Wi
RESEARCH PAPER coremoniene

V Craig Jordan, Georgetown
University Medical Center, 3970

Molecular mechanism of Keservoi 1 NI, Washingon
action Of bisphenol and vcj2@georgetown.edu
bisphenol A mediated by —
oestrogen receptor alpha in | o™

triphenylethylenes;
antioestrogens; bisphenol and

growth and apoptosis of
breast cancer cells el e 2012

Revised

21 December 2012
S Sengupta'*, I Obiorah'*, PY Maximov', R Curpan? and VC Jordan' Accepted

8 January 2013

*These authors contributed
equally to this work.

'Department of Oncology, Lombardi Comprehensive Cancer Center, Georgetown University
Medical Center, Washington, DC, USA, and *Institute of Chemistry, Romanian Academy,
Timisoara, Romania

BACKGROUND AND PURPOSE

Oestrogen receptor alpha (ERo) binds to different ligand which can function as complete/partial oestrogen-agonist or
antagonist. This depends on the chemical structure of the ligands which modulates the transcriptional activity of the
oestrogen-responsive genes by altering the conformation of the liganded-ERo. complex. This study determined the molecular
mechanism of oestrogen-agonistic/antagonistic action of structurally similar ligands, bisphenol (BP) and bisphenol A (BPA) on
cell proliferation and apoptosis of ERa. + ve breast cancer cells.

EXPERIMENTAL APPROACH

DNA was measured to assess the proliferation and apoptosis of breast cancer cells. RT-PCR and ChIP assays were performed to
quantify the transcripts of TFF1 gene and recruitment of ERo. and SRC3 at the promoter of TFFT1 gene respectively. Molecular
docking was used to delineate the binding modes of BP and BPA with the ERo.. PCR-based arrays were used to study the
regulation of the apoptotic genes.

KEY RESULTS

BP and BPA induced the proliferation of breast cancer cells; however, unlike BPA, BP failed to induce apoptosis. BPA
consistently acted as an agonist in our studies but BP exhibited mixed agonistic/antagonistic properties. Molecular docking
revealed agonistic and antagonistic mode of binding for BPA and BP respectively. BPA treatment resembled E2 treatment in
terms of PCR-based regulation of apoptotic genes whereas BP was similar to 40OHT treatment.

CONCLUSIONS AND IMPLICATIONS
The chemical structure of ERo. ligand determines the agonistic or antagonistic biological responses by the virtue of their
binding mode, conformation of the liganded-ERo. complex and the context of the cellular function.

Abbreviations

40HT, 4-hydroxy tamoxifen; BP, bisphenol; BPA, bisphenol A; ChIP, chromatin-immunoprecipitation assay; DES,
diethylstilbestrol; E2, 17B-oestradiol; ERa, oestrogen receptor alpha; LBD, ligand binding domain; RAL, raloxifene;
RT-PCR, real time PCR; SRC3, steroid coactivator 3; TFF1, trefoil factor 1
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Introduction

Oestrogen receptor alpha (ERo) mediates its action in cells
and tissues by binding to its cognate ligands and function as
a ‘ligand-activated’ transcription factor (Jordan and O’Malley,
2007). Apart from its natural ligands, many different com-
pounds can bind to ERo and thus can function as its ligand
(Sengupta and Jordan, 2008). However, depending upon the
chemical structures of these ligands, they can either function
as a complete/partial oestrogen- agonist or antagonist.
Broadly, the oestrogenic compounds can be classified as class
I and class II depending upon their planar or non-planar
chemical structures respectively (Jordan et al., 2001). Differ-
ent ligands bind to the same core of the ligand binding
domain (LBD) of ERa protein but can evoke distinct three-
dimensional conformation of the liganded-ERo. complex
which can either interact with the coactivators or the core-
pressors (collectively known as coregulators) at the promoters
of oestrogen-responsive genes (Jordan and O’Malley, 2007).
Consequently, this complex modulates the transcriptional
activity of the various oestrogen-responsive genes and
eventually determines the outcome of the ERa-dependent
physiological responses of a particular cell or tissue type. The
molecular basis of this differential recruitment of the coregu-
lators has been attributed to the ability of the liganded-ERa. to
reorient the helix 12 (H12) of the LBD in such a manner that
the complex can interact with the coactivators at the struc-
tural interface formed by H3, H4 and HS helices; when ERa is
bound to an agonist [17B-oestradiol (E2) or diethylstilbestrol
(DES)] (Brzozowski etal., 1997; Shiau etal.,, 1998), but
this interaction is completely blocked when the ERo is
bound to antagonists, such as 4-hydroxy-tamoxifen (4OHT)
(Brzozowski et al., 1997) or raloxifene (RAL) (Shiau et al.,
1998). Interestingly, when ERa is liganded with an antago-
nist, such as 40OHT, an active metabolite of tamoxifen, which
is extensively used in treatment and prevention of breast
cancers (Jordan, 1993), it can now interact with the corepres-
sors and can inhibit the transcriptional activity from the
oestrogen-responsive genes (Metivier et al., 2002; Shang and
Brown, 2002; Liu and Bagchi, 2004). Besides the interaction
of coregulators with the liganded ERa, the levels of coactia-
vtors and corepressors in a given cell can also determine the
physiological responses to different ligands of ERo (Shang
and Brown, 2002).

