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Abstract
We have used a chromatin immunoprecipitation (ChIP)-based cloning strategy to isolate and identify
genes associated with estrogen receptor α (ERα) in MCF-7 human breast cancer cells. One of the
gene regions isolated was a 288 bp fragment from the ninth intron of the breast cancer 1 associated
ring domain (BARD1) gene. We demonstrated that ERα associated with this region of the endogenous
BARD 1 gene in MCF-7 cells, that ERα bound to three of five ERE half sites located in the 288 bp
BARD1 region, and that this 288 bp BARD1 region conferred estrogen responsiveness to a
heterologous promoter. Importantly, treatment of MCF-7 cells with estrogen increased BARD1
mRNA and protein levels. These findings demonstrate that ChIP cloning strategies can be utilized
to successfully isolate regulatory regions that are far removed from the transcription start site and
assist in identifying cis elements involved in conferring estrogen responsiveness.
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1. Introduction
Estrogens are critical for maintenance and function of male and female mammalian
reproductive systems, but also influence the function of cardiovascular, neural, and skeletal
cells and proliferation of breast cancer cells (Katzenellenbogen et al., 1987;Hess et al.,
1997;Couse and Korach, 1999;Dubal et al., 1999;Wise et al., 2001). The genomic effects of
17β-estradiol (E2) are initiated by binding of hormone to the estrogen receptor (ER). The E2-
occupied ERα interacts with regulatory sequences referred to as estrogen response elements
(EREs) in target genes to initiate changes in gene expression. Although some estrogen-
responsive genes contain a consensus ERE sequence (GGTCAnnnTGACC, Klein-Hitpass et
al., 1988), lower affinity, imperfect EREs, which deviate from the consensus ERE sequence
by one or more basepairs, are far more common (Wood et al., 1998,2001;Klinge, 2001;Loven
et al., 2001;Bourdeau et al., 2004). In addition to binding directly to consensus and imperfect
EREs to modulate gene expression, ERα also regulates transcription by interacting with DNA-
bound transcription factors such as Sp1, NFκB, or AP1 proteins (Kushner et al., 2000;Nilsson
et al., 2001;Safe, 2001). While both transcriptional induction and repression have been
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observed at AP-1 sites (Kushner et al., 2000;Petz et al., 2002,2004a,b), transcription is
generally increased when ERα interacts with DNA-bound Sp1 (Safe, 2001) and decreased
when ERα interacts with NFκB (Nilsson et al., 2001).

Given the increased incidence of breast cancer in women with long term exposure to E2 and
the role of E2 in proliferation of breast cancer cells (Harris et al., 1992;Colditz, 1998), there
has been significant interest in identifying genes that mediate estrogen's effects. Computational
screens have been used to search the genome in silico for EREs (Bourdeau et al., 2004). While
these screens have been useful in identifying potential ERE binding sites, divergence in DNA
sequence can make it difficult to identify imperfect EREs, ERE half sites, and other cis elements
that associate with ERα through DNA-bound transcription factors. Even when a cis element
is identified in silico, it does not necessarily mean that the site is functional (Vega et al.,
2006). Microarray analysis has also been used to identify estrogen responsive genes and has
provided a wealth of information (Frasor et al., 2003;Hewitt et al., 2003;Stossi et al.,
2004;Weisz et al., 2004). However, these studies are limited in the number of gene regions that
can be interrogated and in the ability to distinguish between the primary and secondary effects
of hormone.

To identify genes in human breast cancer cells that are regulated by E2 and ERα, we utilized
a chromatin immuno-precipitation (ChIP)-based cloning strategy to perform a genome-wide
screen in MCF-7 cells in order to isolate and clone DNA regions associated with endogenously
expressed ERα. Using this methodology we were assured that the gene regions isolated were
associated with ERα and were biologically relevant. One of the gene regions isolated using
this method was the breast cancer gene 1 (BRCA1) associated ring domain 1 (BARD1) gene.
Herein, we have characterized the interaction of ERα with the BARD1 gene and demonstrate
the efficacy of using this modified ChIP procedure to identify novel genes and functional cis
elements involved in regulating gene expression.

2. Materials and methods
2.1. MCF-7 cell culture and chromatin immunoprecipitation (ChIP)

MCF-7 cells were maintained in phenol red containing minimal essential medium (MEM) with
5% calf serum. Three days prior to treatment, cells were transferred to phenol red-free MEM
with 5% charcoal dextran treated calf serum. MCF-7 cells were exposed to ethanol vehicle or
10 nM E2 for 24 h and immunoprecipitation of chromatin was carried out essentially as
described previously (Petz et al., 2002). The ERα-specific antibody SC-8002 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) or the monoclonal antibody BZ1 combined with the
polyclonal antibody LP1 were used to immunoprecipitate ERα-associated chromatin. Both
BZ1 and LP1 were produced at the Immunological Resource Center (University of Illinois,
Urbana, IL) and are directed against the human ERα LBD. DNA from the immunoprecipitated
chromatin was purified, treated with Klenow to create blunt ends, and ligated to oligos
containing BamHI restriction sites as described (Weinmann and Farnham, 2002) with
modifications. Following digestion with BamHI, the DNA fragments were subcloned into
BamHI-cut pTZ18R (Pharmecia, Picataway, NJ). The ligated plasmid was used to transform
DH5α E. coli. White colonies were screened for the presence of insert using restriction
digestion with BamHI and subclones were sequenced. DNA sequences were used in BLAST
searches and the location of each clone was determined using the Ensembl database
(www.ensembl.org). One of these plasmids, pTZ18R BARD, contained DNA sequence from
+73,683 to 73,971 of the BARD1 gene. Conventional ChIP assays (Petz et al., 2002,2004a,b)
were performed to confirm the association of ERα with the BARD1 gene using an ERα-specific
antibody or a nonspecific antibody directed against fluorescein (Immunological Resource
Center, University of Illinois, Urbana, IL). Primers P1 (5′-CCT TGG GTA TTA TCT TAG
C-3′) and P2 (5′-GAT GGG TAA TCA TAG ACG-3′), which anneal to DNA sequence in the
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ninth intron of the BARD1 gene, were used for amplification and visualization of the DNA on
ethidium stained gels.

