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Abstract

We investigated the interaction of bisphenol A (BPA, an estrogenic environmental contaminant used in the manufacture of
plastics) with the estrogen receptor alpha (ER«) transfected into the human HepG2 hepatoma cell line and expanded the study
in vivo to examine the effect of BPA on the immature rat uterus. Bisphenol A was 26-fold less potent in activating ER-WT and
was a partial agonist with the ERx compared to E,. The use of ERx mutants in which the AF1 or AF2 regions were inactivated
has permitted the classification of ER ligands into mechanistically distinct groups. The pattern of activity of BPA with the ER«
mutants differed from the activity observed with weak estrogens (estrone and estriol), partial ER« agonists (raloxifene or
4-OH-tamoxifen), or a pure antagonist (ICI 182, 780). Intact immature female Sprague—Dawley rats were exposed to BPA alone
or with E, for 3 days. Unlike E,, BPA had no effect on uterine weight; however, like E,, both peroxidase activity and PR levels
were elevated, though not to the level induced by E,. Following simultaneous administration, BPA antagonized the E, stimulatory
effects on both peroxidase activity and PR levels but did not inhibit E,-induced increases of uterine weight. These results
demonstrate that BPA is not merely a weak estrogen mimic but exhibits a distinct mechanism of action at the ERa. © 1998
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Much recent public and scientific interest has been
focused on environmental chemicals capable of inter-
acting with the estrogen receptor (ER). These ‘environ-
mental estrogens’ are hypothesized to mimic the actions
of natural estrogens in humans and thereby disrupt
normal endocrine function leading to reduced fertility,
congenital malformations of the reproductive tract, and
increased incidence of cancer in estrogen-responsive
tissues (Colborn et al., 1993; Davis et al., 1993). One
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such chemical with estrogenic activity is bisphenol A
(BPA). Bisphenol A is a monomer used in the manufac-
ture of polycarbonate, epoxy, and polyester-styrene
resins. Trace levels of BPA leach from the linings of
food cans and dental resins (Brotons et al., 1995; Olea
et al., 1996). High doses were reported to cause repro-
ductive toxicity and affect cellular development in rats
and mice (Reel et al., 1985; Morrissey et al., 1987). In
in vitro systems, BPA competes with estradiol (E,) for
binding with the ER« (one of the two ER sub-types)
and induces expression of progesterone receptor (PR)
and proliferation of MCF-7 human breast cancer cells
(Krishnan et al., 1993; Soto et al., 1995; Villalobos et
al., 1995). These results demonstrate that BPA mimics
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some of the actions of estrogen in vitro. However, the
effects of BPA on ER« transcriptional activity in vivo
have yet to be determined.

ER« and other members of the steroid receptor
superfamily exhibit a common domain structure with
distinct regions responsible for ligand binding, dimer
formation, DNA binding, and transcriptional activa-
tion (Kumar et al., 1987). Upon binding estrogen, the
ER —estrogen complex is translocated into the nucleus,
where it binds to estrogen-responsive elements (ERE)
located in the 5" flanking region of estrogen-responsive
genes. The estrogen-occupied receptor then interacts
with additional transcription factors and components
of the transcription initiation complex to modulate gene
transcription.

Although two sub types of the ER, ER« and ERp,
have been identified, extensive studies have investigated
the molecular activation of the ER«. The ERo exhibits
two distinct gene transactivating regions, AF1 in the
amino terminus and AF2 in the carboxyl terminus
(formerly designated as TAF1 and TAF2) (Tora et al.,
1989). These sequences function in a cell- and pro-
moter-specific manner to mediate ERo function (Berry
et al., 1990; Tzukerman et al., 1994). In human hep-
atoma HepG2 cells transiently transfected with the
ER«-wild type or mutants in the AF1 or AF2 regions
and a reporter gene with a human complement factor 3
(C3)-ERE promoter, ER ligands have been divided into
mechanistically distinct groups based upon their rela-
tive ability to activate AF1/AF2 regions (E,, pure ago-
nist; tamoxifen or raloxifene, partial agonists; ICI 182,
780, pure antagonist) (Tzukerman et al., 1994; McDon-
nell et al., 1995; Willson et al., 1997). These mechanisti-
cally distinct groups manifest unique biology in vivo.
Tamoxifen was reported to exhibit anti-estrogenic ac-
tivity in mammary tissue, but full ER agonist responses
were observed in the uterus and bone (Robertson et al.,
1982; Jordan et al., 1987; Love et al., 1992). Raloxifene
ER agonist activity has only been observed in the bone,
and ICI 182, 780 is a pure ER antagonist in all estro-
gen-responsive tissues (Wakeling et al., 1991; Evans et
al., 1993; Black et al.,, 1994). Although the crystal
structure of ER« is unknown, analysis of ER« structure
using in vitro biochemical techniques in the presence of
various ligands has revealed that the interaction of
these compounds with the ER is not the same (McDon-
nell et al., 1995; Potthoff et al., 1996), indicating a link
between receptor structure and biological activity. This
hypothesis reflects an evolution in our understanding of
the role of the ligand in ER function, suggesting that
the ligand is not merely a switch but an integral compo-
nent of the ‘activated ERa’. Thus, binding affinity
alone is only one property of a ligand that may predict
biological activity. Consequently, classification of ER«
ligands into mechanistically distinct groups and a deter-
mination of the in vivo response to members of the

group will aid in the evaluation of these compounds as
potential pharmaceuticals or toxicants. A useful model
to classify different ER ligands, the HepG2 assay, was
established utilizing the ERa. As observed in the
present study and others (Robertson et al., 1982; Jor-
dan et al., 1987; Wakeling et al., 1991; Love et al., 1992;
Evans et al., 1993; Black et al., 1994; Tzukerman et al.,
1994; McDonnell et al., 1995; Willson et al., 1997), this
classification correlates to activity observed in vivo.
Although ERJf likely plays an important role in the
activity of estrogens in vivo, the molecular determinants
of ERf activity have yet to be characterized.

In this study, we investigated the interaction of BPA
with the ER« transfected into the human HepG2 hep-
atoma cell line and compared the actions of BPA with
E, and other ER agonist/antagonists (estriol, estrone,
tamoxifen and raloxifene). We demonstrate that BPA
displays distinct activities with the ER-WT, ER-AFI,
and ER-AF2 mutants that differ from the activities of
other known classes of ER ligands. Our results in a rat
uterotrophic assay support this unique activity of BPA.
Thus, BPA is not merely an estrogen mimic but likely
interacts with the ER« in a unique manner to produce
its own spectrum of activity.

