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a b s t r a c t

Humans are chronically exposed to the plasticizer, Bisphenol A (BPA), that can adversely affect the normal
hormonal regulation of cellular functions by mimicking the actions of estrogen. This biological response
to BPA may vary according to an individual’s genetic characteristics (e.g., BRCA1 mutations or deletion).
vailable online 22 September 2010

eywords:
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ammary gland

In this study, both cell culture and mouse models were used to elucidate whether the loss of BRCA1
function could affect BPA-mediated cell proliferation. In studies using BPA levels comparable to human
exposures, we found that loss of BRCA1 enhances BPA-induced cell proliferation in both systems. In vitro,
we found that loss of BRCA1 enhances BPA-induced ER� signaling. In vivo, we found that BPA admin-
istration stimulates mammary gland epithelial tissue/cell proliferation leading to hyperplasia in Brca1
mutant mice compared to wild-type control mice. These results suggest that the biological responses in

y dep

isphenol A
ice BRCA1-deficient cells ma

. Introduction

Bisphenol A (BPA) is a chemical building block widely used
o manufacture polycarbonate plastics (e.g., plastic water bottles
nd storage containers) and epoxy resins used as protective coat-
ngs for the inner surfaces of metal food and beverage containers
Markey et al., 2002; vom Saal et al., 2007). Human exposure to
PA is widespread and studies have documented detectable lev-
ls of BPA ranging from 0.2 to 10 ng/mL (∼0.5–40 nM) in adult and
etal human serum (Welshons et al., 2006). Concerns regarding the

otential deleterious effects of BPA have greatly increased in recent
ears due to reports of its adverse effects in animals at doses much
ower than the predicted “safe” reference dose of 50 �g/kg/day
PA (Welshons et al., 2006). Many of the adverse effects of BPA

Abbreviations: Brca1, breast cancer susceptibility gene 1; BPA, bisphenol A; ER�,
strogen receptor alpha.
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end on environmental exposures, specifically BPA.
© 2010 Elsevier Ireland Ltd. All rights reserved.

have been attributed to its ability to mimic endogenous estrogen
at nanomolar doses through the binding of estrogen receptor alpha
(ER�) and disrupting normal endocrine signaling through regu-
lation of ER target genes (Welshons et al., 2006; vom Saal et al.,
2007). Studies have shown that early-life exposure in rodents to
low, environmentally relevant doses of BPA results in persistent
alterations in mammary gland morphogenesis and increased sus-
ceptibility to tumorigenesis (Keri et al., 2007; Soto et al., 2008).
These and other studies have raised concerns that low, environ-
mentally relevant doses may also impact breast cancer risk in
humans. However, humans are genetically complex. It is unclear
which genetic variations may be associated with an increased or
decreased sensitivity to the biological effects of this compound,
particularly in the adult where there is less evidence for adverse
activity of BPA (vom Saal et al., 2007). It is known that breast can-
cer susceptibility gene 1 (BRCA1) is altered in certain families with
an inherited susceptibility to breast cancer (Friedman et al., 1994;
Narod and Foulkes, 2004). One function of BRCA1 that makes alter-
ations in this gene most relevant to BPA exposure is the ability
of BRCA1 to inhibit ER� signaling (Fan et al., 1999, 2001). Most

recently, it was found that loss of full-length Brca1 function in the
mouse mammary gland was associated with an abnormal response
to 17�-estradiol stimulation of mammary epithelial cells that cor-
related with enhanced development of preneoplasia (Jones et al.,
2008). (Note: current nomenclature designates the murine protein

dx.doi.org/10.1016/j.toxlet.2010.09.008
http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:ljone010@umaryland.edu
mailto:ib42@georgetown.edu
dx.doi.org/10.1016/j.toxlet.2010.09.008
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s Brca1 (lower case letters) and the human protein as BRCA1 (cap-
tal letters).)

Based on the mechanism of BPA’s action, we hypothesized that
ammary epithelial cells with loss of BRCA1 function may have

n increased sensitivity to BPA-mediated mammary epithelial cell
roliferation. The objective of this study was to determine the effect
f BPA exposure on the proliferation of (1) mammary epithelial cells
n which BRCA1 is no longer present and (2) brca1-/- mammary
pithelial tissue. This study used the combination of a preclini-
al mouse model that effectively reproduces the pathophysiology
f human BRCA1-related breast cancer and a human cell culture
odel using small interfering RNAs (siRNAs) to knock down the

RCA1 gene to elucidate whether (a) loss of BRCA1 function in
ammary epithelial cells would enhance BPA-mediated cell prolif-

ration; and (b) if so, whether the effects are via the ER� signaling
athway.