Earlier studies from our laboratory have identified that
the amino acid aspartate at 351 (which is in the H3) of the
ERo LBD is critically important for maintaining the integrity
of antioestrogenic activity of keoxifene (RAL) and 4OHT
(Levenson et al., 1997; 1998). Earlier, the mutation of ERa
encoding amino acid 351 which substituted the aspartate to
tyrosine amino acid was detected in one of the xenograft
tumours stimulated by tamoxifen in the athymic mice (Wolf
and Jordan, 1994). Further investigations have revealed that
changing the amino acid aspartate 351 of the ERa to glycine
(D351G) abolishes the oestrogenic effect of 4OHT but does
not affect oestradiol action on TGFo gene activation in the ER
negative breast cancer cells stably transfected with either wild
type ERa or D351G mutated ERo. (MacGregor Schafer et al.,
2000). Using these models, oestrogens were classified as either
type I, which have the planar structures or type II, which
have the angular or non-planar structures (Jordan et al., 2001;
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Figure 1
Chemical structures of 17p-oestradiol (E2), Diethylstilbestrol (DES),
4-Hydroxy tamoxifen (4OHT), Bisphenol (BP) and Bisphenol A (BPA).

Bentrem et al., 2003). A recent confirmatory study evaluated
the ability of several type I and II liganded ERa to associate
with the specific peptide motif ‘LXXLL" which coactivators
use to interact with the ERo (Bourgoin-Voillard et al., 2010).

A previous study (Maximov et al., 2011) from our labora-
tory indicated that the conformation of the ERa. complex can
govern the oestrogen-induced apoptosis in the MCF7 : 5C
breast cancer cells. The present study dissects the ERa medi-
ated effect of two structurally similar oestrogenic ligands,
namely, bisphenol (BP) and bisphenol A (BPA) (Figure 1), on
two critical physiological responses, that is growth and apop-
tosis in the breast cancer cells. BP is structurally related to
40OHT with E2-like agonistic properties, whereas BPA has been
characterized as an endocrine disruptor with weak oestro-
genic properties. Using various investigative tools, this study
underscore the fact that minor difference in the shape of
the ERo-liganded complex has profound modulation on
oestrogen-induced apoptosis but not on oestrogen-induced
replication of breast cancer cells.

Materials and methods

Cell culture and reagents

Cell culture media were purchased from Invitrogen Inc.
(Grand Island, NY, USA) and fetal calf serum (FCS) was
obtained from HyClone Laboratories (Logan, UT, USA). Com-
pounds E2, 40OHT and BPA were obtained from Sigma-Aldrich
(St. Louis, MO, USA). BP was synthesized and the details of
the synthesis have been reported previously (Maximov et al.,
2010). The ER positive breast cancer cells MCF-7 : WS8 (here-
after mentioned as MCF7) and oestrogen-deprived MCEF7 : 5C
were derived from MCF7 cells obtained from the Dr. Dean
Edwards, San Antonio, TX, USA as reported previously (Jiang
etal., 1992). MCF7 cells were maintained in RPMI media
supplemented with 10% FCS, 6 ng-mL™ bovine insulin and
penicillin and streptomycin. MCF7 : 5C cells were main-
tained in phenol red-free RPMI media containing 10% char-
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coal dextran treated FCS, 6 ng-mL™" bovine insulin and
penicillin and streptomycin. Three to four days prior to har-
vesting the MCF7, cells were cultivated in phenol red-free
media containing 10% charcoal dextran treated FCS. The cells
were treated with indicated compounds (with media changes
every 48 h) for the specified time and were subsequently
harvested for growth assay. MDA-MB-231 cells stably trans-
fected with wild type ERa (MC2) or D351G ERoa (JM6) were
grown in minimal essential medium without phenol red in
the presence of 5% charcoal dextran treated calf serum,
glutamine, bovine insulin, penicillin, streptomycin, nones-
sential amino acids and 500 ug-mL™" G418 as described pre-
viously (MacGregor Schafer et al., 2000). All the experiments
were repeated at least three times, in triplicate to confirm the
results.

Cell growth assay

The cell growth was monitored by measuring the total DNA
content per well in 24 well plates. Fifteen thousand cells were
plated per well and treatment with indicated concentrations
of compounds was started after 24 h, in triplicate. Media
containing the specific treatments were changed every 48 h.
On day 6 (144 h post treatment), the cells were harvested and
total DNA was assessed using a fluorescent DNA quantitation
kit (Cat # 170-2480; Bio-Rad, Hercules, CA, USA) according to
manufacturer’s instructions. Briefly, the cells were harvested
using hypotonic buffer solution and were subsequently soni-
cated. The DNA content was estimated using a fluorescent
dye (Hoechst 33258) provided in the Kkit.

RNA isolation and real-time PCR (RT-PCR)
Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and RNAeasy kit according to the manu-
facturer’s instructions. RT-PCR was performed as previously
described (Sengupta et al., 2010). Briefly, high capacity cDNA
reverse transcription kits (Applied Biosystems, Foster City,
CA, USA) was used to generate cDNA was using 1 ug of total
RNA in a total volume of 20 uL. The cDNA was subsequently
diluted to 500 uL and RT-PCR was performed using ABI Prism
7900 HT Sequence Detection System (Applied Biosystems). In
each well, 20 uL reaction volume included 10 uL SYBR green
PCR master mix (Applied Biosystems), 125 nM each of
forward and reverse primers and 5 uL of diluted cDNA. The
change in expression of transcripts was determined as
described previously and used the ribosomal protein 36B4
mRNA as the internal control (Sengupta et al., 2010).