For real time quantitative PCR analysis of ChIP DNA, primers specific to BARD1 (5′-ACT
CCA TCT CTC CAA AAG CAG-3′ and 5′-CGT CCT GAG TGT GAG TGT TG-3′),
C14orf159 (5′-CCG AGG CAG GCA GAT CAC TTG-3′ and 5′-GCA CTC GCC ACC ACA
CCT G-3′), C2orf30 (5′-TCC AGA CAG ACC GAC CAC AG-3′ and 5′-CTC AGC CTC GCC
AGA CAT TC-3′), DOCK7 (Dedicator of cytokinesis 7, 5′-TGT GAG AAT CTT CTG AGG
CTT GGG-3′ and 5′-AGT CCT GTC CTA AGG CAA ACC AAG-3′), LTBP1 (Latent
transforming growth factor beta binding protein 1, 5′-AAA TCC TTG TCT CCG TTT ACG-3′
and 5′-AGG GAA TGG CAA AGA ATA AGC-3′), MLL/HRX (Myeloid/lymphoid or mixed-
lineage leukemia/drosophila trithorax homolog, 5′-CAC TGT GCC TGG CGG AAG-3′ and
5′-CCT GAC TAG ATG AGA GGA GAT GG-3′), NPC1L1 (Nieman-Pick disease, type C1
gene-like 1, 5′-ATC TCT GAC CTT TGT CTT CTT G-3′ and 5′-GGT TAT GCT GAT GCT
GCT G-3′), PABPC1 (poly(A) binding protein, cytoplasmic 1, 5′-AGA GAG AAA CAG AGA
GTA TGT ATG-3′ and 5′-ACT TTG GGA GGC TGA GAC-3′), PPIH (peptidylprolyl
isomerase H, 5′-TGA CAC CTC TCC CCA TTC TCT TG-3′and 5′-GCC TCA GGA AGC
TCA CAA TCA TG-3′), PGR1 (progesterone receptor, 5′-GGG AAT TAG GGA AGG ATA
AAG AGG-3′ and 5′-CCA ACC ACT ACA TTG TCA TCT ATC-3′), RALGPS1 (RAL GEF
with PH domain and SH3 binding motif 1, 5′-TTG CCT GCT CTG AAG AAG-3′ and 5′-GCC
AAA CAC TGA TTC CAA G-3′), RPS6KA5 (ribosome protein S6 kinase, 90 kDa peptide 5,
5′-AGA CCA CTG CTG CCT ATG C-3′ and 5′-TGT CTC CCT GCC CTT GTT G-3′), TANC2
(tetratricopeptide repeat, ankyrin repeat coiled coil containing 2, 5′-GGC AAG AAT ACC
ACG TAA GCA ATG-3′ and 5′-TCT AGG GTA GCC AAG TGA CTG AG-3′), TLR5 (Toll-
like receptor 5, 5′-TCA CTC TGA CTC TGT TCC TCA TG-3′ and 5′-TCT GTG CCC TGG
GGA TGG-3′), or TNS3 (tensin 3, 5′-AGT GAA AGA AAG AGC GGT CTA TCC-3′and 5′-
TCA AGC CAG CAA ACA AAG TTA GC-3′) were combined with iQ SYBR Green Supermix
(Bio-Rad Laboratories, Inc., Richmond, CA) and used for quantitative PCR on the Bio-Rad
iCycler (Bio-Rad Laboratories, Inc., Richmond, CA). One thousand, 5000, 10,000, and 50,000
genomic DNA copies were run in parallel with each primer set during each experiment to derive
a standard curve. The relative copy number for each sample was determined from the standard
curve. Each sample was run in triplicate and three independent experiments were performed.
Data were normalized to the 36B4 gene, which was not affected by E2 treatment and analyzed
using ezANOVA (C. Rorden, www.mricro.com, Columbia, SC).

2.2. Quantitative real time PCR
MCF-7 cells were cultured as described above and treated with ethanol vehicle or 10 nM E2
for 0.3, 2, 24, or 48 h. Cells were harvested with Trizol (Sigma, St. Louis, MO) and RNA was
isolated according to the manufacturer's instructions. Isolated total RNA was treated with RQ1
RNase free DNase (Promega, Madison, WI) and cDNA was synthesized using the Reverse
Transcription System (Promega, Madison, WI). The cDNA and iQ SYBR Green Supermix
were combined with primers specific for 36B4 (5′-GCT GTT TCG ACG ACA CCG TT-3′ and
5′-TTC TGG AGG GAC GTC GAT G-3′), which is not affected by E2 treatment, or BARD1
(5′-TCA AAC ACC ATC CAA AGG ACA AC-3′ and 5′-GTC TGA GTC ACG TCA CTG
TCT G-3′) and quantitative real time PCR was carried out on the Bio-Rad iCycler. The
ΔΔCt method (Karsai et al., 2002) was used to calculate the fold change in BARD1 mRNA
levels.