2. Materials and methods
2.1. Chemicals

Chemicals were purchased from Fisher (Pittsburgh,
PA), Sigma (St. Louis, MO) or Boehringer-Mannheim
(Indianapolis, IN) unless otherwise noted. Raloxifene
and ICT 182, 780 were a gift from Dr A.E. Wakeling
(Zeneca Pharmaceuticals, UK). Cell culture solutions
and chemicals were purchased from Gibco/BRL
(Grand Island, NY). Human HepG2 cells (obtained
from ATCC) were routinely maintained in minimal
essential medium with phenol red and 9% fetal bovine
serum (Hyclone, Logan, UT), 2% L-glutamine, 0.1%
sodium pyruvate and 0.3% nystatin.

2.2. HepG2 transfection and ERa assay

The human wild-type (ER-WT), and mutant ER«
(ER-AF1, ER-AF2, and ER-null) and the constitutively
active ff-gal plasmid were described previously (Tzuker-
man et al., 1994). The rat wild-type ERa (RSV Rc ER
or ER-RAT) was a generous gift from Dr Richard Day
(University of Virginia, Charlottesville, VA). It was
prepared by replacing the f-globin sequence of RSV
f-globin (Gorman et al., 1982) with the pRcER6
EcoR1 insert from the 4 gtl0 clone isolated by Koike
and coworkers (Koike et al., 1987). The clone consists
of 225 bp 5'UT, the complete rat ER« coding sequence,
and 86 bp of 3'UT sequence. All plasmids contain a



J.C. Gould et al. / Molecular and Cellular Endocrinology 142 (1998) 203214 205

RSV promoter, except the ERE-C3-Luc reporter plas-
mid, which contains an estrogen-responsive human
complement factor 3 (C3) promoter. The method for
transfection and the ERa assay were performed as
described previously (Tzukerman et al., 1994). Briefly,
cells were seeded for 18 h in 24-well plates in phenol
red-free Eagle’s minimal essential medium with non-es-
sential amino acids (Gibco/BRL) containing 9% resin
stripped fetal bovine serum, 2% L-glutamine and 0.1%
sodium pyruvate at a density of 2.0 x 10° cells per well.
The cells were transfected with three plasmids: receptor
plasmid, C3-LUC reporter plasmid, and f-gal plasmid
(transfection control) in Lipofectin and OptiMEM to a
final volume of 300 ul for 3 h. Due to improved
stability, Superfect (Qiagen, Santa Clarita, CA) and
complete MEM were used at a final volume of 200 x1
for 3 h in the weak estrogen experiments. After rinsing
with phosphate-buffered saline, cells were treated with
10-"-10°® M 4-OH-tamoxifen (Research Biomedi-
cals International, Natwick, MA), 10-'1-10-¢ M
raloxifene, 10~8-10=°> M BPA, 10~° M ICI 182, 780
and/or 10~ "'-10-° M E, (Aldrich, Milwaukee, WI),
or vehicle (methanol at 0.1 or 0.2% in BPA or E, and
ICI 182, 780 antagonist assays) in complete medium.
For the weak agonist experiments, 10~ 1°-10=° M
estriol (Aldrich, Milwaukee, WI) or estrone or 10~ !1—
10-° M E, was dissolved in DMSO (final concentra-
tion equalled 0.1% DMSO). After a 24 h incubation,
cells were lysed with buffer (25 mM Tris, pH 7.8, 2 mM
1,2-diaminocyclohexane-N,N,N,N -tetraacetic acid, 10%
glycerol, 0.5% Triton X, 2 mM DTT). Lysate was
divided for luciferase and f-galactosidase activity deter-
mination into two 96-well plates. For luciferase activity
evaluation, 100 1 of luciferase assay reagent (Promega,
Madison, WI) was added to lysate, and luminescence
was determined using a Microlite ML3000 microtiter
plate luminometer (Dynatech Laboratories, Chantilly,
VA). For ff-galactosidase activity determination, 20 u1
of 4 mg/ml chlorophenol red-f-D-galactopyranoside
(CPRG) and 150 41 CPRG buffer (60 mM Na,HPO,,
40 mM NaH,PO,, 10 mM KCI1, I mM MgSO,, 50 mM
f-mercaptoethanol, pH 7.8) was added to lysate. The
absorbance rate at 570 nm was determined immediately
on a kinetic microplate reader (Molecular Devices,
Menlo Park, CA). Estrogen receptor activity was nor-
malized to f-galactosidase activity, and the methanol
blank activity was subtracted. Data were plotted and
the ECs, and V,,,, determined using a Hill function:

ax

Response = (V-(dose)")
POTSE = {(10F5)V 1 (dose)™)
where N = Hill coefficient, V=V, or maximal nor-

malized luciferase activity, and KK = the concentration
at which normalized luciferase activity is 50% of maxi-
mum (EC,,). To normalize activity between experi-
ments, data from multiple experiments was displayed as

a percentage of the V,,,, induced by E,. The normalized
V..ax and ECs, values for E, and BPA for each receptor

were compared using a t-test (JMP, SAS Institute,
Cary, NC).

2.3. 17p-estradiol binding competition assay

The assay was performed as previously described by
Tzukerman and colleagues (Tzukerman et al., 1994)
with slight modifications (Obourn et al., 1993). Serial
dilutions of E, (10~ ''-10~5 M) and BPA (10 8-3 x
10> M) were prepared in 10 mM Tris (pH 7.6), 0.3 M
potassium chloride, 5 mM dithiothreitol, and 1 mg/ml
bovine serum albumin. A concentration of 5 x 1073 M
178 -[*H]estradiol (Amersham, Arlington Heights, IL)
was added to each tube. Recombinant human ER« or
the mutated receptor containing an intact AF1 region
isolated from yeast was added at 600 ug protein per
tube. After an overnight incubation at 4°C, 100 ul of a
6% hydroxyapatite (HAP) slurry in dilution buffer (10
mM Tris (pH 7.6) and 5 mM DTT) were added. The
tubes were incubated at 4°C for 30 min. The tubes were
centrifuged at 1000 x g for 5 min. HAP pellets were
washed three times in dilution buffer containing 1%
Triton X-100. The pellets were resuspended in 1 ml of
dilution buffer and transferred to scintillation vials.
Scintillation fluid, Ecolume (ICN, Costa Mesa, CA),
was added, vortexed, and radioactivity was measured
on a Packard Tri-carb 460 scintillation counter (Pack-
ard Instruments).

