional repression of a
neighboring constitutive activation domain (26). To determine
whether this ligand-independent repression is mediated by
BRCA1, we transfected the VP16-GAL4-ERa chimera along
with a reporter template bearing GAL4 DNA binding sites into
both BRCA1-proficient NEO1 cells and BRCA1-deficient AS4
cells. In NEO1 cells, the VP16-GAL4-ERa chimera exhibited
minimal constitutive transactivation activity in the absence of
E2; in response to E2, this level was dramatically increased to one
approaching that of the potent VP16-GAL4 activator alone (Fig.
5 A and B). By contrast, in AS4 cells the VP16-GAL4-ERa
chimera exhibited constitutive transactivation activity compara-
ble to that exhibited by the VP16-GAL4 activator alone (Fig.
5C). The addition of E2 had a minimal effect on the elevated
constitutive transactivation activity of the ERa chimera in AS4
cells (data not shown), suggesting that the principle effect of E2
is to override a ligand-independent barrier to the transactivation
activity of the chimeric receptor. This barrier is present in NEO1
cells, but deficient in AS4 cells. Similar results were also ob-
served by using isogenic Brca1-proficient and Brca1-deficient
MEFs, eliminating the possibility that cell type-specific pecu-
liarities contribute to the differential transactivation properties
of the VP16-GAL4-ERa chimera in the presence and absence of
BRCA1 (data not shown). Collectively, these results reveal the
ERa ligand-binding domain to be a platform for the recruitment
of BRCA1 from which the latter may confer ligand-independent
repression on a linked activation domain. Hence, we conclude
that BRCA1-mediated ligand-independent repression of ERa is
likely to be mediated through the ERa ligand-binding domain.

Discussion
Recently, BRCA1 has been proposed to inhibit the ligand-
dependent transcriptional activity of ERa through a direct
interaction between the two proteins (18). Our current analysis
of ERa transcriptional activity in Brca1-nullizygous MEFs re-
vealed BRCA1 to be a ligand-reversible barrier to transcriptional
activation by unliganded ERa. The biological relevance of this
finding is further strengthened by the observation that BRCA1
also mediates ligand-independent repression of the ERa in
human ovarian adenocarcinoma cells.

The underlying mechanism by which BRCA1 mediates ligand-
independent repression of ERa transcriptional activity appears

to involve targeted recruitment by unliganded, promoter-bound
ERa of a BRCA1-associated HDAC activity. This conclusion is
based first on the observation that the HDAC inhibitor tricho-
statin A can effectively reverse ligand-independent repression
mediated by BRCA1 and, second, on the results of ChIP
analyses, which revealed the association of unliganded ERa with
BRCA1 on endogenous estrogen-response elements in vivo. A
likely target of BRCA1-mediated ligand-independent ERa re-
pression is the constitutive AF-1 activation domain within ERa.
Previous studies have indicated that antagonist-bound AF-2 can
repress AF-1 activity through the recruitment of the nuclear
corepressor N-CoR (33), whereas the ligand-binding domain of
unliganded ERa can repress a linked heterologous activation
domain in a ligand-reversible manner, presumably by the re-
cruitment of a soluble corepressor (26). Our observation that an
estrogen-dependent VP16-GAL4 chimeric transactivator carry-
ing the ERa ligand-binding domain exhibits constitutive activity
in BRCA1-deficient, but not in BRCA1-proficient BG-1 cells,
reveals the ERa ligand-binding domain to be a potential site of
BRCA1 recruitment for ligand-independent repression of a
linked activation domain. Hence, BRCA1 could be recruited to
the ERa ligand-binding domain as part of a larger repression
complex to silence AF-1 function in the absence of ligand. The
recent report of a direct interaction between BRCA1 and the
ERa ligand-binding domain (18) lends additional support to this
model.