. Materials and methods

.1. Cell culture conditions

MCF7 was obtained from ATCC (American Type Culture Col-
ection, Manassas, VA) and maintained in Dulbecco’s Modified
agles’ Medium (DMEM) containing 5% fetal bovine serum (FBS),
00 units/mL of penicillin and 100 �g/mL of streptomycin. For
PA treatment, cells were cultured with DMEM without phenol-
ed supplemented with 5% charcoal-stripped (CS)-FBS. All cell
ulture reagents were purchased from BioWhittaker, Inc. (Walk-
rsville, MD). The BPA and tamoxifen (Tam) were purchased from
igma–Aldrich Corp. (St. Louis, MO) and dissolved in ethanol at
tock concentration of 10 mM. The ICI182780 was obtained from
ocris Bioscience (Ellisville, MO) and made at 10 mM stock solu-
ion in ethanol. Either tamoxifen or ICI182780 (ICI) was co-treated
ith BPA.

.2. Cell counting and siRNA transfection

MCF7 cells were pre-treated with 100 nM siRNA (control vs.
RCA1 purchased from Dharmacon, Inc., Lafayette, CO) for 72 h
nd were re-seeded with DMEM without phenol-red supplemented
ith 5% CS-FBS. They were then transfected with 100 nM of fresh

iRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The
ontrol-siRNA sequence was 5′-gac gag cgg cac gug cac a-3′ and
he BRCA1-siRNA sequence was 5′-gaa gcc agc uca agc aau a-3′.
he cells were treated with 1 �M of BPA for 0, 1, 2, 3 days or var-
ous doses (0, 10, 100, or 1000 nM) of BPA for 72 h. Then the cells

ere harvested by trypsinization, stained with trypan blue dye (1:1
ilution) and counted with a hemocytometer to determine living
ells.

.3. Real-time PCR

Total RNA was isolated from MCF7 cells using TRIzol reagent
Invitrogen, Carlsbad, CA), and cDNA was synthesized using
ligo(dT)12-18 Primer (Invitrogen, Carlsbad, CA) and SuperScript®

I Reverse Transcriptase (Invitrogen, Carlsbad, CA) as described
y the manufacturer. Quantitative reverse transcription-PCR (qRT-
CR) was performed by using SYBR Green dye (Applied Biosystems,
oster City, CA) on a 7900 HT Real-time PCR System apparatus
Applied Biosystems, Foster City, CA) in the Georgetown Univer-
ity Core facility. Coding gene expression was measured by the

�Ct method using GAPDH as the internal control. The following

rimer sequences were used: progesterone receptor (PR) forward
nd reverse primers 5′-aaa tca ttg cca ggt ttt cg-3′ and 5′-tgc cac atg
ta agg cat aa-3′; pS2 forward and reverse primers 5′-cac cat gga
aa caa ggt ga-3′ and 5′-agc cct tat ttg cac act gg-3′; GAPDH forward
ers 199 (2010) 261–268

and reverse primers 5′-gta tga caa cga att tgg cta cag-3′ and 5′-agc
aca ggg tac ttt att gat ggt-3′, respectively.

2.4. Western blotting assays

Total cell lysates were obtained with the lysis buffer (20 mM
Tris–HCl (pH 8.0), 0.5 M NaCl, 0.25% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 1 mM benzamidine, 1 mM DTT, 2 �M PMSF), centrifuged at
13,000 rpm for 10 min at 4 ◦C and supernatants were collected.
The proteins were separated on SDS-PAGE and transferred to
PVDF membranes (Millipore, Billerica, MA). The membranes were
blocked with 1X blocking buffer (Sigma, St. Louis, MO), incubated
with primary antibodies, and washed with 1X PBS containing
0.01% Tween-20. The anti-BRCA1 (C-20, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), anti-progesterone receptor (PR) (C-20, Santa
Cruz Biotechnology, Santa Cruz, CA), anti-pS2 (FL-84, Santa Cruz
Biotechnology, Santa Cruz, CA), anti-PCNA (FL-261, Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-�-actin (Sigma, St. Louis,
MO) antibodies were used. After incubation with horseradish per-
oxidase conjugated secondary antibody (Sigma, St. Louis, MO),
antigen–antibody complexes were detected by enhanced chemilu-
minescence (ECL) (Santa Cruz Biotechnology, Santa Cruz, CA) using
X-ray films (American X-ray & Medical Supply, Jackson, CA).