2.4. Animals

Animals procedures were conducted in accordance
with all local and federal laws and followed the NIH
Guide for the Care and Use of Laboratory Animals
(National Research Council, 1996). A total of 19 day-
old female Sprague—Dawley rats were obtained from
Harlan Sprague—Dawley (Houston, TX) and housed
four to a cage with ad libitum access to food and water.
Bisphenol A was dissolved in corn oil. Groups of
female Sprague—Dawley rats (n =4 or 5) received 0.2
ml of 5.0, 10, 25, 50, 100 or 150 mg BPA/kg or vehicle
control p.o. for 3 days beginning on day 21. Due to
solubility limitations, 150 mg BPA/kg was the highest
dose administered. Bisphenol A was given orally be-
cause this route of exposure is more relevant to human
exposure. Some groups also received 0.5 ug/day of E,
in corn oil by i.p. injection of the same 3 treatment days
(PND 21-23), and control rats received corn oil alone.
Animals were killed by carbon dioxide asphyxiation 20
h after the last treatment; and the uteri were quickly
removed, cleaned of connected tissue, weighed, and
placed in ice-cold buffer.
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2.5. Progesterone receptor measurement

The uterine bisections of each treatment group were
pooled in an ice-cold TESHMo buffer (10 mM Tris—
HCI, pH 7.4; 1.5 mM EDTA; 15 mM thioglycerol; 10
mM sodium molybdate), 1 ml/50 mg tissue. Uteri were
homogenized with three 8 s bursts using a Brinkman/
Polytron tissue grinder. Samples were then centrifuged
for 45 min at 105000 x g, and the clear supernatant,
constituting the cytosol for this experiment, was care-
fully decanted and immediately used for receptor as-
says. Progesterone receptor levels were determined with
competitive binding assays. Cytosolic fractions de-
scribed above were incubated with 20 nM [PH]R5020
with or without 2 4M unlabeled progesterone at 4°C.
After 16—18 h, incubations were placed on ice and
treated with 0.1 volume dextran-coated charcoal sus-
pension (0.5% dextran: 5% charcoal, v/v) for 10 min.
Samples were then centrifuged at 5000 x g for 10 min,
and the radioactivity of the entire supernatant was
measured by liquid scintillation counting. Progesterone
receptor levels are reported in femtomol per uterus.
Results are expressed as means + SEM, and statistical
differences were determined by Analysis of variance
and the Duncan new multiple range test.

2.6. Uterine peroxidase assay

Uterine bisections were pooled into treatment groups
and homogenized as described above. Homogenates
were centrifuged at 39000 x g at 2°C for 45 min, and
the resultant pellet was washed and resuspended in 10
mM Tris—HCI buffer containing 0.5 M CaCl, using a
Brinkman homogenizer. The extract was clarified by
centrifugation of the sample for 45 min at 30000 x g at
2°C. The assay mixture (3.0 ml total) contained 13 mM
guaiacol and 0.3 mM H,O, in the extraction buffer.
The reaction was started by addition of 1.0 ml of the
CaCl, extract. The initial rate (I min) of guaiacol
oxidation was monitored on a Beckman spectrophoto-
meter using a time drive program at 470 nM. An
enzyme unit was defined as the amount of enzyme
required to produce an increase of one absorbance unit
per minute under the assay conditions described. En-
zyme activity is expressed per milligram uterine protein.
Results are expressed as means + SEM, and statistical
differences were determined by Analysis of variance
and the Duncan new multiple range test.

3. Results

Maximal luciferase activity after being normalized
for transfection efficiency, was determined using a Hill
function. Within each experiment, variability in tripli-
cate wells from the vehicle-treated HepG2 cells trans-

fected with the ER-WT was 13.4+ 3.1 normalized
luciferase activity units ( + SEM). To control for varia-
tion in peak luciferase activity between experiments and
to allow for combining experiments for statistical pur-
poses, each experiment was normalized to peak E,
activity from that experiment. The maximal luciferase
activity induced by E, was 769 + 455 normalized luci-
ferase activity units ( &+ SEM; n = 6). Variability repre-
sents differences in peak luciferase activity from
experiment to experiment. Relative potency and peak
activity between E, and BPA did not vary significantly
(despite this variation in peak luciferase activity be-
tween experiments). Student’s ¢-test was performed on
combined experiments to determine statistical differ-
ences between maximal activity or potency of E, and
BPA. Estradiol increased luciferase activity in a dose
dependent manner in human HepG2 hepatoma cells
cotransfected with the human wild-type ERa (ER-WT)
and a luciferase reporter gene (Fig. 1A). Half-maximal
transcriptional response (effective concentration; ECs,)
to E, occurred at a concentration of 9.9 + 2.7 nM. The
ECs, values represent the concentration required to
achieve half-maximal luciferase activity for that chemi-
cal. Bisphenol A induced a maximal luciferase activity
that was 70.7 &+ 6.5% of that induced by E, (Fig. 1A).
In addition, BPA was significantly less potent than E,
with an ECs, of 218 +25 nM.

We next used an established paradigm utilizing hu-
man ERa mutants in the AF1 or AF2 regions to
investigate ER«-ligand interactions (Tzukerman et al.,
1994; McDonnell et al., 1995). The mutant human ER«
containing an inactive transcriptional AF2 region, ER-
AF1, was investigated for the ability of BPA to bind to
the ER« and activate transcription. The maximal luci-
ferase activity induced by E, with the ER-AF1 mutant
was 482 + 169 normalized luciferase activity units ( +
SEM). Estradiol and BPA activated the ER-AF1 in a
dose-dependent manner (Fig. 1B). Bisphenol A had
partial agonist activity with the ER-AFI1, inducing
40 +4.0% of the activity observed with E,.

The activity of BPA with the ER-AF2 (containing a
truncated AF1 region) was also determined. Maximal
transcriptional response observed after E, treatment
was only 24.9 + 1.4 normalized luciferase activity units
(+SEM), 10.3 +2.1% of that obtained with the ER-
WT. Bisphenol A again acted as a partial agonist with
the ER-AF?2 relative to E,, inducing only 69.8 +4.4%
of the activity induced by E, (Fig. 1C).

The ER-null, a transcriptionally inactive receptor
containing mutations in both the AF1 and AF2 regions
was employed as a negative control. No luciferase
activity was observed after treatment of ER-null trans-
fected HepG2 cells with E, or BPA (Fig. 1A). Back-
ground luciferase activity in vehicle-treated cells
transfected with ER-WT was 14.5 + 3.6% above that
observed with ER-null. Both ER-AF1 and ER-AF2
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Fig. 1. Partial agonist activation of the human wild-type (ER-WT)
(A) and estrogen receptors mutant in the AF1 (B) or AF2 (C) regions
by bisphenol A compared to estradiol. HepG2 cells were transiently
cotransfected with 270 ng of ER-WT (A), ER-null (A), ER-AF1 (B)
or AF2 (C) plasmid, 405 ng pC3-luc reporter plasmid and 135 ng
pRSV-f-gal plasmid. Cells were treated with increasing concentra-
tions of E, or BPA, or vehicle (methanol) for 24 h and assayed for
luciferase activity (luciferase activity was normalized to f-galactosi-
dase activity which is indicative of transfection efficiency). Mean
maximal luciferase activity induced by E, with the ER-AF1 and
ER-AF2 was 58.3 + 4.1 and 24.9 4 1.4%, respectively, of the activity
induced with the ER-WT. Luciferase activity is shown as the mean of
the percent activity of the maximal E, induced activity. Estradiol was