Chromatin-immunoprecipitation (ChIP) assay
ChlIP assay was performed as described previously (Maximov
et al., 2011). Briefly, cells were treated with indicated com-
pounds for 45 min and cross-linked using 1.25% paraformal-
dehyde for 15 min and subsequently stopped cross-linking
with 2 M glycine. Cells were collected, followed by nuclei
isolation by centrifugation. Isolated nuclei were resuspended
in SDS-lysis buffer followed by sonication and centrifugation
at 14 000x g for 20 min at 4°C. The supernatant were diluted
1:10 with ChIP dilution buffer. Normal rabbit IgG and
Magna ChIP protein A magnetic bead (Upstate Cell Signaling
Solutions, Temecula CA, USA) were used to immunoclear the
supernatant followed by immunoprecipitation with anti-

bodies against ERo (1:1 mixture of cat# sc-543 and sc-7207;
Santa Cruz Biotechnology Inc., Dallas, TX, USA) and steroid
receptor coactivator-3 (SRC3) (cat# 13066; Santa Cruz Bio-
technology, Inc.). Immunocomplexes were pulled down using
protein A magnetic beads and a magnet. The beads bound to
immunocomplexes were washed using different buffers as
described previously (Maximov et al., 2011). Precipitates were
finally extracted twice using freshly made 1% SDS and 0.1 M
NaHCO; followed by de-crosslinking. The DNA fragments
were purified using Qiaquick PCR purification kit (Qiagen,
Valencia, CA, USA). RT-PCR was performed using 2 pL isolated
DNA, using primers specific for PS2 promoter (Maximov et al.,
2011). The data are presented as percent input of starting
chromatin input after subtracting the percent input pull
down of the negative control (normal rabbit IgG).

Molecular modelling
A commonly used method to evaluate the docking method
efficiency is to dock the cocrystallized ligand to its native
experimental structure. The expected outcome would be a
docking solution, pose, which recapitulates the binding
mode of the ligand in the binding site of the experimental
structure. For this reason, 3D-conformations of E2, DES and
40HT were generated, optimized with MMFF94 force field
and then subjected to preparation for docking using the
LigPrep utility. The same protocol was followed for BPA and
BP. Protein Preparation Workflow (Schrodinger, LLC, New
York, NY, 2011) was employed to prepare the proteins for
molecular docking. The residues well known to be important
for biological activity D351 and E353 were kept charged in all
three receptors, the free rotation of hydroxyl group for T347
was allowed and H524 residue was protonated at the epsilon
nitrogen atom in the complexes 1IGWR and 3ERT based on
the available literature data. In the case of 3ERD complex, two
structures were prepared for docking runs having H524 pro-
tonated at epsilon (3ERD_g) and delta (3ERD_§) nitrogen.
The best docking poses were selected based on the com-
posite score, Emodel, which accounts not only for the
binding affinity but also for the energetic terms, such as
ligand strain energy and interaction energy. When E2, DES
and 4OHT were docked to their native structures the top
ranked docking solutions have a ligand RMSD of 0.353 for E2,
0.416 for DES docked to 3ERD_ge and 0.372 when docked to
3ERD_$ and 0.629 for 40HT.

Real time profiler assay for apoptosis

RT-PCR profiler assay kits for apoptosis was used from a com-
mercial vendor which uses 384 well plates to profile the
expression of 370 apoptosis related human genes (Qiagen;
SABiosciences Corp, Fredrick, MD, USA; Cat#330231 PAHS-
3012E). All the procedures were followed as per the manufac-
turer’s instructions. Briefly, MCF7 : 5C cells were treated with
E2 (10 M) for 24, 48 and 72 h or with indicated compounds
(in triplicate) for 48 h and total RNA was isolated using the
method mentioned earlier. Two micrograms of total RNA was
reverse transcribed and RT-PCR was performed using ABI
7900HT. The fold change was calculated by AACt method and
volcano plots were generated using the web based tool, RT?
profile PCR array data analysis version 3.5 (Qiagen; SABio-
sciences Corp.).
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Statistics
Statistical significance of our data was assessed using the

Student’s f-test wherever relevant. A P-value of <0.05 was
considered as statistically significant.

Results

Differential effect of BP and BPA in inducing
apoptosis in MCF7 : 5C cells but not growth
in MCF7 cells