2.5. Mice, genotyping, and dosing with BPA

Post-pubertal Brca1 conditional knockout mice (3 months
of age) with two floxed Brca1 alleles (Brca1f/f) carrying the
mouse mammary tumor virus (MMTV)-Cre recombinase gene
(Brca1f/f; MMTV-Cre) were maintained on a C57Bl/6 genetic back-
ground (Xu et al., 1999). Non-transgenic C57Bl/6 mice were used
as controls. Mice were maintained in temperature-controlled and
light-controlled conditions in the University of Maryland, Balti-
more animal facility. All mice were maintained in accordance with
institutional guidelines approved by the University of Maryland,
Baltimore Animal Care and Use Committee. Water was supplied
from non-polycarbonate plastic water packs only. A rodent diet
containing a fixed formula designed to minimize phytoestrogen
sources (Harlan Teklad Global 2019; Madison, WI) was supplied
ad libitum. The cages and bedding were not evaluated for estro-
genicity because the housing conditions were the same for both
groups of mice. Therefore, we assumed that animals in both groups
of mice were exposed to similar trace levels of endocrine-disrupting
chemicals. The presence or absence of the floxed Brca1 alleles, of
wild-type Brca1 alleles, and of the MMTV-Cre was identified using
polymerase chain reaction (PCR) on tail DNA as described previ-
ously (Wagner et al., 1997; Xu et al., 1999). Mice were weighed at
3 months of age and implanted with Alzet osmotic pumps (Alza
Corp, Palo Alto, CA) designed to deliver either 50% dimethyl sulfox-
ide (DMSO) (vehicle control, n = 13/group) or 250 ng BPA/kg/body
wt/day dissolved in DMSO (Sigma, St. Louis, MO) (n = 13/group) for 4
weeks at a flow rate of 0.22 �L/h. The pumps were implanted in the
midback/interscapular region (neck region). Based on previously
reported data, we estimate that this level of BPA exposure should
fall within the range of human exposures reported to date (Calafat
et al., 2008). Fourth mammary glands were surgically removed at
necropsy and processed for a whole mount analysis or formalin
fixed for histology and immunohistochemistry (IHC).

2.6. Mammary gland whole mount analysis, histological studies,
and immunohistochemistry
One #4 mammary gland from each animal was dissected and
spread on a glass slide at the time of necropsy for whole mount
analyses as previously described (Jones et al., 2008). The other
#4 mammary gland from each mouse was fixed in 10% buffered
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Fig. 1. BRCA1 modulates BPA-induced cell proliferation in MCF7 cells. (A) Cells pre-
treated with 100 nM siRNA (control vs. BRCA1) for 72 h were re-seeded and further
transfected with fresh siRNA for 24 h. Then, the cells were treated with 1 �M of
BPA for 0, 1, 2 and 3 days and the numbers of viable cells were counted (N = 10).
Values are mean ± S.E.s of the viable cell numbers. One-way analysis of variance
(ANOVA) and the Turkey test were used to analyze these data. Note the followings:
Group 1 = Control-siRNA, Group 2 = Control-siRNA + BPA, Group 3 = BRCA1-siRNA
and Group 4 = BRCA1-siRNA + BPA. At day 1, there were significant differences in
groups 1 vs. 3, 1 vs. 4, 2 vs. 3 and 2 vs. 4 (F = 19.32, P < 0.0001). At day 2, signifi-
cant differences were found between all pairs except for group 1 vs. 2 (F = 35.18,
P < 0.0001). At day 3, significant differences were found between all pairs except
for group 2 vs. 3 (F = 20.83, P < 0.0001). (B) Cells were transfected with siRNA in the
same way as described in (A) and treated with various doses of BPA (0, 10, 100,
1000 nM) for 72 h. We applied two sample t-test, for we compared values of the
two samples (control vs. BRCA1-siRNA) at each BPA concentration (*P < 0.05). The
numbers of cells were counted and normalized to the control cells without BPA
treatment.
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Fig. 2. ER� antagonists inhibit BPA-induced cell proliferation in the presence or
absence of endogenous BRCA1. MCF7 cells pre-treated with siRNA as in Fig. 1 were
incubated with 1 �M BPA alone, 1 �M BPA + 1 �M Tamoxifen (Tam) or 10 �M of
ICI182780 (ICI) for 72 h, and the viable cells were counted. Either Tam or ICI was
co-treated with BPA. We conducted ANOVA plus Tukey test. Note the followings:
Group 1 = no treat, Group 2 = BPA, Group 3 = BPA + Tam, and Group 4 = BPA + ICI. For
the control-siRNA treated group the F value was 1.04 and P value was 0.3905. For
BRCA1-siRNA treated group the F value was 6.17 and P values was 0.0023. There
were significant differences in groups 1 vs. 2, 2 vs. 3, and 2 vs. 4, but no significant
differences were found between 1 vs. 3 and 3 vs. 4 in BRCA1-siRNA treated group.