mutants when transfected into HepG2 cells had back-
ground activity equivalent to the level observed with
ER-null (data not shown). Background luciferase activ-
ity is probably due to ligand-independent ER« activa-
tion (McDonnell et al., 1995). A pure ER antagonist,
ICI 182, 780, was used to emphasize that estrogenic
effects of BPA occurred through the ERa. ICI 182, 780
decreased background luciferase activity with the ER-
WT to levels observed with ER-null (Fig. 2). In HepG2
cells transfected with ER-WT or ER-AF1, ICI 182, 780
(10~ ° M) completely blocked E,-induced (3 x 10~7 M)
luciferase activity (Fig. 2). Similarly, BPA-induced
(10~ ° M) luciferase activity with the ER-WT and ER-
AF1 was inhibited by ICI 182, 780 (10 ~° M) (Fig. 2).
Together, these results emphasize that the estrogenic
effects of BPA are occurring through the ERa.

Bisphenol A has been shown previously to compete
with E, for binding to the ERa (Olea et al., 1996).
However, the partial agonist activity of BPA with the
ER-AF1 mutant could be due to decreased binding
affinity for this mutant ERa. Therefore, the binding of
E, and BPA with purified ER-WT or ER-AF1 was
examined. As was observed with E,, the binding affinity
of BPA was the same for both receptors, ER-AF1 and
ER-WT, (Fig. 3).

We compared the activity of BPA to other ER«
ligand classes in ERo-transfected HepG?2 cells repre-
sented by raloxifene (type III) and 4-OH-tamoxifen
(40H-T) (type 1V) (McDonnell et al., 1995). Estradiol
and BPA induced activity with ER-WT, ER-AF1, and
ER-AF2 was discussed above (Figs. 1 and 4). Luci-
ferase activity induced by 4OH-T with the ER-WT, and
ER-AF1 was 27.8 +2.1 and 10.9 + 3.7%, respectively,
compared to E, (Fig. 4A,4B). Raloxifene decreased
basal ER-WT activity (Fig. 4A) in a manner similar to
that observed with ICI 182, 780 (Fig. 2A); however,
raloxifene was a partial agonist with the ER-AF1
reaching 14.5 +2.5% of E,-induced activity (Fig. 4B).
Neither 4OH-T nor raloxifene induced luciferase activ-
ity in HepG?2 cells transfected with ER- AF2 (Fig. 4C).
The pattern of responses for 4OH-T and raloxifene
were similar to what had been previously reported
(McDonnell et al., 1995; Willson et al., 1997). However,
BPA had a distinct fingerprint with this paradigm
compared to other classes of ER ligands.

run in parallel with BPA for each individual experiment. Data for
ER-WT and ER-null represent the combined data from six experi-
ments, ER-AF1 data represent the combined data from ten experi-
ments, and ER-AF2 data represent the combined data from three
experiments (each dose and receptor in triplicate). The data represent
the mean + SEM of all replicate experiments for each chemical and
receptor.
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Endogenous weak estrogens were examined in the
HepG2 assay. Estriol and estrone had the same maxi-
mal luciferase activity and similar potency with the
ER-WT, ER-AF1, and ER-AF2 as that observed with
E, (Fig. 5), indicating weak estrogens have the same
pattern as E, in the HepG2 paradigm.
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Fig. 2. ICI-182, 780 inhibits activation of the human wild-type
estrogen receptor (ER-WT) (A) or Mutant Estrogen Receptor (ER-
AF1) (B) induced by estradiol and bisphenol A. HepG2 cells were
transiently cotransfected with 270 ng of ER-WT or ER-AF1 plasmid,
405 ng pC3-luc reporter plasmid, and 135 ng pRSV-f-gal plasmid.
Cells were treated with vehicle (methanol and ethanol), 10~ M ICI
182, 780, 3 x 10 =7 uM E,, ICI 182, 780 and E,, 10~¢ M BPA, or
ICI 182, 780 and BPA for 24 h and assayed for luciferase activity
(luciferase activity was normalized to f-galactosidase activity which
is indicative of transfection efficiency). Experiments were repeated
three times, each dose and receptor in triplicate. The data above are
one representative experiment.
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Fig. 3. Competitive binding of estradiol and bisphenol A to the
purified human estrogen receptor or mutant estrogen receptor (ER-
AFI1). E, or BPA was mixed with 5 nM 178-[*H]estradiol and
recombinant human ER, or purified ER-AF1 isolated from yeast.
After an overnight incubation, the receptor complex was precipitated
with a HAP solution. The HAP pellets were washed three times in
dilution buffer containing 1% Triton X-100. The radioactivity in the
pellets was measured. The data represent one experiment.

We transfected wild type rat ER« into HepG2 cells
in order to compare species differences between the
human and rat ER« in vitro. In contrast to the partial
activity observed with BPA and the human ER« rela-
tive to E,, BPA induced 29 + 10% greater calculated
maximal luciferase activity than E, (Fig. 6) with the
rat ERa. The ECs, for E, and BPA were 6.5 + 2.6 and
210 + 14 nM, respectively.

The responsiveness of the rat uterus to BPA was
examined to assess the in vivo estrogenic potential of
BPA. A dose range of BPA (5, 10, 25, 50, 100 or 150
mg BPA/kg) was administered to immature female
rats in a standard uterotrophic assay. Uterine wet
weight and two estrogen-responsive proteins, peroxi-
dase activity and progesterone receptors (PR) levels,
were assessed (Table 1). Bisphenol A had no effect on
uterine weight and increased peroxidase activity by at
least 50% at the two highest dose levels (100 and 150
mg BPA/kg per day). A reduction in peroxidase activ-
ity was observed after treatment with the lowest dose
treatment of BPA (5 mg BPA /kg per day). In contrast,
PR levels were elevated at least 75% in all dose
groups. The BPA effects observed on both peroxidase
activity and PR levels were less than those observed
with E, treatment.