2.3. Western blot analysis
MCF-7 cells were cultured as described above, treated with ethanol vehicle or 10 nM E2 for
0.3, 2, 24, or 48 h or with 100 nM raloxifene, tamoxifen, or ICI 182,780 alone or in combination
with 10 nM E2 for 24 h. Cells were harvested with TNE (40 mM Tris, pH 7.5, 140 mM NaCl,
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and 1.5 mM EDTA), pelleted, resuspended in 250 mM Tris–HCl, pH 7.8, lysed using three
freeze/thaw cycles, and subjected to centrifugation. Protein concentrations of the whole cell
extracts were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Inc.,
Richmond, CA) with BSA as a standard.

For Western analysis, 20–30 μg of whole cell extracts from MCF-7 cells that had been treated
with E2 for various times were fractioned on a 10% SDS-PAGE gel and transferred to a
nitrocellulose membrane. BARD1, Sp1, and β-actin were detected using sc-11438, sc-59
(Santa Cruz Biotechnology, Santa Cruz, CA) and A-5491 (Sigma, St. Louis, MO) antibodies,
respectively. Horseradish peroxidase conjugated secondary antibodies and Super Signal West
Femto chemiluminescent detection kit (Pierce Chemical Co., Rockford, IL) were used to
visualize the proteins.

2.4. Preparation of purified ERα
ERα was expressed in Sf9 cells using ERα recombinant baculovirus stock generously provided
by James Kadonaga (University of California, San Diego, CA) and Lee Kraus (Cornell
University, Ithaca, NY). Seventy-two hours after infection, cells were harvested and ERα,
which was fused at the N-terminus to a Flag tag, was immunopurified and eluted from M2
antibody resin (Sigma, St. Louis, MO) with elution buffer (20 mM Tris, pH 7.5, 400 mM KCl,
0.2 mM EDTA, 10% glycerol, 0.1% NP-40, 2 mM DTT, 0.5 mg/mL ovalbumin, and 0.2 mg/
mL flag peptide). ERα concentrations were determined as previously described (Wood et al.,
2001).

2.5. DNase I footprinting analysis
Primer P4 (5′-TCC TGA GTG TGA GTG TTG-3′) or P5 (5′-GTA AAA CGA CGG CCA
GTG-3′, which was specific for vector sequence) was 32P-labeled and used with primer P3 (5′-
GGT ATT ATC TTA GCA TGA TGT-3′) in 35 rounds of PCR amplification with the vector
pTZ18R-BARD. The 204 bp (P3 and P4) or 304 bp (P3 and P5) singly end-labeled amplified
fragments were purified using a Quick Spin Column (Roche, Indianapolis, IN). End-labeled,
amplified DNA (100,000 cpm) was combined with increasing amounts of baculovirus-
expressed, purified ERα in binding buffer (60 mM KCl, 15 mM Tris, pH 7.9, 0.2 mM EDTA,
10% glycerol, 4 mM DTT, 100 ng poly-deoxyinosine/deoxycytosine, and 10 nM E2) with 12.5
mM MgCl2 and 0.5 mM CaCl2 in a total volume of 20 μL. After 10 min at room temperature,
0.4 U of RQ1 RNase free DNase was added and the reaction was incubated for 1.5 min at room
temperature. DNase digestion was terminated by adding stop solution (200 mM NaCl, 1%
SDS, 30 mM EDTA, and 100 ng/μL tRNA). The DNA was extracted with phenol/chloroform,
ethanol precipitated, and resuspended in formamide loading buffer. Fragments were resolved
on 8% denaturing acrylamide gels and bands were visualized by autoradiography.

2.6. Gel mobility shift assays
Gel mobility shift assays were carried out essentially as previously described (Loven et al.,
2001) using three 50 bp oligos with sequences corresponding to three regions of the BARD1
intron nine region: 5′-TAT CTT AGC ATG ATG TGA ATA TGT CAA ATG CTT AAA AGC
TGC TTA AAT TG-3′ and its complementary strand, which contain the first ERE half site
(HS1), 5′-GAT GTT GTT TAT TAT AAA AAG GTC AGA AGA CTA ACA ACT GAA TAC
TCC AT-3′ and its complementary strand, which contain the second ERE half site (HS2), and
5′-GCA GAG GTT TGT CAA GAC GCT GAG TCT TTC CTG AAT TGG GTC ATT AAT
GC-3′ and its complementary strand, which contain ERE half sites three and four (HS3 and
HS4). 32P labeled oligos (10,000 cpm) were combined with 50 fmol of purified ERα in binding
buffer in a final volume of 20 μL and incubated at room temperature for 10 min. BSA was
included to maintain a constant total protein concentration of 20 μg. The ERα-specific
monoclonal antibody BZ1, 100-fold excess of unlabeled A2 ERE-containing competitor, or

Creekmore et al. Page 4

Mol Cell Endocrinol. Author manuscript; available in PMC 2007 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



100-fold excess of nonspecific competitor DNA was added to the binding reactions as indicated
before addition of labeled oligos. Complexes were fractioned on non-denaturing acrylamide
gels using low ionic strength buffer and protein–DNA complexes were visualized with
audioradiography.