BP (Figure 1) a triphenylethylene (TPE) is a known partial
oestrogenic ligand which can induce growth of the ERa posi-
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tive breast cancer cells (Maximov et al., 2010) and can also
partially initiate prolactin synthesis from primary culture of
cells from immature rat pituitary glands (Jordan and
Lieberman, 1984). Another compound with similar chemical
structure, BPA (Figure 1) is also a well-characterized but weak
oestrogenic ligand (Routledge et al., 2000). Here, we evalu-
ated the ability of these two oestrogenic compounds to
induce growth and apoptosis in MCF7 and MCEF7 : 5C cells,
respectively as both these responses are dependent on
oestrogen-agonistic action. As expected, BP as well as BPA was
able to induce the concentration dependent growth in the
MCEF?7 cells (Figure 2A). BPA was less potent compared to BP
as maximal growth was achieved by BP at 10 M concentra-
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Differential effect of bisphenol (BP) and bisphenol A (BPA) on growth and apoptosis of ERa positive breast cancer cells. (A) Dose-dependent effects
of BP, BPA and (oestradiol) E2 on growth of MCF7 cells treated for 6 days as indicated. The black bar denotes the level of DNA in vehicle treated
cells over a 6-day period. The growth is measured as amount of DNA present in each well. (*P < 0.05 vs. vehicle treatment) (B) Dose-dependent
effect of BP, BPA and E2 on apoptosis of MCF7 : 5C cells treated for 6 days as indicated. The black bar denotes the level of DNA in vehicle treated
cells over a 6-day period. The growth is measured as amount of DNA present in each well. (*P < 0.05 vs. vehicle treatment) (C) Dose dependent
effect of BP and BPA on E2 (1 nM)-induced apoptosis in MCF7 : 5C cells, treated over a six day period. The growth is measured as amount of DNA
present in each well. (*P < 0.05 vs. 1 nM E2 treatment) (D) Effect of BP (10° M) and 4OHT (107° M) on BPA (10°° M) induced apoptosis in
MCF7 : 5C cells over 6-day period. (*P < 0.05 vs. vehicle treatment; P < 0.05 vs. BPA treatment) The data are presented as percent of growth
considering the vehicle treated cells as 100 percent. Each value is average of at least three replicates =SD.
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tion as compared to 10°M for BPA. By comparison, E2
induced maximal growth at 10'' M concentration in the
MCEF7 cells. In the case of MCF7 : 5C cells, which undergo
apoptosis with E2 treatment (Lewis et al., 2005; Ariazi et al.,
2011), a marked contrast was observed between BP and BPA
in the induction of apoptosis. BPA was able to induce apop-
tosis to the same extent as E2 in these cells at a higher
(10° M) concentration (Figure 2B) as compared to E2 which
achieved maximal effect at 107'° M. However, BP failed to
induce apoptosis even at 10° M concentration (Figure 2B).
We further investigated that if BP was actually binding to the
ERo in the MCF7 : 5C cells by treating these cells with BP in
combination with 10° M of E2. BP was able to block the
effect of E2 in the MCF7 : 5C cells (Figure 2C and Supporting
Information Figure S3) in a concentration dependent manner
indicating that the effect of BP was through the ERo, thus
inhibiting the E2 action. On the other hand, BPA was not able
to block the effect E2 action (Figure 2C). In addition, we also
show that the oestrogenic effect of BPA (10° M) in inducing
apoptosis in MCFF7 : 5C cells was completely blocked by BP
(10° M) as well as 10° M of 4OHT (Figure 2D).

Regulation of oestrogen-responsive gene trefoil
factor 1(TFF1 or PS2) by BP and BPA

We next investigated the transcriptional regulation of a well-
characterized oestrogen-regulated gene, TFF1 (PS2) (Metivier
etal., 2003) by BP and BPA and compared it with E2 and
40OHT. MCF?7 cells were treated for 4 h with the 0.1% ethanol
(veh), E2 (10° M), 4OHT (10° M), BP (10° M and 10° M) or
BPA (10° M and 10~° M) and the transcripts levels of PS2 gene
were measured using RT-PCR. Two different concentrations
(10° M and 10~° M) were used for BP and BPA, because BPA is
a weak oestrogen and we wanted to evaluate the concentra-
tion dependent regulation of these compounds. As expected,
PS2 mRNA was up-regulated around fivefold by E2 (10 M)
compared to vehicle treatment and 4OHT (10° M) which
completely failed to induce the levels of PS2 mRNA
(Figure 3A). On the other hand, BP treatment at 10° M con-
centration moderately (-2 fold) up-regulated the PS2 mRNA
levels and higher concentration (10° M) of BP failed to
further increase the levels of PS2 (Figure 3A). Conversely, cells
treated with BPA exhibited concentration dependent increase
in up-regulation of the PS2 mRNA and the magnitude of
up-regulation with high concentration (10° M) of BP was
equivalent to the E2-mediated up-regulation of PS2Z mRNA
(Figure 3A).

Recruitment of ERo. and SRC3 at the
promoter of TFF1 gene after treatment with
BP and BPA

To understand the differences in the molecular mechanism of
the transcriptional activation of PS2 gene in vivo by BP and
BPA in comparison to E2 and 4OHT treatment, we performed
ChIP assay to evaluate the recruitment of ERo. and SRC3 at
the promoter region of TFF1 (PS2) gene (Figure 3B) which has
a well-characterized functional oestrogen-responsive element
(ERE) (Metivier et al., 2002). MCF7 cells were treated with
either 0.1% ethanol (veh), E2 (10”° M), 4OHT (10°M), BP
(10°M or 10° M) or BPA (10° M or 10~ M) for 45 min and
thereafter harvested for ChIP assay. The results (Figure 3C)

reveal that both concentrations of BPA (10° M and 107° M)
recruited ERo to the PS2 promoter with ERE in a
concentration-dependent manner which was equivalent to
results obtained with E2 treatment. In contrast, BP did not
show a concentration-related effect and the levels of ERa
plateaued at 50% of either E2 or BPA (Figure 3C). Recruitment
of the coactivator, SRC3 (AIB1), which plays a key role in
transcriptional activation of several oestrogen-regulated
genes, including PS2 gene (Shao et al., 2004; Labhart et al.,
2005), followed the similar pattern as the ERa (Figure 3D).
BPA treatment at both the concentrations (10°° M or 10~° M)
recruited SRC3 in a concentration-dependent manner to
become equivalent to levels observed with E2 treatment
whereas BP treatment (both concentration) plateaued at 50%
of E2 or BPA recruitment levels (Figure 3D). As expected,
40HT treatment did not recruit SRC3 and was comparable to
vehicle treatment. The ChIP data correlates very well with the
observed pattern of transcriptional activation of PS2 gene
(Figure 3A) under same treatment conditions.