Estradiol (0.5 wug/rat) and various doses of BPA
were administered simultaneously to immature female
rats; and uterine wet weight, peroxidase activity, and
PR levels were determined (Table 2). Bisphenol A had
no effect on E,-induced uterine wet weight. However,
BPA inhibited the E,-stimulated peroxidase activity by
at least 43% in the rats treated with 100 and 150 mg
BPA/kg per day and inhibited the E,-stimulated PR
levels up to 55% at all dose levels of BPA.
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Fig. 4. A comparison of the activation of the human estrogen
receptor (ER-WT) (A), mutant estrogen receptor ER-AF1 (B) or
ER-AF2 (C) by estradiol, 4-OH-tamoxifen, raloxifene, or bisphenol
A. HepG2 cells were transiently cotransfected with 40 ng of human
ER-WT, ER-AFI, or ER-AF2 plasmid, 405 ng pC3-luc reporter
plasmid and 110 ng pRSV-f-gal plasmid. Cells were treated with
vehicle (methanol) or increasing concentrations of E,, 4OH-T, ralox-
ifene, or BPA for 24 h and assayed for luciferase activity (luciferase

4. Discussion

Estrogenic compounds have been classified based on
their ability to induce a selective response with the ER«
(Katzenellenbogen et al., 1996). In the present study we
have used an established ER« paradigm (Tzukerman et
al., 1994; McDonnell et al., 1995; Willson et al., 1997)
in HepG?2 cells to demonstrate that BPA interacts with
the ER« in a unique manner that differs from other
known classes of ER ligands. This unique interaction
with the ERo may explain, in part, differences in the
effects of BPA as compared with E, in vivo.

The ability of an estrogen—ER« complex to induce
transcription is dependent upon the two transcription
activation domains of the ER«, AF1 and AF2 (Tasset
et al., 1990). The receptor undergoes a conformational
change upon estrogen binding, allowing these domains
to interact with cellular cofactors that enhance DNA
binding and transcription (Renaud et al., 1995; Mclner-
ney et al., 1996). ER ligands have been divided into
mechanistically distinct groups based upon their rela-
tive ability to activate AF1/AF2 regions (McDonnell et
al., 1995) which is thought to be due to the ability of
these different classes to induce distinct conformations
of the ERa. At least four different structural classes of
partial ER« agonists/antagonists have been described,
and these include E, (pure agonist), ICI 182, 780 (Type
II, pure antagonist), raloxifene (Type III, anti-estro-
gen), and 4OH-T (Type 1V, anti-estrogen). These mech-
anistically distinct groups manifest unique biology in
vitro (Fig. 4) and in vivo (Jordan et al., 1987; Wakeling
et al., 1991; McDonnell et al., 1995).

Bisphenol A defines a new class of ERa-interactive
compound that has actions distinct from other ER«
agonist/antagonist compounds. Although the partial
agonist efficacy of BPA was almost that of E, in
HepG2 cells transfected with the ER-WT, a marked
decrease in maximal luciferase activity relative to E,
was observed with the ER-AF1 and ER-AF2 mutants
(Figs. 1 and 4). This in vitro activity of BPA was
dissimilar from that of E,, ICI 182, 780, raloxifene, and
40H-T (Figs. 1, 2 and 4). The distinct activity of BPA
is most likely due to an induction of a conformation of
the activated ERo by BPA that differs from these other
known classes of ER ligands. Thus, it is likely that BPA
will induce a unique subset of ERa-responsive genes in

activity was normalized to f-galactosidase activity which is indicative
of transfection efficiency). Each individual experiment consisted of
E,, BPA, 4OH-T, and raloxifene performed in parallel. Experiments
were repeated four times (ER-WT and ER-AF2) and six times
(ER-AF1), each dose and receptor in triplicate. The data above are
one representative experiment.
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Fig. 5. A comparison of the activation of the human estrogen
receptor (ER-WT) (A), mutant estrogen receptor ER-AF1 (B) or
ER-AF2 (C) by Estradiol, Estrone, and Estriol. HepG2 cells
were transiently cotransfected with 40 ng of human ER-WT, ER-
AF1, or ER-AF2 plasmid, 405 ng pC3-luc reporter plasmid and
110 ng pRSV-f-gal plasmid. Cells were treated with vehicle
(methanol) or increasing concentrations of E,, estrone or estriol
for 24 h and assayed for luciferase activity (luciferase activity
was normalized to f-galactosidase activity which is indicative of
transfection efficiency). Each individual experiment consisted of
E,, estrone and estriol performed in parallel. Experiments were
repeated four times (ER-WT) and five times (ER-AF1 and ER-
AF2), each dose and receptor in triplicate. The data represent
the mean + SEM of all replicate experiments for each chemical
and receptor.
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Fig. 6. Activation of the rat wild-type (ER-RAT) by estradiol
and bisphenol A. HepG2 cells were transiently cotransfected with
16 ng of ER-RAT plasmid, 405 ng pC3-luc reporter plasmid and
135 ng pRSV-f-gal plasmid. Cells were treated with vehicle
(methanol) or increasing concentrations of E, or BPA for 24 h
and assayed for luciferase activity (luciferase activity was normal-
ized to f-galactosidase activity which is indicative of transfection
efficiency). Luciferase activity is shown as the mean of the per-
cent activity of the maximal E, induced activity. Estradiol was
run in parallel with BPA for each individual experiment. Data
for ER-RAT represent the combined data from three experi-
ments, each dose and receptor in triplicate. The data represent
the mean + SEM of all replicate experiments for each chemical.
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vivo resulting in a biological response which differs
from the known classes of ER ligands. In addition, we
showed that the activity of BPA could not be explained
just because it was a weak estrogen, since the activity of
BPA also did not resemble that of other known weak
ER agonists such as estriol and estrone. Using HepG2
cells transfected with human wild-type and mutant
ERus, estrone or estriol had the same profile as E, (Fig.
5).

Our studies in vivo support the hypothesis that the
activity of BPA is unique compared to other ER lig-
ands. While BPA had no uterotrophic effects in imma-
ture female rat, uterine estrogen-responsive proteins
were induced, although not to the extent observed for
E, (Table 1). In addition, BPA antagonized induction
of uterine responsive proteins by E, (Table 2). To-
gether, these results indicate that BPA is acting as a
partial agonist for these two responses. 4OH-T was
reported to exhibit anti-estrogenic activity in mammary
tissue, but full ER« agonist responses were observed in
the uterus and bone (Robertson et al., 1982; Jordan et
al., 1987; Love et al., 1992). Raloxifene ERo agonist
activity has only been observed in the bone, and ICI
182, 780 is a pure ERo antagonist in all estrogen-re-
sponsive tissues (Wakeling et al., 1991; Evans et al.,
1993; Black et al., 1994). Thus, BPA appears to have a
unique profile of responses. Steinmetz and colleagues
also observed that BPA stimulated some, but not all
E,-inducible responses in the F344 rat pituitary (Stein-
metz et al.,, 1997). The lack of effect on uterine weight
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Table 1

Effects of bisphenol A on estrogenic responses in the immature Sprague—Dawley rat uterus

Treatment (mg/kg per day) Uterine wet wt. (mg) Peroxidase activity (activity/mg protein)*

Progesterone receptor (fmol/uterus)®

Control 40 +8 0.36 + 0.04
Estradiol 0.5 ug 190 + 80 2.9440.05
Bisphenol A (mg/kg)

5.0 38+3 0.12 + 0.04*
10 33+£3 0.40 +0.05
25 35+3 0.21 +0.04
50 35+£5 0.24 +0.03
100 34+5 0.54 +0.03*
150 40 +4 0.75%

454 + 37
2786 + 247*

612 +17*
683 + 38*
599 + 19*
627 £ 10*
608 + 49*
801 + 36*

2 A total of 21 day old rats were treated with E, or different doses of BPA, and animals were killed 20 h after the last treatment. The pooled uterus
was homogenized and purified by centrifugation. The uterine peroxidase assay monitored the initial rate of guaiacol oxidation at 470 nM. An
enzyme unit was defined as the amount of enzyme required to produce an increase of one absorbance unit per minute under the assay conditions
described. Enzyme activity is reported as the mean (activity per mg uterine protein) + SEM.