2.7. Reporter vectors for transient transfections
The Sst/Nco1 fragment from pTZ18R BARD containing the BARD1 gene region was isolated
and inserted into Sst1/Nco1-cut TransLucent Luciferase Reporter Vector (Panomics, Redwood
City, CA), which contains a TATA sequence. Mutations of BARD 1 ERE half sites were
generated using the Quick Change II Site-Directed Mutagensis Kit (Stratagene, La Jolla, CA)
with primer sets specific for ERE1 (5′-CAT GAT GTG AAT AAA TCA AAT GCT TAA AAG
CTG C-3′ and 5′-GCA GCT TTT AAG CAT TTG ATT TAT TCA CAT CAT GC-3′), ERE2
(5′-GTT TAT TAT AAA AAA ATC AGA AGA CTA ACA ACT GA-3′ and 5′-TCA GTT
GTT AGT CTT CTG ATT TTT TTA TAA TAA AC-3′), ERE4 (5′-GAG TCT TTC CTG AAT
TGA ATC ATT AAT GCA AAT TC-3′ and 5′-GAA TTT GCA TTA ATG ATT CAA TTC
AGG AAA GAC TC-3′), or in combination to produce the reporter plasmids mHS1, mHS2,
mHS4, or mHS 1,2,4, respectively. The luciferase coding sequence from TransLucent
Luciferase Reporter Vector was removed and replaced with Renilla coding sequence to produce
pTLC Renilla, which was used as an internal control.

2.8. Transient transfection assays
MDA-MB231 breast cancer cells were maintained in Leibovitz's L-15 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum. Forty-eight hours before transfection
cells were transferred to phenol red-free improved MEM supplemented with 5% charcoal
dextran-treated calf serum. Cells were transfected with the human ERα expression vector
CMV-hERα, 1 μg of a BARD1 reporter vector, and 5 ng of the renilla reporter plasmid TK
Renilla (Fig. 5A) or pTLC Renilla (Fig. 5B) in serum-free, phenol red free improved MEM
using Lipofectin (Invitrogen, Carlsbad, CA) as described previously (Loven et al., 2001). After
6 h, DNA and medium was removed and cells were transferred to phenol red-free improved
MEM supplemented with 5% charcoal dextran-treated calf serum and ethanol vehicle or 10
nM E2 for 24 h. Cells were harvested after 24 h and luciferase assays were carried out using
the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) according to the
manufacturer's instructions. Renilla activity was used to normalize for transfection efficiency.
Four independent experiments were carried out in duplicate. Data were normalized to
compensate for variation between experiments and the Student's t-test was utilized to determine
whether there was a statistical difference between the E2- and ethanol-treated cells.

3. Results
In an effort to identify novel estrogen-responsive genes regulated by ERα in human breast
cancer cells, we developed a ChIP-based cloning strategy. An ERα-specific antibody was used
to immunoprecipitate formaldehyde-crosslinked, sheared chromatin from MCF-7 cells and the
immunoprecipitated DNA was purified, subcloned, and sequenced. From this screening
process, 36 sublones with an average length of ∼250 bp were identified. All 36 of the DNA
regions were used in BLAST searches and 32 aligned to unique regions of the human genome.
Using the Ensembl database (www.ensembl.org), we found 21 subclones that mapped to
previously identified genes.

To verify that ERα was associated with the gene regions we had identified, ChIP analysis was
carried out using an ERα-specific antibody and MCF-7 cells that had been treated with vehicle,
E2 for 45 min or E2 for 24 h. Quantitative real time PCR analysis was utilized to amplify 15
of the 21 mapped regions. These assays revealed that although more ERα was associated with
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the BARD1, C14orf159, LTBP1, PABPC1, PPIH, and PRG1 genes in the presence of E2 at
45 min and 24 h than in the absence of E2 (Table 1, +++), increased association of ERα with
the TLR5 and TNS3 genes was observed only at 45 min (++). Three genes, C3orf30,
RALGPS1, and TANC2, were associated with ERα in both the absence and presence of E2
(+). ERα was not associated with the DOCK7, MLL/HRX, NPC1L1 or RPS6KA5 genes (−).
Interestingly, intron 13 of TNS, intron 3 of LTBP1, and regions upstream of PGR1 were
recently identified as ERα-associated gene regions in MCF-7 cells by other investigators who
had used different times of hormone exposure (Carroll et al., 2005,2006;Vega et al., 2006).

3.1. ERα associates with intron nine of the BARD1 gene
One of the gene regions isolated from our genome-wide screen was a 288 bp region from the
ninth intron of the BARD1 gene from +73,683 to +73,971 relative to the transcription start site
(Fig. 1A and B). Given the association of BARD1 with BRCA1 and the involvement of the
BARD1/BRCA1 heterodimer in DNA repair (Wu et al., 1996;Westermark et al., 2003), this
was a gene of substantial interest and was characterized in more detail using a variety of
molecular approaches. Our quantitative ChIP analysis, which included 3 independent
experiments, revealed a two-fold increase in the association of ERα with the ninth intron of
the BARD1 gene in the presence of E2 (Table 1 and data not shown). Comparison with the
pS2 and 36B4 genes suggested that ERα associated with the ninth intron of the BARD 1 gene
in the absence and in the presence of E2 (data not shown).