Fig. 3. BRCA1 modulates BPA-induced ER� target gene expression. (A) MCF7 cells
pre-treated with 100 nM siRNA (control vs. BRCA1) as in Fig. 1 were treated with
various doses of BPA for 24 h. Upper panel: the expression levels of proteins were
analyzed by western blot using anti-BRCA1, anti-progesterone receptor (PR), anti-
pS2, anti-PCNA, and anti-�-actin antibodies in total cell lysates. Lower panel:
densitometric analyses of western blot. For each gene, we conducted two-way
ANOVA instead of one-way ANOVA, one factor is BRCA1-siRNA vs. control-siRNA and
the other factor is different concentration of BPA treatment groups. BRCA1: F = 19.83,
P < 0.0001 Group F = 76.4 P < 0.0001, BPA treatment F = 0.98 P = 0.4152. PR: F = 66.63,
P < 0.0001 Group F = 42.98 P < 0.0001, BPA treatment F = 74.52 P < 0.0001. pS2:
F = 10.78, P < 0.0001 Group F = 15.24 P < 0.0004, BPA treatment F = 9.29 P = 0.0001.
PCNA: F = 8.77, P < 0.0001 Group F = 24.55 P = 0.0004, BPA treatment F = 3.51 P = 0.023.
(B) The levels of mRNA expression were analyzed by gene-specific primers for PR or
pS2. Total RNA harvested from the cells treated as in (A) was used for quantitative
real-time PCR as described in 2.3. PR: F = 17.85, P < 0.0001 Group F = 26.43 P = 0.0003,
BPA treatment F = 19.98 P = 0.0003. Tukey test demonstrated significant differences
between groups 1 vs. 3, 2 vs. 3, 1 vs. 4, and 2 vs. 4 (see Fig. 1 for the description of
groups 1–4). However, the differences in groups 1 vs. 2 and 3 vs. 4 were not signif-
icant. pS2: F = 22.55, P < 0.0001 Group F = 24.72 P = 0.0004, BPA treatment F = 21.83
P < 0.0001. Tukey test results were significant between groups 1 vs. 3, 2 vs. 3, 1 vs.
4, and 2 vs. 4. But, there were no statistical differences were found between groups
1 vs. 2 and 3 vs. 4.
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escribed in Section 2.5. Thick arrows indicate areas of abnormal dense mammary
ice compared to ductal structure in DMSO-treated Brca1f/f;MMTV-Cre mice (thin ar
ice compared to normal appearing Abs in DMSO-treated wild-type mice (thin arr

ormalin (Fisher Scientific, Pittsburgh, PA) overnight at 4 ◦C and
mbedded in paraffin using standard techniques. Five-micron sec-
ions were cut for hematoxylin and eosin (H&E) staining and IHC
etection was performed as described previously (Jones et al., 2008)
sing PCNA (1:400, FL-261, Santa Cruz Biotechnology, Santa Cruz,
A). Seven nonadjacent sections from each mammary gland of
ach mouse were examined for the presence or absence of nor-
al ductal structures and hyperplasia. The percentage of cells

emonstrating positively stained nuclei (proliferative index) was
etermined by counting a minimum of 1000 cells per section.
ne section from each mouse was selected randomly and con-

ecutive fields examined under 40× magnification until a total of
000 cells were counted. Digital photographs were taken using a
ikon 50i Upright Microscope System with a high resolution, 5
egapixel Color Digital Camera system (Nikon Instruments Inc.,
elville, NY).