® A total of 21 day old rats were treated as described above. The pooled uterus was homogenized and the cytosolic fraction was obtained.
Progesterone receptor levels were determined by competitive binding of [PHJR5020 with or without unlabeled progesterone. Dextran-coated
charcoal suspension was used to separate free hormone, and the radioactivity of the supernatant was measured. Progesterone receptor levels are

reported as the means (fmol per uterus) + SEM.

* Significant difference from control animals (P <0.05) was determined by Analysis of Variance and the Duncan new multiple range test.

was unexpected considering reports to the contrary
described intraperitoneal injections of BPA increased
uterine weight in a uterotrophic assay (Bond et al.,
1980; Papaconstantinou et al., 1998). We recognize that
a number of other factors such as absorption, differen-
tial metabolism and alternate signaling pathways also
play a role in any in vivo response. These factors may
account for some of the effects observed in the rat
uterus (i.e. uterotrophic assay, stimulation of PR).
Some effects of BPA may also occur via alternate
pathways in addition to ERo mediated induction of
these E, responsive proteins. For example, tumor ne-
crosis factor-o can regulate PR via a ER« independent
mechanism (Kalkhoven et al., 1996). The effects of
BPA on these alternate pathways has not been
investigated.

Estrogen receptor activation can also occur through
pathways other than through classical ER« activation
pathway. Epidermal growth factor, dopamine, insulin
like growth factor-I, and transforming growth factor-o
have been reported to induce estrogen-like responses
and these responses were inhibited by ICI 164, 384, a
pure ERo antagonist (Ignar-Trowbridge et al., 1992;
Chalbos et al., 1993; Ignar-Trowbridge et al., 1993;
Smith et al., 1993) These effects are believed to be
through alternate pathways involving an unliganded
receptor, cAMP, and/or mitogen-activated protein ki-
nase (Kato et al., 1995; Bunone et al., 1996). However,
studies suggest that unliganded activation of the ER« is
AF1 dependent (; Ignar-Trowbridge et al., 1993, 1996).
Point mutations in the AF1 region of the ERa obliter-
ate ligand independent ER« activation (McDonnell,
unpublished results). In HepG2 cells, BPA did induce
luciferase activity with the ER-AF2 (Fig. 1) which does

not mediate unliganded ERo activity, indicating that
BPA activates the ERa through a ligand dependent
mechanism.

The rat is a species that continues to be used exten-
sively as a model for human exposure to xenobiotics
and in mechanistic studies. In the present study, we
examined both human and rat ER«. Both E, and BPA
displayed similar potencies for human and rat ER«
(Figs. 1 and 6). Interestingly, the rat ERo had higher
activity relative to the human ER« in HepG2 cells. This
difference in peak activity was not due to differences in
the concentration of human and rat ER« in the cells
since the promoter was the same for both plasmids and
since varying the level of ERo plasmid transfected into
the cells did not alter peak activity (data not shown).
Instead, these results indicate that the rat ER« may
interact with greater transcriptional efficiency in human
HepG?2 cells. In in vivo studies, however, BPA acted as
a partial agonist in the rat uterus (Tables 1 and 2), and
this response was similar to that observed for BPA in
HepG2 cells transfected with human ERo (Fig. 1).
These results indicate that ligand-ER« interactions ob-
served in humans and rats are comparable. Further
studies characterizing the rat AF1 and AF2 regions will
be helpful in understanding differences between the
human and rat ER«. Understanding these differences
will allow for better interpretation of rodent studies and
their implications for human exposure to endocrine
toxicants.

Previous reports in vitro have shown that BPA be-
haved as an agonist, giving the impression that BPA
behaves soley as a weak E, mimic (Krishnan et al.,
1993; Brotons et al., 1995; Olea et al., 1996; Gaido et
al., 1997). Our results clearly indicate that BPA inter-
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Table 2

Effects of estradiol plus bisphenol A on estrogenic responses in the immature Sprague—Dawley rat uterus

Treatment (mg/kg per day) Uterine wet wt.

Peroxidase activity (activity/mg protein)*

Progesterone receptor (fmol/uterus)®

(mg)

Control 39 +4* 0.04 +0.25* 672 +215*%
Estradiol 0.5 g 158 + 46 3.48 +0.02 3882 +379
Bisphenol A+0.5 ug estradiol

5.0 mg/kg 149 + 83 2.72 +£0.01* 2827 + 386*
10 mg/kg 174 + 68 3.244+0.01 2847 + 384*
25 mg/kg 164 + 35 3.58 +£0.00 1765 + 102*
50 mg/kg 153 +24 3.39 +£0.02 2019 + 204*
100 mg/kg 128 4+ 26 1.98 +0.02* 2365 + 334*
150 mg/kg 141 +25 1.89 +£0.01¢ 1670 + 444*

2 See Table 1 for description of peroxidase assay.
®See Table 1 for description of PR determination.

* Significant difference from E,-treated animals (P <0.05) was determined by Analysis of Variance and the Duncan new multiple range test.

acts with the ERa in a unique manner capable of
inducing responses that differ from E, both in vitro and
in vivo. Other chemicals such as organochlorine pesti-
cides, phthalates, nonylphenol, phytoestrogens, and
polychlorinated biphenyls have also been identified as
compounds that competitively bind to ER« and are
potential modulators of the endocrine system (Sharpe
et al., 1995; Villalobos et al., 1995; Arnold et al., 1996;
Olea et al., 1996; Gaido et al., 1997). Many of these
chemicals may also interact with the ER« in a distinct
manner to induce a unique spectrum of responses that
are dependent on compound-specific induced changes
in the conformation of the ER« and subsequent inter-
actions with tissue and species-specific transcriptional
machinery. While the molecular determinants of ERf
have yet to be determined, many of theses chemicals
have also been shown to competitively bind ERfS
(Kuiper et al., 1997) and it is likely that these com-
pounds may also interact with ERf in a unique man-
ner. Therefore, a complete understanding of the
interaction of a chemical with ER« as well as ERf at
the level of the tissue, cell, and gene both in vivo and in
vitro is necessary to define the estrogenic potential of
environmental estrogens.