Differential induction of transforming growth
factor alpha (TGFo) gene by BP and BPA in
MDA : MB-231 cells stably transfected with
wild-type (wt) ERa or D351G mutant ERo
Previous studies from our laboratory have established an in
vitro system to evaluate and differentiate the conformation of
liganded ERo induced by planar and non-planar ligands
(Jordan et al., 2001). Activation of TGFa gene in MDA : MB
231 cells stably transfected with wt ERa (MC2 cells) or
mutant ERa JM6 cells, D351G; which has the aspartate sub-
stituted with glycine at amino acid 351), is used as a marker
to distinguish the ERa interactions between planar and non-
planar oestrogen ligands (Jordan et al., 2001). We treated the
MC2 and JM6 cells with increasing concentrations of BP and
BPA and measured the TGFo induction in these cells. E2 was
used as a positive control. In MC2 cells, (wt ERa), all the
tested ligands induced TGFo transcripts level to similar levels
(Figure 4A). Induction of TGFa by BPA was observed at higher
concentrations whereas BP and E2 had similar effects
(Figure 4A). On the other hand, in JM6 cells (mutant; D351G
ERa), BP failed to induce TGFa transcription even at higher
concentrations (Figure 4B), whereas E2 and BPA treatment
induced TGFo (Figure 4B), although the maximal induction
with BPA was observed at higher concentration (10 M)
which was less than 50% of E2 treatment. We further con-
firmed that E2-induced TGFo stimulation in JM6 cells was
completely blocked by BP and 40OHT in a dose-dependent
manner; whereas co-treatment of BPA in presence of E2 failed
to inhibit it (Figure 4C).

Molecular docking of BP and BPA to the LBD
of ERo.

To determine the binding mode of BPA and BP to ERa, the
ligands were docked to the agonist and antagonist conforma-
tions of the receptor. The experimental structure, 3ERT, was
selected from protein database for the antagonist conforma-
tion of ERo (Figure 5A) containing 4OHT, while for the
agonist conformation, two experimental structures were
selected, namely the receptor cocrystallized with E2, 1IGWR
(Figure 5B) and DES, 3ERD (Figure 5C) respectively.
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Figure 3

Regulation of PS2 (TFFT) gene by bisphenol (BP), bisphenol A (BPA) compared with 17B-oestradiol (E2) and 4-hydroxy-tamoxifen (4OHT) and
recruitment of oestrogen receptor alpha (ER alpha) and steroid receptor coactivator-3 (SRC3) at the oestrogen-responsive element (ERE) of
proximal promoter of PS2 gene followed by 45 min treatments of bisphenol (BP), bisphenol A (BPA) compared with 17p-oestradiol (E2) and
4-hydroxy-tamoxifen (4OHT) in MCF7 cells. (A) MCF7 cells were treated with indicated treatments for 4 h and harvested for total RNA. Total RNA
was reverse transcribed and assessed for PS2 gene expression levels using RT-PCR. 36B4 gene was used as an internal control. All values are
represented in terms of fold difference versus vehicle treatment. (*P < 0.05 vs. vehicle treatment; P < 0.05 vs. 1 uM BPA and 10 uM BP treatment)
(B) Schematic representation of the PS2 proximal promoter containing an ERE (grey box) and the black bars represent the primers used for RT-PCR.
(C) Recruitment of ERa at the PS2 proximal promoter, by ChIP assay after 45 min of indicated treatment. (*P < 0.05 vs. vehicle treatment; #P <
0.05 vs. 1 uM BPA and 10 uM BP treatment) (D) Recruitment of SRC3 at the PS2 proximal promoter, by ChIP assay after 45 min of indicated
treatment. All the values are representated as percent input of the starting chromatin material and after subtracting the IgG control for each
sample. (*P < 0.05 vs. vehicle treatment; P < 0.05 vs. 1 uM BPA and 10 uM BP treatment.)

When BPA is docked to the antagonist conformation,
3ERT, it is oriented perpendicular with the binding pocket
and in this alignment it has the propensity to form the
H-bond network involving E353, R394 and a water mole-
cule (Figure 5D). Additionally, a hydrogen bond with the
hydroxyl group of T347 is formed. In this alignment, the
binding site is poorly occupied and the hydrophobic contacts
with the amino acids lining the bottom of the binding site are
missing.

In the case of BPA, two highly probable binding modes
have been identified. The first one has been mostly predicted

172 British Journal of Pharmacology (2013) 169 167-178

when the ligand has been docked into the binding sites of
ERo cocrystallized with E2 and DES, the structure 3ERD_ge
using the SP mode. The ligand is placed across the binding
site in a similar orientation with the native ligands, having
the two methyl groups involved in hydrophobic contacts
with the side chains of amino acids W383, L384, L525 and
L540. Also, BPA forms H-bonds with H524 and E353
(Figure S5E). When docking calculations have been run in the
XP mode of Glide a second alignment of the top tanked poses
in the binding site of 3ERD_¢ and 3ERD_$ has been noticed.
This orientation involves the formation of H-bonds between
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the hydroxyl groups of BPA and amino acids G521, E353 and
R394 (Figure SF). Apart from the H-bonds formation, the
methyl groups are involved in hydrophobic contacts with
amino acids 1346, F404 and 1L428. Also, this binding mode
has been encountered for 6 out of 10 poses resulted from the
docking of BPA into the experimental structure 1GWR.