.7. Statistical analyses

Means and standard errors of the mean (S.E.) were calculated
or proliferation, numbers of viable cells, mRNA expression levels,
nd PCNA expression. Each outcome measure has different group-

ngs, which are individually described with each associated figure
egend. Two-tailed Student’s t-tests were implemented when only

groups of interest were compared. For comparisons with multi-
le groups, one-way or two-way ANOVA were implemented. After
he overall analysis is done for each data set, Tukey tests control-
ers 199 (2010) 261–268

MTV-Cre or wild-type female mice were treated with BPA (A, C) or DMSO (B, D) as
elial cell growth at the end of terminal ducts (TDs) in BPA-treated Brca1f/f;MMTV-Cre

Slightly increased alveolar buds (ABs) are present in BPA-treated Brca1f/f;MMTV-Cre

Magnification, 40×.

ling the type one error have been performed to make the pairwise
comparison between the treatment groups.

3. Results

3.1. Knockdown of BRCA1 significantly enhanced BPA-mediated
cell proliferation

Since we are interested in effects of BRCA1 levels on BPA-
stimulated cell proliferation, MCF7 cells pre-treated with 100 nM
siRNA (control vs. BRCA1) for 72 h were reseeded and further
transfected with fresh siRNA for 24 h to ensure almost complete
knockdown of BRCA1. Then, the cells were treated with 1 �M of
BPA for 0, 1, 2 and 3 days and the viable cells were counted by try-
pan blue exclusion assays. As a consequence, we found that BRCA1
knockdown itself could significantly enhance cell proliferation on
day 1 to day 3. Loss of BRCA1 also significantly enhances BPA-
induced cell proliferation from day 2 to day 3 (Fig. 1A). Next, we
investigated the effects of various doses of BPA on breast cancer
cell proliferation. As in Fig. 1A, MCF7 cells pre-treated with 100 nM
siRNA (control vs. BRCA1) for 72 h were reseeded and further trans-
fected with fresh siRNA for 24 h and were incubated with various

amounts of BPA (0, 10, 100 or 1000 nM) for 72 h. We found that
BPA increased cell proliferation in a dose-dependent manner in
both control and BRCA1 siRNA-treated cells. BRCA1 knockdown
conferred a greater BPA-mediated cell proliferation response com-
pared to control (Fig. 1B).
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mice. (B) DMSO-treated Brca1f/f;MMTV-Cre mice showed mild ductal h
ompared to (D) DMSO-treated wild-type mice where no structural changes of mam

.2. Tamoxifen or ICI182780 inhibits BPA-induced cell
roliferation in the presence and absence of BRCA1

Since BPA stimulates ER� signaling pathway (Schafer et al.,
999; Hess-Wilson et al., 2006), and BRCA1 is a known repressor
or ER� signaling pathway (Fan et al., 1999; Zheng et al., 2001), we
sked whether the increase of cell proliferation in BRCA1-siRNA
reated cells was due to the loss of BRCA1 function in repressing
R� signaling. When cells were co-treated with ER� antagonists,
amoxifen (Tam) or ICI182780 (ICI), BPA-induced cell prolifera-
ion was significantly repressed in BRCA1-siRNA transfected cells
Fig. 2). These results suggest that the increase of BPA-stimulated
ell proliferation in BRCA1 knockdown cells is dependent upon ER�
ignaling.

.3. BRCA1 knockdown enhances BPA-induced ERa target gene
xpression

Next, we tested whether BRCA1 knockdown modulates BPA-
nduced ER� target gene and protein expression. Cells similarly
reated with siRNA as in Fig. 1 were incubated with various doses
f BPA (0, 0.1, 0.5, 1 �M) for 24 h. In this experiment, we con-
rmed that BPA treatment increased estrogen target gene products,

S2 and PR (Schafer et al., 1999; Hess-Wilson et al., 2006). In
ddition, we found that the level of PCNA protein, a cell prolifera-
ion marker, was also increased by BPA treatment in both BRCA1
nockdown cells and control cells (Fig. 3A). In order to determine
hether endogenous BRCA1 affects ER�-mediated transcriptional
uctal hyperplasia with formations of micro lumen was observed in BPA-treated
lasia. (C) BPA-treated wild-type mice showed few foci of mild ductal hyperplasia
gland were observed. Magnification, 40×; inset magnification, 100×.

regulation activity following BPA, total RNA was isolated from cells
treated with siRNA ± BPA as in Fig. 3A and used for a real-time
PCR analysis. As expected, we found that BPA-mediated ER� tar-
get gene expression (pS2 and PR) was significantly increased in
BRCA1 knockdown cells (Fig. 3B). We also found that a lower dose
(0.05 �M) can stimulate pS2 and PR gene expression more in BRCA1
knockdown cells (data not shown).