Acknowledgements

We would like to thank Dr Richard Day (Health
Sciences Center, University of Virginia, Charlottesville,
VA) for providing the rat ER and Dr Dariouch Babai
at the Chemical Industry Institute of Toxicology for his
assistance in evaluation of the in vitro data. Special
thanks to Drs Kenneth Valenzano, Rory Connolly,
Julian Preston, Paul Foster and Barbara Kuyper for
their scientific and editorial suggestions in the prepara-
tion of this manuscript. The financial assistance of the
National Institutes of Health (ES04917), DK48807
(DMD), the Texas Agricultural Experiment Station, the

Canadian Network of Toxicology Centres, and the
Natural Sciences and Engineering Research Council of
Canada (Strategic Grant) is gratefully acknowledged. S.
Safe is a Sid Kyle Professor of Toxicology and T.
Zacharewski is supported by a PMAC/HRF/MRC Re-
search Career Award in Medicine.

References

Arnold, S.F., Robinson, M.K., Notides, A.C., Guillette, L.J. Jr.,
McLachlan, J.A., 1996. A yeast estrogen screen for examining the
relative exposure of cells to natural and xenoestrogens. Environ.
Health Perspect. 104 (5), 544-548.

Berry, M., Metzger, D., Chambon, P., 1990. Role of the two activat-
ing domains of the oestrogen receptor in the cell-type an dpro-
moter-context dependent agonistic activity of the anti-oestrogen
4-hydroxytamoxifen. EMBO J. 9 (9), 2811-2818.

Black, L.J., Sato, M., Rowley, E.R., Magee, D.E., Bekele, A.,
Williams, D.C., Cullianan, G.J., Bendele, R., Kauffman, R.F.,
Bensch, W.R., Frolik, C.A., Termine, J.D., Bryant, H.U., 1994.
Raloxifene (LY1394881 HCI) prevents bone loss and reduces
serum cholesterol without causing uterine hypertrophy in ovariec-
tomized rats. J. Clin. Invest. 93, 63-69.

Bond, G.P., McGinnis, P.M., Cheever, K.L., Harris, S.J., Plotnick,
H.B., Niemeler, R.W., 1980. Reproductive effects of Bisphenol A.
Society of Toxicology Abstracts.

Brotons, J.A., Olea-Serrano, M.F., Villalobos, M., Pedraza, V., Olea,
N., 1995. Xenoestrogens released from lacquer coatings in food
cans. Environ. Health Perspect. 103, 608-612.

Bunone, G., Briand, P.-A., Miksicek, R.J., Picard, D., 1996. Activa-
tion of the unliganded estrogen receptor by EGF involves the
MAP kinase pathway and direct phosphorylation. EMBO J. 15
9), 2174-2183.

Chalbos, D., Philips, A., Galtier, F., Rochefort, H., 1993. Synthetic
anti-estrogens modulate induction of pS2 and cathepsin D messen-
ger ribonucleic acid by growth factors and adenosine 3',5'-
monophosphate in MCF7 cells. Endocrinology 133, 571-576.

Colborn, T., vom Saal, F. S., Soto, A. M., 1993. Developmental
effects of endocrine disrupting chemicals in wildlife and humans.
Environ. Health Perspect. 101 (5), 378-384.

Davis, D.L., Bredlow, H.L., Wolff, M., Woodruff, T., Hoel, D.G.,
Anton-Culver, H., 1993. Medical hypothesis: Xenoestrogens as
preventable causes of breast cancer. Environ. Health Perspect.
101, 372-377.



J.C. Gould et al. / Molecular and Cellular Endocrinology 142 (1998) 203214 213

Evans, G., Bryant, H.U., Sato, M., Turner, R.T., 1993. Taloxifene
is a tissue specific estrogen agonist. J. Bone. Miner. Res. 8
(Suppl 2), S134.

Gaido, K.W., Leonard, L., Lovell, S., Gould, J., Babai, D., Portier,
C., McDonnell, D., 1997. Evaluation of chemicals with en-
docrine modulating activity in a yeast-based steroid hormone
receptor gene transcription assay. Toxicol. Appl. Pharmacol.
143, 205-212.

Gorman, C.M., Moffat, L.F., Howard, B.H., 1982. Recombinant
genomes which express chloramphenicol acetyltransferase in
mammalian cells. Mol. Cell. Biol. 2, 1044-1051.

Ignar-Trowbridge, D.M., Pimentel, M., Parker, M.G., McLachlan,
J.A., Korach, K.S., 1996. Peptide growth factor cross-talk with
the estrogen receptor requires the A/B domain and occurs inde-
pendently of protein kinase C or estradiol. Endocrinology 137
(5), 1735-1744.

Ignar-Trowbridge, K.M., Nelson, K.G., Bidwell, M.C., Curtis, S.W.,
Washburn, T.F., Mclachlan, J.A., Korach, K.S., 1992. Coupling
of dual signaling pathways: Epidermal growth factor action in-
volves the estrogen receptor. Proc. Natl. Acad. Sci. USA 89,
4658-4662.

Ignar-Trowbridge, K.M., Teng, C.T., Ross, K.A., Parker, M.G.,
Korach, K.S., McLachlan, J.A., 1993. Peptide growth factors
elicit estrogen receptor-dependent transcriptional activation of an
estrogen-responsive element. Mol. Endocrinol. 7, 992-998.

Jordan, V.C., Fritz, N.F., Tormey, D.C., 1987. Endocrine effects of
adjuvant chemotherapy and long-term tamoxifen administration
of node-positive patients with breast cancer. Cancer Res. 47,
624-630.

Kalkhoven, E., Wissink, S., van der Saag, P.T., van der Burg, B.,
1996. Negative interaction between the RelA(p65) subunit of
NF-xB and the progestrone receptor. J. Biol. Chem. 271 (11),
6217-6224.

Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S.,
Sasaki, H., Masushige, S., Gotoh, Y., Nishida, E., Kawashima,
H., Metzger, D., Chambon, P., 1995. Activation of the estrogen
receptor through phosphorylation by mitogen-activated protein
kinase. Science 270, 1491-1494.

Katzenellenbogen, J.A., O’Malley, B.W., Katzenellenbogen, B.S.,
1996. Tripartite steroid hormone receptor pharmacology: interac-
tion with multiple effector sites as a basis for the cell and
promoter-specific action of these hormones. Mol. Endocrinol. 10
(2), 119-131.

Koike, S., Sakai, M., Muramatsu, M., 1987. Molecular cloning and
characterization of rat estrogen receptor cDNA. Nucleic Acids
Res. 15 (6), 2499-2513.