The predicted binding modes of BP to the open and
closed conformation of ER are similar, forming the H-bond
network between E353, R394 and the highly ordered water
molecule and an additional H-bond with the hydroxyl group

Figure 4

Induction of TGFo. mRNA by 17-oestradiol (E2), bisphenol (BP) and
bisphenol A (BPA) in MDA : MB 231 cells stably transfected with wild
type ERo. (MC2 cells) or D351G mutant ERa (JM6 cells). (A) MC2 cells
were treated with (E2), (BP) or BPA at indicated concentration for
48 h and cells were harvested for total RNA. Total RNA was reverse
transcribed and real time PCR (RT-PCR) was performed to assess the
expression of TGFo using 36B4 as an internal control. The values are
presented as fold difference versus vehicle treated cells. (B) JM6 cells
were treated with (E2), (BP) or (BPA) at indicated concentrations for
48 h and cells were harvested for total RNA. Total RNA was reverse
transcribed and RT-PCR was performed to assess the expression of
TGFo using 36B4 as an internal control. The values are presented as
fold difference versus vehicle treated cells. (*P < 0.05 vs.10™ M BP
treatment) (C) JM6 cells were treated with E2 alone or in combina-
tion with different concentration of BP, BPA or 4OHT as indicated for
48 h. The values are presented as percentage of expression of TGFa
mRNA considering the E2-induced levels as 100%. (*P < 0.05 vs.
1nM E2 and 1 nM E2 +10°° M BPA treatment.)

<

of T347 (Figure 5G-I). The composite score, Emodel, shows
that BP is better accommodated in the binding site of the
open or antagonist conformation of ERo and it is more likely
for the ligand to bind at this conformation of ER. Similar
results have been obtained using the induced fit docking
method, which accounts for both the ligand and protein
flexibility (Maximov et al., 2010).

The comparative analysis of the composite score Emodel
for the agonist and antagonist top ranked docking poses of
BPA has shown that the binding mode predicted for the
antagonist conformation is highly improbable and it is more
likely for BPA to bind to a conformation of ERa closely related
with the agonist one. Two distinct binding modes of BPA to
the agonist conformations of ERo. have been predicted with
tight Emodel scores and cannot be clearly discriminated
which alignment is correct or at least with the highest prob-
ability of being right. The docking scores calculated for E2,
DES and BPA shows the binding affinity of BPA to ERa is
much lower when compared with the binding affinities of E2
or DES to ERo.

Comparative analysis of regulation of
apoptotic genes by BP, BPA, 4OHT and E2

in MCF7 : 5C cells using apoptotic gene
RT-PCR profiler

We thereafter determined the effect of BP and BPA treatment
in regulating the apoptosis related genes in MCF7 : 5C cells
and compared it with E2 and 4OHT as a positive and negative
inducer of apoptosis respectively. We used the RT-PCR profiler
assay Kkits for apoptosis from a commercial vendor which
uses 384 well plates to profile the expression of 370 apop-
tosis related human genes (Qiagen; SABiosciences Corp.;
Cat#330231 PAHS-3012E). To select a single time point of
treatment with the ligands, we first treated the MCF7 : 5C
cells with E2 (10° M) for 24, 48 and 72 h (in triplicate) and
created an apoptotic gene signature throughout these time
points after comparing them with vehicle treatment (Sup-
porting Information Figure S1A, B, C and Supporting Infor-
mation Table S1). This gene signature was generated by
comparing the expression level of all the genes with vehicle
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Figure 5

Molecular docking of bisphenol (BP) and bisphenol A (BPA) with ERa ligand binding domain. Cross-sectional representations of ERo. binding sites
in the antagonist (A) with 4OHT and agonist (B, C) with 17B-oestradiol and DES conformations. The top ranked docking poses of BPA into the
binding site of 3ERT (D), TGWR (E), 3ERD (F) are displayed with C atoms coloured in magenta while the best docking solutions of BP computed
for 3ERT (G), TGWR (H), 3ERD (I) are represented with C atoms coloured in blue. The amino acids involved in H-bond contacts are depicted as
sticks and the rest of the amino acids lining the binding site are shown as lines having the C atoms coloured in gray. Only polar hydrogen atoms

are shown, for simplicity.

treatment and selecting the genes which were at least 2.5-fold
overexpressed or underexpressed as compared to vehicle
treated cells. The fold change was calculated by delta-delta Ct
method using the web based tool, RT? profile PCR array data
analysis version 3.5 (Qiagen; SABiosciences Corp.).

After carefully analysing the gene list generated by E2
treatments over the above said time period, we selected 48 h
as the time point to treat MCF7 : 5C cells with BP, BPA and
40HT and compare the expression of the apoptosis related
genes with the gene signature of the E2 treatment at 48 h.
This particular time point was selected because the
MCEF7 : 5C cells undergo apoptotic changes after E2 treat-
ment during this time period (Lewis ef al., 2005) and also
because after 48 h of E2 treatment, the cells are committed to
apoptosis, as 40HT treatment cannot rescue these cells after
this time point (unpublished observations).