3.4. BPA treatment alters mammary gland morphology in
Brca1f/f;MMTV-Cre female mice

To test the effect of BRCA1 mammary gland response to BPA in
vivo, adult virgin female Brca1f/f;MMTV-Cre mice or wild-type non-
transgenic mice at 3 months of age were implanted with Alzet
osmotic pumps (slow release of 250 ng BP A/kg/body wt/day or
DMSO) for 4 weeks. After 4 weeks of osmotic pump implantation,
the mice were euthanized, necropsied, and the mammary glands
were removed. At first, mammary glands were examined by whole
mount for morphological changes of ductal structures. The whole
mount sections of BPA-treated Brca1f/f;MMTV-Cre mice revealed more
dense mammary epithelial cell growth at the end of terminal ducts
(TDs) (Fig. 4A, arrows) compared to DMSO-treated Brca1f/f;MMTV-Cre
mice (Fig. 4B). Also the whole mount sections of BPA-treated wild-
type mice (Fig. 4C) showed slightly increased alveolar buds (ABs)
with no definite evidence of increased density in TDs. The con-
trol specimens from DMSO-treated wild-type mice (Fig. 4D) had
no specific abnormalities compared to other specimens.
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In addition to these morphologic features, we searched the
&E stained histology for ductal epithelial hyperplasia with or
ithout the cytologic atypical changes, such as enlarged nuclei,
rominent nucleoli, mitotic figures, or apoptotic bodies. The micro-
copic findings revealed that BPA-stimulated mammary epithelial
ells demonstrated abnormal hyperplasia in 69.2% (9 out of 13) of
rca1f/f;MMTV-Cre mice (Fig. 5A). Moreover, there were notable mor-
hological alterations in BPA-treated Brca1f/f;MMTV-Cre mice such
s intraductal lumen formation (Fig. 5A, inset). In contrast, these
yperplastic epithelial changes were only observed in 28% (4 out of
3) of DMSO-treated Brca1f/f;MMTV-Cre mice (Fig. 5B). There were a
ew foci of mild ductal hyperplasia in BPA-treated wild-type mice

Fig. 5C). No structural changes of mammary gland were observed
n DMSO-treated wild-type mice (Fig. 5D).

ig. 6. BPA induces increased PCNA expression in Brca1 knockout mice. (A) Increased PC
PA-treated Brca1f/f;MMTV-Cre mice. Mammary gland epithelial tissues of (B) DMSO-treate
ositives, comparing to (D) those of DMSO-treated wild-type mice. Magnification, 40×. (
f combination (DMSO or BPA).
ers 199 (2010) 261–268

3.5. BPA increases mammary epithelial cell proliferation in
Brca1f/f;MMTV-Cre female mice

The immunohistochemistry of PCNA was utilized to exam-
ine the proliferative response of BPA in mammary epithelial
cells in mice (Fig. 6). Mammary epithelial cell proliferation
was distinctively increased in BPA-treated Brca1f/f;MMTV-Cre mice
(BPA vs. DMSO-treated, 65.6 ± 9.5% vs. 32.3 ± 4.5%, ANOVA F-test
contrast, P = 0.02; Fig. 6A and B). Also, there were significant dif-
ferences, in the proliferation index in wild-type mice (BPA vs.
DMSO-treated, 37.7 ± 4.2% vs. 14.3 ± 1.4%, ANOVA F-test contrast,
P < 0.001; Fig. 6C and D). Fig. 6E presents the PCNA positive cells

and proliferation index for each genotype and treatment combina-
tion.

NA staining was observed in mammary gland hyperplastic epithelial tissues of the
d Brca1f/f;MMTV-Cre mice or (C) BPA-treated wild-type also showed frequent PCNA

E) Differential cell proliferation index was found for each genotype and treatment
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. Discussion

In this study, we have investigated the effects of BPA on mam-
ary epithelial cells in vitro and in vivo with and without functional

RCA1. Our data indicate that exposure to BPA in vitro enhances
roliferation in cells with loss of BRCA1 (by siRNA), in a dose-and
ime-dependent manner. Additionally, BPA exposure in vivo at a
ow environmentally relevant dose (250 ng/kg) increased mam-

ary epithelial cell proliferation and hyperplasia in post-pubertal
rca1 knockout mouse mammary glands.