3.2. BARD1 mRNA and protein levels increase in E2-treated MCF-7 cells
To determine whether E2 influenced BARD1 gene expression, MCF-7 cells were treated with
E2, RNA was isolated, cDNA was synthesized, and quantitative real time PCR was utilized to
determine the levels of BARD1 and 36B4 mRNA present. Although 36B4 mRNA levels were
unaffected when MCF-7 cells were treated with E2 (data not shown), BARD1 mRNA levels
were significantly increased 1.3-, 1.15-, 2.05-, and 2.17-fold (p ≤ 0.05) after MCF-7 cells had
been treated with E2 for 0.3, 2, 24, and 48 h, respectively (Fig. 2A).

Our quantitative real time PCR assays provided evidence that BARD1 mRNA levels increased
in MCF-7 cells upon E2 treatment. However, increased mRNA levels do not always reflect the
level of protein present. Therefore, MCF-7 cells were treated with E2 for 0, 0.3, 2, 24, and 48
h, whole cell extracts were prepared, and Western blot analysis was performed. These
experiments revealed that the expression of BARD1, but not β-actin, increased upon treatment
of MCF-7 cells with E2 (Fig. 2B). Furthermore, quantitative analysis demonstrated that while
neither tamoxifen, raloxifene, nor ICI 182,780 alone altered BARD1 expression, each of these
compounds significantly reduced the E2-mediated increase in BARD1 levels (Fig. 2C). These
findings demonstrate that E2 regulates expression of the endogenous BARD1 gene in MCF-7
cells.

3.3. ERα binds to three ERE half sites in intron nine of the BARD1 gene
The E2-induced expression of BARD1 mRNA and protein levels in MCF-7 cells combined
with our ChIP analysis, which demonstrated that ERα interacts with intron nine of the BARD1
gene, suggested that there must be one or more cis elements responsible for recruiting the
receptor to this region of the BARD1 gene. Inspection of the 288 bp BARD1 gene region
revealed that it contained three imperfect ERE half sites (HS1, HS3, and HS5, Fig. 1A and B,
gray boxes) with identical nucleotide sequence (TGTCA) and two consensus ERE half sites
(HS2 and HS4, GGTCA, Fig. 1A and B, black boxes). Thus, it seemed possible that ERα might
interact with one or more of these five ERE half sites to regulate BARD1 gene expression.

To identify the cis element(s) in the BARD1 intron nine gene region that interact with ERα,
DNase I footprinting was performed. 32P-labeled DNA fragments containing a 204 bp portion
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of the BARD1 intron nine gene region were incubated with increasing amounts of purified
ERα and exposed to DNase I. In the presence of ERα, HS1 and HS2 were protected from DNase
I cleavage (Fig. 3A) and were flanked by a hypersensitive site at their 3′-ends. In contrast, the
imperfect ERE half site HS3 was not protected. A larger 304 bp region of the BARD1 intron
nine gene region was also radiolabeled and utilized in DNase I footprinting experiments so
that HS4 and HS5 could be visualized. We again observed protection of the consensus ERE
half site HS2 (HS2, Fig. 3B) and an adjacent DNase I hypersensitive site. The other consensus
ERE half site, HS4, was also protected from DNase I cleavage and was flanked by a
hypersensitive site, but neither of the imperfect ERE half sites (HS3 and HS5) was
protected. 32P-labeled DNA, which had been chemically cleaved at each G residue, was also
included for reference (Fig. 3A and B, lanes 1). From these experiments we learned that only
one of the three imperfect ERE half sites (HS1), but both of the consensus ERE half sites (HS2
and HS4) were protected from DNase I cleavage and that each protected ERE half site was
flanked by a hypersensitive site.

To confirm that HS1, HS2, and HS4 interacted with ERα, gel mobility shift assays were carried
out with ERα and 32P-labeled DNA containing three different 50 bp portions of the BARD1
ninth intron region. Each 50 bp oligo contained one (HS1 or HS2) or two (HS3 and HS4) of
the ERE half sites (Fig. 4). When each of the radiolabeled 50 bp probes was combined with
purified ERα, one major ERα–ERE complex was observed (lanes 2, 7, and 12, →). The
specificity of the receptor–DNA interactions was demonstrated by the altered migration of the
receptor–DNA complexes in the presence of an ERα-specific antibody (lanes 3, 8, and 13) and
the ability of oligos containing a consensus ERE (lanes 4, 9, and 14), but not a nonspecific
DNA sequence (lanes 5, 10, and 15), to compete for ERα binding. A faster migrating,
nonspecific band, which was unaffected by the presence of ERα-specific antibody, was
sometimes observed. Interestingly, the migration of the receptor–DNA complexes was
identical in spite of the fact that one of the probes contained two ERE half sites (HS3 and HS4).
These findings are consistent with our DNase I footprinting experiments, which demonstrated
that ERα binds to HS4, but not to HS3. Additional gel mobility shift experiments demonstrated
that oligos containing HS5 failed to bind to ERα (data not shown).