174 British Journal of Pharmacology (2013) 169 167-178

Next, we analysed the changes in the overall expression
profiles of apoptotic genes by E2, 4OHT, BP and BPA versus
vehicle (Veh) treatment at 48 h (Supporting Information
Figure S2A, B, C and D respectively) using the same apoptosis
RT profiler. For any gene to be considered as differentially
expressed, we set the cut-off as 2.5-fold up- or down-
regulation versus the vehicle treatment. Using this criterion,
we created a gene list for up-regulated and down-regulated
genes for each treatment group (Supporting Information
Table S2). We thereafter generated a heat map (Figure 6) in
which we selected all the genes which were at least 2.5-fold
up- or down-regulated by E2 treatment and compared it with
other ligand treatments. This heat map clearly demonstrates
that the genes which are up-regulated at least 2.5-fold after
48 h of E2 treatment are not up-regulated in 4OHT or BP
treatment. In contrast, the majority of the genes up-regulated
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Figure 6

Heat map of apoptotic genes which are at least 2.5-fold up- or down-regulated by 48 h of treatment of 17-oestradiol 102 M (E2), versus vehicle
and its relative comparison of their expression with 4-hydroxy tamoxifen, 10 M (40OHT), bisphenol, 10 M (BP) and bisphenol A, 10°° M (BPA)
treatment after 48 h in MCF7 : 5C cells. The maximum expressed level of any given gene is represented by red colour and minimum levels are
presented as green colour. Control group and group 1, 2, 3, 4 are the representation of the vehicle, E2, 40HT, BP and BPA treatments respectively.
The gene expression levels in each treatment group are the average of three independent biological replicates.

by BPA treatment were shown to be the same genes
up-regulated by the E2 treatment. Many of these genes are
up-regulated by BPA to the similar extent as E2 and others
show a distinct trend of overexpression as compared to
vehicle (Figure 6). Nevertheless, down-regulated genes follow
a different pattern. The pattern of genes down-regulated by
BP treatment resembles the pattern observed with E2 and BPA
treatment and not with the pattern of 4OHT treatment
(Figure 6 and Supporting Information Table S2). Approxi-
mately, 53 and 61% of down-regulated genes are in common
with E2 treatment and with the treatment of BP and BPA
respectively (Supporting Information Table S2).

Discussion

The chemical structures of the ligands which bind to ERo. are
critical in determining the biological effects in the oestrogen-
responsive cells and tissues. Minor changes in the ligand
structures can alter the way these ligands interact with the
ERo protein and transform the conformation of the liganded

-ERo complex in the cells. Structure-function relationships
have been studied extensively using various biological end-
points, such as modulation of prolactin gene expression in
primary cell cultures of rat pituitary glands (Jordan and
Lieberman, 1984; Jordan et al., 1984; 1986), or TGFa activa-
tion in stably transfected wt and mutant ERo. in MDA : MB
231 cells (Jordan et al., 2001). The current study dissects,
compares and contrasts the mechanism of action of BP and
BPA, two structurally similar ligands of ERo, which have
opposing effects on apoptosis but not on the growth of
oestrogen-responsive breast cancer cells.

The results of this study established that unlike BPA and
E2, BP was not functioning as an oestrogen-agonist in induc-
ing apoptosis in MCF7 : 5C cells while both compounds (BPA
and BP) were oestrogenic in inducing growth in MCEF7 cells.
This clearly indicated differential requirement of ERo. medi-
ated molecular action to achieve two distinct physiological
responses in the breast cancer cells. Activation of oestrogen-
responsive gene PS2 by these compounds in MCF7 cells sug-
gested that higher concentrations of BPA was as effective as
E2 but BP treatment failed to achieve E2-like stimulation,
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even with higher concentration. This phenomenon was
observed because BP has a high ERa binding affinity and can
maximally induce PS2 gene at lower concentration and
raising the concentration did not enhance the induction
because it failed to recruit sufficient coactivator (SRC3) at the
PS2 gene promoter. This was most likely due to insufficient
ERo recruitment at the promoter and inaccessibility of the
coactivator interacting surface of BP-liganded ERa. A recent
study (Bourgoin-Voillard et al., 2010) however, suggested that
BP-liganded ERa cannot bind to a peptide containing the
coactivator interacting domain. This discrepancy can be
attributed to the fact that our studies were performed in live
cells chromatin as opposed to using an in vitro ELISA based
system. This indicates that binding of liganded ERa and its
interaction with other coregulators can be modulated by
other factors involved in transcriptional complex.