Should BRCA1 function to inhibit the ligand-dependent tran-
scriptional activity of ERa (17, 18), it seems unlikely to do so
through a mechanism that involves promoter-bound ERa. Our
ChIP analysis revealed the association of BRCA1 with ERa at
endogenous estrogen-response elements before, but not after,
estrogen stimulation. Thus, we favor a model in which BRCA1,
along with an associated corepressor(s) that minimally includes
an HDAC activity, is recruited by unliganded, promoter-bound
ERa to effectively silence the constitutive AF-1 activation
domain and thereby repress estrogen-responsive target gene
transcription. After estrogen stimulation, a ligand-induced con-
formational change within ERa could lead to enhanced affinity
of the ERa for its cognate binding site and release of a
BRCA1-containing repression complex, thereby liberating AF-1
and AF-2 to synergistically recruit coactivators and the RNA
polymerase II holoenzyme to promote transcription (29). It is
also possible that BRCA1 could function additionally as a barrier
to the productive association of either unliganded andyor ligan-
ded ERa with promoter DNA, and this could underlie the
previous observation that BRCA1 can inhibit ligand-dependent
ERa transactivation (17, 18).

Interestingly, we observed that a deficiency of BRCA1 also
leads to a reduction in the relative level of E2-mediated ERa
activation. In both Brca1-nullizygous MEFs and BRCA1-
deficient BG-1 (AS4) cells, the relative level of E2-mediated
activation of a transfected ERa-responsive reporter gene was
diminished when compared with Brca1-proficient cells. Further-
more, in AS4 cells, the endogenous estrogen-response genes that
we monitored exhibited increased estrogen-independent expres-
sion and little or no estrogen-dependent stimulation when
compared with BRCA1-proficient BG-1 (NEO1) cells. It is
possible that the expression of these genes is largely derepressed
in a BRCA1-deficient background and cannot therefore be
increased substantially in response to estrogen.

Previously, Annab et al. (22) demonstrated that relative to
parental or retroviral vector-infected BG-1 cell clones, BRCA1
antisense-infected BG-1 cell clones exhibit enhanced estrogen-
independent growth in culture (22). Furthermore, BG-1 clone
AS4, which exhibits severely reduced BRCA1 expression levels,
exhibited increased tumorigenicity in ovariectomized nude mice
compared with the retroviral vector-infected NEO1 cell clone
(22). These observations suggest that forced reduction of

Fig. 5. VP16-GAL4-ERa exhibits hormone-dependent activity in BRCA1-
proficient cells and constitutive activity in BRCA1-deficient cells. NEO1 (A and
B) and AS4 (C) cells in estrogen-free media were transfected with a GAL4-E1B-
Luc reporter plasmid along with (1) plasmids expressing either VP16-GAL4 or
VP16-GAL4-ERa. Subsequently, transfected cells were either untreated (2) or
treated (1) with E2 (1027 M) before assay for luciferase activity.
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BRCA1 in BG-1 ovarian adenocarcinoma cells may influence
estrogen-independent growth both in vitro and in vivo. Our
observation that AS4 cells support significant increases in the
estrogen-independent expression levels of different ERa-target
genes compared with BRCA1-proficient NEO1 cells may pro-
vide a mechanistic basis for the estrogen-independent growth
advantages that AS4 cells exhibit.

The finding that BRCA1 can function as a ligand-reversible
barrier to transcriptional activation by unliganded ERa suggests
the potential involvement of BRCA1 in the proliferative control
of normal estrogen-regulated tissues. Thus, mutational inacti-
vation of BRCA1 could result in persistent expression of estro-
gen-responsive genes in the absence of threshold levels of
estrogenic stimulation. In this way, inappropriate hormonal
responses brought about by BRCA1 mutation might possibly
promote the proliferation of transformation-initiated cells.

Previous analyses have revealed that a significant proportion
of BRCA1-associated breast tumors are negative for ERa
expression (34). However, the loss of ERa expression in
BRCA1-associated tumors is likely to represent a relatively late

event in breast tumor progression, one that may have occurred
after any proliferative advantages conferred upon transforma-
tion-initiated cells by homozygous BRCA1 mutation have en-
sued. Possibly, the down-regulation of ERa expression in
BRCA1-mutated tumors could derive in part from negative
feedback control enlisted by BRCA1-mutated breast epithelial
cells to restrict the promiscuous expression of estrogen-
responsive genes. Future studies should illuminate the mecha-
nistic basis for BRCA1-mediated transcriptional repression of
ERa and clarify its functional role in the larger network of
hormone signaling pathways that control the growth, differen-
tiation, and homeostasis of breast and ovary.
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