3.4. The 288 bp region of the BARD1 gene ninth intron confers estrogen responsiveness
The association of ERα with intron nine of the endogenous BARD1 gene, the increase in
BARD1 mRNA and protein levels in E2-treated MCF-7 cells, and the protection of ERE half
sites in the ninth intron of the BARD1 gene suggested that the interaction of ERα with this 288
bp region of the BARD1 gene might modulate estrogen-responsive gene expression. Thus,
transient transfections were performed in MDA-MB231 breast cancer cells, which do not
express ERα. Transcription of a reporter plasmid containing only a TATA box was not
significantly affected by expression of ERα or E2 (Fig. 5A and data not shown). However,
when the 288 bp region of the BARD1 ninth intron was present in the reporter plasmid,
transcription was significantly enhanced in the presence of E2 when 25 or 50 ng of the ERα
expression vector was utilized (Fig. 5A). No changes in transcription were observed when the
ERα expression vector was omitted (data not shown).

Since ERα bound to HS1, HS2, and HS4 in gel mobility shift and DNase I footprinting assays
(Figs. 3 and 4), each of these ERE half sites was mutated to AATCA individually and in
combination in the context of the 288 bp BARD1 gene region. Transient transfections were
carried out with reporter plasmids containing the BARD1 gene with wild type or mutant ERE
half sites. Inclusion of the BARD1 fragment significantly increased transcription in the absence
and in the presence of E2 compared to the parent vector (Fig. 5B, p ≤ 0.05), suggesting that
even in the absence of hormone ERα interacted with the BARD1 DNA sequence and enhanced
transcription. Mutation of HS1 or HS2 significantly reduced the magnitude of transcription in
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the absence and in the presence of E2 (p ≤ 0.01) when compared to the wild type BARD1
sequence. Furthermore, in the absence of hormone, mutation of HS1, but not HS2, reduced
transcription to the level observed with the parent vector thereby providing evidence that HS1
is involved in sustaining basal BARD1 expression. Taken together, these findings support the
notion that ERα is required for basal as well as E2-induced transcription and are in agreement
with our ChIP results, which demonstrated that the receptor was associated with the BARD1
gene in the absence and in the presence of E2. Paradoxically, when HS4 was mutated,
transcription was significantly increased (p ≤ 0.05) in the absence and in the presence of E2
indicating that, unlike HS1 and HS2, the role of HS4 is to limit estrogen responsiveness.
Combined mutations in HS1, HS2, and HS4 more effectively reduced transactivation than
mutation of HS1 or HS2 alone. These experiments suggest that although HS1, HS2, and HS4
play a role in estrogen responsiveness of the BARD1 gene, these individual ERE half sites can
have opposing effects on transcription. The dual effects of these cis elements on transcription
are consistent with previous studies of the progesterone receptor gene, where mutation of the
ERα-associated +90 AP-1 site dramatically decreased transcription in the context of a 1.5 kb
region of the progesterone receptor gene, but mutation of the ERα-associated +745 AP-1 site
greatly enhanced transcription (Petz et al., 2002,2004a,b).

4. Discussion
Using a ChIP-based cloning strategy, we isolated a 288 bp region of the human BARD1 gene
that was associated with ERα in E2-treated MCF-7 breast cancer cells. Conventional ChIP
assays demonstrated that ERα was associated with the ninth intron of the endogenous BARD1
gene in MCF-7 cells, gel mobility shift and DNase I footprinting assays showed that ERα bound
to three ERE half sites in this region, and transient transfection assays revealed that the 288 bp
region of the BARD1 gene isolated in our modified ChIP assay conferred estrogen
responsiveness to a heterologous promoter in human breast cancer cells. Overall these findings
suggest that this 288 bp region of the BARD1 gene ninth intron is involved in regulating
BARD1 levels in MCF-7 cells and confirm the usefulness of our ChIP-based cloning strategy
in isolating estrogen-responsive genes, identifying cis elements involved in mediating
hormonal control, and providing information about the location of these regulatory elements
within the genome. Although we have examined the ability of a discrete 288 bp region of the
ninth intron of the BARD1 gene to regulate BARD1 gene expression, it is possible that other
gene regions may also be involved in responding to E2.

4.1. Regulation of estrogen-responsive genes in MCF-7 cells
One of our goals in these investigations was to determine whether it would be possible to utilize
our ChIP-based cloning strategy to identify novel gene regions associated with ERα. We felt
that there were distinct advantages to this procedure over other established methods. First, we
were able to perform a truly unbiased, genome-wide screen that included large regions of
previously unexplored DNA sequence. Second, since the native chromatin environment had
been preserved, we had confidence that the gene regions we isolated were associated with
ERα, functional, and biologically relevant. Third, there was no preconceived notion about
where a cis element would be located or what its DNA sequence might be.

Using our ChIP-based cloning strategy, we identified gene regions that were 100–200 kb
upstream and 80–140 kb downstream of the genes' transcription start sites. Although this was
somewhat unexpected, two groups recently reported that the majority of gene regions
associated with ERα were at locations far removed from the transcription start site (Carroll et
al., 2005,2006;Vega et al., 2006). Thus, although the overwhelming majority of studies aimed
at identifying DNA sequences regulating gene expression to date have focused on 1–2 kb
proximal promoter regions, our studies and others suggest that simply screening these proximal
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promoters is not sufficient for identification of gene regions involved in regulating expression
of endogenous estrogen-responsive genes. This also appears to be the case with a number of
other nuclear receptors including the thyroid hormone receptor (Plateroti et al., 2006), androgen
receptor (Heemers et al., 2004), peroxisome proliferative activated receptor γ (Neess et al.,
2006), and retinoic acid receptor (Donato and Noy, 2005).