The dose range of BPA required to stimulate cell proliferation
n our MCF7 cells is similar to that reported by others using dif-
erent MCF7 cell stocks in E-Screen assay studies (Villalobos et al.,
995). On the contrary, in the same dose range, BPA has a much
ore profound effect on stimulation of cell proliferation in MCF7

ells with loss of BRCA1 function. Additionally, co-exposure with
he estrogen receptor antagonists Tamoxifen (Tam) or ICI182780
ICI) inhibited BPA-induced cell proliferation in the presence and
bsence of BRCA1 indicating the involvement of ER� in the induced
ell growth. Since BRCA1 is known to positively regulate cell
roliferation arrest genes (e.g., Gadd45 and p21) (Harkin et al.,
999; Somasundaram et al., 1997), BPA-induced cell prolifera-
ion in BRCA1 knockdown cells may not be exclusively dependent
pon ER� signaling. Interestingly, when low concentration of Tam
as added, a reduced inhibition of BPA-induced cell prolifera-

ion was observed in BRCA1 knockdown cells (data not shown),
hich implies that non-ER� pathway may be also involved in BPA-

nduced MCF7 cell proliferation.
The BRCA1 protein has been linked to a broad number of generic

ellular processes including regulation of DNA repair, chromatin
emodeling, and cell cycle checkpoint control (Narod and Foulkes,
004; Rosen et al., 2005). One function of BRCA1, however, that
akes alterations in this gene most relevant to BPA exposure is

he ability of BRCA1 to inhibit ER� signaling to proliferation. Fan
t al. (1999) have postulated that BRCA1 has a repressive effect on
enomic ER�-mediated gene transcription. Hence, we have used
arameters related to estrogen signaling as markers to determine
hether a decrease in BRCA1 expression levels alters BPA-induced

ene expression. Consistent with previous reports, BPA induced PR
Krishnan et al., 1993; Olea et al., 1996) and pS2 gene transcrip-
ion (Olsen et al., 2003; Soto et al., 1995) in MCF7 cells (Fig. 3B).
igher dose of the BPA (1 �M), however, did not further increase
ene expression (i.e., PR) or was slightly less responsive compared
o 0.5 �M BPA (i.e., pS2) in MCF7 cells with functional BRCA1. Pre-
iously, the “nonmonotonic” nature of BPA on growth of human
rostate adenocarcinoma cells has been reported (Wetherill et al.,
002). To establish whether our observation is a true nonmonotonic
ffect, further experiments will be needed with a wider range of
oses (Vandenberg et al., 2009). Interestingly, this nonmonotonic-

ike phenomenon was not detected at least in PR gene expression
n MCF7 cells with BRCA1 knockdown.

In the present study, we have also demonstrated that post-
ubertal exposure to an environmentally relevant dose of BPA led
o a significantly increased growth response in mammary epithe-
ial cells of virgin mice with a deficiency in Brca1 compared to

ild-type mice. It is likely that the increase in proliferation con-
ributes to the abnormal mammary gland morphology observed
n BPA-treated Brca1f/f;MMTV-Cre mice. The BPA-induced changes in

ammary gland morphology and proliferation in Brca1-deficient
ice were similar to the physiological effects of exogenous 17�-

stradiol, which stimulates an increase in mammary epithelial cell

roliferation in this same model (Jones et al., 2008). Our findings
uggest that Brca1 may function to limit the physiological growth
esponse to BPA.

This study demonstrates that the xenoestrogen BPA acts as a
itogen in mammary epithelial cells with loss of BRCA1 function.
ers 199 (2010) 261–268 267

These effects, observed both in vitro and in vivo, occur at very simi-
lar levels to those measured in circulating blood of humans (Calafat
et al., 2005; Tsutsumi, 2005; Yamada et al., 2002). Additional stud-
ies in animals will be conducted using more animals per group and
several BPA dosages (verification with BPA plasma/serum measure-
ments) to determine the consistency of these preliminary findings
and to determine if the effects observed in the present study are
dose-responsive. However, our current data suggest that loss of
BRCA1 function may enhance BPA effects via estrogen-related path-
ways. This study highlights the importance of conducting research
to understand how differences in genetic factors can affect sensi-
tivity to environmental exposures.
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