Krishnan, A.N., Stathis, P., Permuth, S.F., Tokes, L., Feldman, D.,
1993. Bisphenol-A: An estrogenic substance is released from
polycarbonate flasks during autoclaving. Endocrinology 132 (6),
2279-2286.

Kuiper, G.G.J.M., Carlsson, B., Grandien, K., Enmark, E., Hagg-
blad, J., Nilsson, S., Gustafsson, J., 1997. Comparison of the
ligand binding specificity and transcript tissue distribution of
estrogen receptors a and b. Endocrinology 138, 863—-870.

Kumar, V., Green, S., Stack, G., Berry, M., Jin, J.R., Chambon, P.,
1987. Functional domains of the human estrogen receptor. Cell
51 (6), 941-951.

Love, R.R., Mazess, R.B., Barden, H.S., Epstein, S., Newcomb,
P.A., Jordan, V.C., Carbone, P.P., DeMets, D.L., 1992. Effects
of tamoxifen on bone mineral density in postmenopausal women
with breast cancer. New Engl. J. Med. 326, 852-856.

McDonnell, D.P., Clemm, D.L., Hermann, T., Goldman, M.E.,
Pike, J.W., 1995. Analysis of estrogen receptor function in vitro
reveals three distinct classes of antiestrogens. Mol. Endocrinol. 9
(6), 659—669.

Mclnerney, E.M., Tsai, N.J., O’Malley, B.W., Katzenellenbogen,
B.S., 1996. Analysis of estrogen receptor transcriptional enhance-
ment by a nuclear hormone receptor coactivator. Proc. Natl.
Acad. Sci. USA 93, 10069—10073.

Morrissey, R.E., George, J.D., Price, C.J., Tyl, R.W., Marr, M.C.,
Kimmel, C.A., 1987. The developmental toxicity of bisphenol A
in rats and mice. Fundam. Appl. Toxicol. 8, 571-582.

National Research Council, 1996. Guide for the Care and Use of
Laboratory Animals, National Academic Press, Washington,
DC, pp. 125.

Obourn, J.D., Koszewski, N.J., Notides, A.C., 1993. Hormone- and
DNA-binding mechanisms of the recombinant human estrogen
receptor. Biochemistry 32, 6229-6239.

Olea, N., Pulgar, R., Perez, P., Olea-Serrano, F., Rivas, A., Novillo-
Fertrell, A., Pedraza, V., Soto, A.M., Sonnenschein, C., 1996.
Estrogenicity of resin-based composites and sealants used in den-
tistry. Environ. Health Perspect. 104 (3), 298—-305.

Papaconstantinou, A.D., Brown, K.M., Lappas, N.T., Fisher, B.R.,
Umbreit, T.H., 1998. Estrogenicity and heat shock proteins:
Bisphenol A. Toxicologist 42 (1), 175.

Potthoff, S.J., Romine, L.E., Nardulli, A., 1996. Effects of wild type
and mutant estrogen receptors on DNA flexibility, DNA bend-
ing, and transcription activation. Mol. Endocrinol. 10 (9), 1095—
1106.

Reel, J.R., George, J.D., Lawton, A.D., Myers, C.B., Lamb, J.C.,
1985, Bisphenol A: Reproduction and fertility assessment in CD-
1 mice when administered in feed. NTP/NIEHS Report.

Renaud, J.P., Rochel, N., Ruff, M., Vivat, V., Chambon, P., Grone-
meyer, H., Moras, D., 1995. Crystal structure of the RAT-y
ligand-binding domain bound to all bans retinoic acid. Nature
378, 681—-689.

Robertson, D.W., Katzenellenbogen, J.A., Long, D.J., Rorke, E.A.,
Katzenellenbogen, B.S., 1982. Tamoxifen anti-estrogens. A com-
parison of the activity, pharmacokinetics and metabolic activa-
tion of the cis and trans isomers of tamoxifen. J. Steroid
Biochem. 16, 1-13.

Sharpe, R.M., Fisher, J.S., Millar, M.M., Jobling, S., Sumpter, J.P.,
1995. Gestational and lactational exposure of rats to xenoestro-
gens results in reduced testicular size and sperm production.
Environ. Health Perspect. 103 (12), 1136—1143.

Smith, C.L., Conneely, O.M., O’Malley, B.W., 1993. Modulation of
ligand-independent activation of the human estrogen receptor by
hormone and anti-hormone. Proc. Natl. Acad. Sci USA 90,
6120-6124.

Soto, A.M., Sonnenschein, C., Chung, K.L., Fernandez, M.F., Olea,
N., Serrano, F.O., 1995. The E-SCREEN assay as a tool to
identify estrogens: An update on estrogenic environmental pollu-
tants. Environ. Health Perspect. 103 (Suppl. 7), 113-122.

Steinmetz, R., Brown, N.G., Allen, D.L., Bigsby, R.M., Ben-
Jonathan, N., 1997. The environmental estrogen bisphenol A
stimulates prolactin release in vitro and in vivo. Endocrinology
138 (5), 1780—-1786.

Tasset, D., Tora, L., Fromental, C., Scheer, E., Chambon, P., 1990.
Distinct classes of transcriptional activating domains function by
different mechanisms. Cell 62, 1177—-1187.

Tora, L., White, J., Brou, C., Tasset, D., Webster, N., Scheer, E.,
Chambon, P., 1989. The human estrogen receptor has two inde-
pendent nonacidic transcriptional activation functions. Cell 59
(3), 477-487.

Tzukerman, M.T., Esty, A., Santiso-Mere, D., Danielian, P., Parker,
M.G., Stein, R.B., Pike, J.W., McDonnell, D.P., 1994. Human
estrogen receptor transactivational capacity is determined by
both cellular and promoter context and mediated by two func-
tionally distinct intramolecular regions. Mol. Endocrionol. 8,
21-30.



214 J.C. Gould et al. / Molecular and Cellular Endocrinology 142 (1998) 203214

Villalobos, M., Olea, N., Brotons, J.A., Olea-Serrano, F., Ruiz de Willson, T.M., Norris, J.D., Wagner, B.L., Asplin, 1., Baer, P.,
Almodovar, J.M., Pedraza, V., 1995. The E-screen assay: A Brown, H.R., Jonew, S.A., Henke, B., Sauls, H., Worfe, S.,
comparison of different MCF7 cell stocks. Environ. Health Per- Morris, D.C., McDonnell, D.P., 1997. Dissection of the molecular
spect. 103 (9), 844-850. mechanism of action of GW5638, a novel estrogen receptor

Wakeling, A.E., Dukes, M., Bowler, J., 1991. A potent specific pure ligand, provides insights into the role of estrogen receptor in

anti-estrogen with clinical potential. Cancer Res. 51, 3867—-3873. bone. Endocrinology 138 (9), 3901-3911.