4.2. Regulation of the BARD1 gene in MCF-7 cells
Inspection of the ninth intron of the BARD1 gene revealed the presence of five ERE half sites,
but ERα bound to only three of these sites. While the association of ERα with the two consensus
ERE half sites (GGTCA) might have been anticipated from earlier work (Edinger et al.,
1997;Martini et al., 2000;Petz and Nardulli, 2000;Petz et al., 2004a,b), the association of the
receptor with only one of the three imperfect EREs, each of which had identical DNA sequence
(TGTCA), was surprising. Upon closer inspection, we detected a DNA sequence 3 bp upstream
of HS1 that differs from a consensus ERE half site (GGTCA) by 2 bp (TGTGA). It seems
possible that this DNA sequence could provide an additional imperfect ERE half site for
ERα monomer docking, facilitate ERα dimer formation, and help to explain why ERα bound
to HS1, but not HS3 or HS5. It should be noted, however, that this DNA sequence upstream
of HS1 was not protected in our DNase I footprinting assays.

The association of ERα with the BARD1 gene in the absence and in the presence of E2 was
somewhat unexpected. It seems possible that ERα association with intron nine of the BARD1
gene may be needed to sustain lower level, basal expression of BARD1 in MCF-7 cells in the
absence of hormone. Then when MCF-7 cells have been exposed to hormone, increased
binding of ERα to this region of the BARD1 gene could help to enhance BARD1 mRNA and
protein expression. It is important to note that the increased association of ERα with the ninth
intron of the BARD1 gene in the presence of E2 increased BARD1 mRNA levels, BARD1
protein levels, and transcription of a reporter plasmid containing the intron nine BARD1 gene
region.

4.3. Role of BARD1 in determining cell fate
BARD1 was originally isolated as a protein that interacted with the ring finger domain of
BRCA1 to form a BARD1/BRCA1 heterodimer (Wu et al., 1996). The BARD1/BRCA1
heterodimer functions as an ubiquitin ligase and is essential, but not sufficient, for homology-
directed DNA repair (Westermark et al., 2003) and also plays a role in double-strand DNA
break repair (Liu and West, 2002). Upon DNA damage, the BARD1/BRCA1 heterodimer
slows transcription and RNA processing and promotes cell cycle arrest so that DNA repair can
take place (Fabbro et al., 2004;Kleiman et al., 2005;Schuchner et al., 2005;Starita et al.,
2005). When BRCA1 levels are low, BARD1 accumulates in the cytoplasm where it plays a
role in initiating programmed cell death (Irminger-Finger et al., 2001;Jefford et al.,
2004;Rodriguez et al., 2004). Thus the relative expression of BRCA1 and BARD1 is critical
in determining cell fate. The ability of the BARD1/BRCA1 heterodimer to set a cell on a course
toward DNA repair and the capacity of BARD1 to initiate apoptosis has led to the idea that
BARD1 serves as a guardian of the genome (Irminger-Finger et al., 2001).

By regulating the level of BARD1, ERα must also play a role in helping to determine cell fate.
Entering into this equation, however, is the fact that BRCA1 levels are also increased by E2
(Gudas et al., 1995). Thus, the simultaneous induction of BARD1 and BRCA1 by E2 would
favor DNA repair over apoptosis. Other regulatory mechanisms would be needed to decrease
BRCA1 or increase BARD1 levels so that BARD1-mediated apoptosis could occur.
Interestingly, it has also been suggested that the fluctuating levels of BARD1 and BRCA1 in
the mouse uterus during the estrus cycle play a role in uterine remodeling (Irminger-Finger et
al., 2001).
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We chose to examine the role of ERα in regulating BARD1 gene expression because of the
importance of BARD1 in mammary cell biology. Previous studies have shown that knocking
down BARD1 gene expression in mammary cells results in altered cell morphology,
multinucleated cells, and aberrant cell cycle progression (Irminger-Finger et al., 1998).
Furthermore, mutations in the BARD1 gene have been associated with an increased risk of
breast cancer (Thai et al., 1998;Ghimenti et al., 2002).