On the other hand, BPA at higher concentration engaged
SRC3 to a similar level as E2 treatment. The fact that higher
concentration of BPA was required to recruit ERo. and SRC3
to the similar levels as E2 treatment is because its binding
affinity with ERa is very low (RBA, 0.073) (Routledge et al.,
2000) and therefore higher concentrations of the ligand is
required to drive the kinetics towards the activated state. In
the case of BP, it has a strong binding affinity to the ERa
(RBA, 96.0) (Jordan et al., 1984) and therefore maximal acti-
vation is achieved at lower concentration and increasing
concentration do not enhance the activation. Overall, these
results indicate that binding mode of BPA and E2 are similar
whereas BP might bind differently to ERo. Indeed, our
molecular docking studies determined that BPA binds to the
ERo in two possible ways, both similar to agonistic mode of
binding. Also docking scores calculated in this study pre-
dicted very low binding affinity of BPA to ERa, which is in
excellent agreement with previous reports (Gould et al.,
1998; Kuiper et al., 1998; Kitamura et al., 2005). In contrast,
modelling studies suggested antagonistic mode of binding
(as in 40HT) for BP to the ERca. To confirm the molecular
modelling, we used a biological model system which can
distinguish between planar and angular oestrogen ligands
(Jordan et al., 2001; Bentrem et al., 2003) by measuring the
transcriptional activation of TGFo in MDA : MB 231 cells
stably transfected with wt ERo (MC2 cells) or mtERa
(D351G) (JM6 cells). Results (Figure 4B) show that BP treat-
ment failed to activate TGFo transcription similar to 4OHT
(Jordan et al., 2001) in JM6 cells whereas BPA treatment was
similar to E2 action, albeit with lower potency. This consoli-
dated our finding that the mode of action of BP is more like
40HT rather than E2. Importantly, the structure of BP is
identical to 40OHT except for the basic dimethylamine-
ethoxy side chain. The absence of the side chain contributes
towards the enhanced oestrogenic properties of BP with AF-1
fully engaged in ER responses to stimulate growth, as H12 of
the ERa protein liganded with BP may not be properly
restrained. This contrasts with 4OHT or RAL, where the
restricted structure of the coactivator-interacting interface for
binding of SRC3 or the other coactivators now has limited
AF-1 and AF-2 activity for growth. Of note, 4OHT and
BP-liganded ERo was less efficiently recruited to the PS2 pro-
moter ERE which may also contribute towards lesser recruit-
ment of SCR3 for BP as recruitment of ERo precedes the
coactivator binding (Metivier et al., 2003).
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The fact that SRC3 is essential for E2-induced apoptosis in
the MCE7 : 5C cells (Hu et al., 2011) as well as E2-mediated
growth of MCF7 cells (List et al., 2001) coupled with the
findings of this study, leads to the hypothesis that the
oestrogen-mediated growth of MCEF7 cells is more sensitive
and can be induced even if the conformation of the liganded-
ERa complex allows only partial interaction of coactivators as
in case of BP binding. In contrast, complete and robust inter-
action of coactivator with the liganded-ERo complex must be
needed for rapid induction of apoptosis in MCF7 : 5C cells.

Indeed, using an ‘apoptosis’ pathway focused RT-PCR
based profiler consisting of 370 genes, this study further
illustrated that apoptosis related genes were similarly
up-regulated by E2 and BPA treatments after 48 h of treat-
ment whereas BP and 4OHT showed very few up-regulated
genes and the TPE based compounds did not have a similar
profile of up-regulated genes during this time frame. By com-
paring the gene list (Supporting Information Table S2), which
includes all the genes up- or down-regulated at least 2.5-fold
by the treatments, it is evident that 66% of up-regulated
genes are common between E2 and BPA treatment, whereas
only 8% genes are commonly up-regulated by BP or 4OHT
treatment.

Interestingly, a different pattern was observed for the
down-regulated genes as both BP and BPA treatment exhib-
ited common down-regulated genes as E2 and distinctly dif-
ferent from 4OHT. This suggests that the conformational
requirement of liganded ERo. may be different for up-
regulation and down-regulation of genes. Furthermore, it
indicates that the up-regulated apoptotic genes are responsi-
ble for triggering and executing apoptosis since up-regulated
genes are differentially regulated by BP and BPA but not the
down-regulated genes. These observations merits further
investigations.

By employing structurally related ligands and using
MCEF7 : 5C and parental MCF7 cells, we have demonstrated
that depending upon the biological response, the same mol-
ecule can function as an E2-antagonist or agonist respec-
tively. Based on these data, it is reasonable to speculate that
genistein and related phytoestrogens may also induce apop-
tosis in MCF7 : 5C cells as their binding to ERo. LBD is similar
as E2 and DES (Gao etal., 2012) and function as type I
oestrogens (Bentrem et al., 2003). In conclusion, this study
provides evidence that binding of ERa with different ligands
that programme conformational changes of the liganded-
ERo, determines the transcriptional profile of the responsive
genes by virtue of interaction with coregulators.
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Figure S1 Representation of E2 (1 nM) regulated apoptotic
genes in MCF7 : 5C cells at 24, 48 and 72 h of treatment
versus vehicle treatment using volcano plots.

Figure S2 Representation of 17B-oestradiol 10° M (E2),
4-hydroxy tamoxifen, 10° M (40OHT), bisphenol, 10 M (BP)
and bisphenol A, 10° M (BPA) regulated apoptotic genes in
MCEF?7 : 5C cells after 48 h of treatment versus vehicle using
volcano plots.

Figure $3 Dose dependent effect of BP (at various concen-
trations between 10® M and 107 M) on E2 (1 nM)-induced
apoptosis in MCF7 : 5C cells, treated over a 6-day period. The
growth is measured as percent of DNA present in each well;
vehicle treated cells were considered as 100%.

Table S1 Gene list of E2 (1 nM) regulated apoptotic genes in
MCF7 : 5C cells at 24, 48 and 72 h of treatment versus vehicle
treatment.

Table S$2 Gene list of 17B-oestradiol, 10° M (E2), 4-hydroxy
tamoxifen, 10°M (40HT), bisphenol, 10°M (BP) and
bisphenol A, 10°M (BPA) regulated apoptotic genes in
MCEF7 : 5C cells after 48 h of treatment versus vehicle.