It has been clear for some time that E2 is required for mammary cell development. However,
the E2-induced regulation of BARD1 gene expression provides a mechanism through which
the cell fate of mammary cells might be influenced. While overproduction of BARD1 would
lead to apoptosis of mammary cells, the combined effects of BARD1 and BRCA1 would
promote DNA repair and an extension of mammary cell lineage.
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Fig 1.
ERα associates with a 288 bp region from the BARD1 gene within intron 9. Schematic drawing
(A) and DNA sequence (B) of the 288 bp region of the BARD1 ninth intron isolated from
ERα-immunoprecipitated chromatin. The numbering (+73,683 to +73,971) indicates the
distance of the BARD1 gene region from its transcription start site. Black boxes indicate
consensus ERE half sites (HS2 and HS4) and gray boxes indicate imperfect ERE half sites
(HS1, HS3, and HS5). Arrows show the positions of primers used to produce DNA fragments
for ChIP analysis (P1 and P2) and DNAse I footprinting (P3–P5) Bases differing from the
consensus ERE half site are in lower case.
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Fig 2.
BARD1 mRNA and protein levels increase when MCF-7 cells are exposed to E2. MCF-7 cells
were treated with ethanol vehicle, 10 nM E2 or 100 nM raloxifene (Ral), tamoxifen (Tam), or
ICI 182,780 (ICI) as indicated. (A) RNA was isolated and utilized in quantitative real time
PCR experiments to determine the levels of BARD1 and 36B4 mRNA. Values were calculated
using the ΔΔCt method, which was normalized to 36B4 mRNA levels. Data from three
independent experiments were combined and are expressed as the mean-fold increase in
BARD1 mRNA levels ± S.E.M. Student's t-tests revealed that samples from MCF-7 cells that
had been treated with E2 were statistically different (indicated by an asterisk) from cells that
had been treated with ethanol (p ≤ 0.05). (B and C) Whole cell extracts from MCF-7cells that
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had been treated as indicated were subjected to Western analysis with BARD1 antibody or
control β-actin- or Sp1-specific antibody. Each blot shown is representative of three
independent experiments. Combined, normalized data is shown graphically as the relative
BARD1 protein level (mean ± S.E.M.). Asterisks indicate significant increases in BARD1
protein levels compared to ethanol control (p ≤ 0.05). Error bars are sometimes too small to
be visualized.
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Fig 3.
ERα limits DNase I cleavage at three ERE half sites in the ninth intron of the BARD1 gene.
Noncoding strand primers were 32P-labeled and used to PCR amplify a 204 bp (A) or 304 bp
(B) region of DNA. Labeled DNA was incubated with 0, 25, 100, 250, or 500 fmol of purified,
baculovirus-expressed ERα (lanes 2–6) and exposed to DNase I. DNA that had been cleaved
at each G residue was included for reference (lanes 1). Hypersensitive sites are indicated by
an asterisk.
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Fig 4.
ERα binds specifically to ERE half sites in the ninth intron of the BARD1 gene. Gel mobility
shift assays were carried out with 32P-labeled oligos containing 50 bp regions of intron 9 of
the BARD1 gene. BARD1 regions containing one or two ERE half sites are represented
schematically above the gel. 32P-labeled oligos were incubated with 50 fmol of purified,
baculovirus-expressed ERα (lanes 2, 7, and 12). Antibody to ERα (lanes 3, 8, and 13), unlabeled
oligos containing the A2 ERE (ERE, lanes 4, 9, and 14), or unlabeled oligos containing
nonspecific (NS) DNA sequence (lanes 5, 10, and 15) were included as indicated. Reactions
were fractionated on a nondenaturing gel and visualized by audioradiography.
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Fig 5.
Intron nine of the BARD1 gene confers estrogen responsiveness. MDAMB231 breast cancer
cells were transfected with an ERα expression vector (ERα), a renilla control vector, and a
reporter vector with a TATA sequence alone (TATA) or a TATA sequence combined with the
288 bp region of the BARD1 gene containing wild type DNA sequence (BARD) or one (mHS1,
mHS2, mHS4) or three (mHS1,2,4) mutant ERE half sites as indicated in Panels A and B. Cells
were treated with ethanol vehicle (−E2) or 10nM E2 (+E2) for 24 h. Data from four independent
experiments were combined and are expressed as the mean in relative luciferase units (RLUs)
±S.E.M. for all samples. Note that some error bars are too small to visualize. Statistical
differences were determined using the Student's t-test as indicated by an asterisk in Panel A.
Significant differences were determined by ANOVA in Panel B.
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Table 1
Gene regions identified by ChIP cloning

Gene Accession no. Chromosome location Gene location ERα binding

BARD1 NM_000465 Chr. 2: 215,425,902–215,426,189 Intron 9 +++
C14orf159 NM_024952 Chr. 14: 90,724,568–90,724,769 Intron 10 +++
C3orf30 NM_152539 Chr. 3: 120,348,117–120,348,506 Exon 1 +
DOCK7 NM_033407 Chr. 1: 62,749,994–62,750,102 Intron 23 −
LTBP1 NM_000627 Chr. 2: 33,182,204–33,182,331 Intron 3 +++
MLL/HRX NM_005933 Chr. 11: 117,828,720–117,829,230 Intron 1 −
NPC1L1 NM_013389 Chr. 7: 44,525,391–44,525,466 Intron 14 −
PABPC1 NM_002568 Chr. 8: 101,784,320–101,804,115 Upstream +++
PPIH NM_006347 Chr. 1: 42,727,227–42,727,476 Upstream +++
PRG1 NM_000926 Chr. 11: 100,718,397–100,718,656 Upstream +++
RALGPS1 NM_014636 Chr. 9: 128,702,059–128,702,358 Intron 4 +
RPS6KA5 NM_004755 Chr. 14: 90,445,212–90,445,591 Intron 7 −
TANC2 NM_371071 Chr. 17: 58,750,076–58,853,443 Intron 7 +
TLR5 NM_003268 Chr. 1: 221,350,878–221,351,087 Exon 4 ++
TNS3 NM_022748 Chr. 7: 47,216,239–47,216,539 Intron 13 ++

Symbols indicate a significant increase in the association of ERα in the presence of E2 at 45 min and at 24 h; (+++) compared to the corresponding ethanol
control, a significant increase in the association of ERα in the presence of E2 at 45 min only (++) compared to the corresponding ethanol control, similar
association of ERα in the absence and in the presence of E2 (+), or no association of ERα with the gene region in the absence or in the presence of E2
(−).
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