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Abstract
Bisphenol A (BPA), is a well-known endocrine disruptor compound (EDC) that affects the normal
development and function of the female and male reproductive system, however the mechanisms
of action remain unclear. To investigate the molecular mechanisms of how BPA may affect ten
different nuclear receptors, stable cell lines containing individual nuclear receptor ligand binding
domain (LBD)-linked to the β-Gal reporter were examined by a quantitative high throughput
screening (qHTS) format in the Tox21 Screening Program of the NIH. The results showed that
two receptors, estrogen receptor alpha (ERα) and androgen receptor (AR), are affected by BPA in
opposite direction. To confirm the observed effects of BPA on ERα and AR, we performed
transient transfection experiments with full-length receptors and their corresponding response
elements linked to luciferase reporters. We also included in this study two BPA analogs, bisphenol
AF (BPAF) and bisphenol S (BPS). As seen in African green monkey kidney CV1 cells, the
present study confirmed that BPA and BPAF act as ERα agonists (half maximal effective
concentration EC50 of 10-100 nM) and as AR antagonists (half maximal inhibitory concentration
IC50 of 1-2 μM). Both BPA and BPAF antagonized AR function via competitive inhibition of the
action of synthetic androgen R1881. BPS with lower estrogenic activity (EC50 of 2.2 μM), did not
compete with R1881 for AR binding, when tested at 30 μM. Finally, the effects of BPA were also
evaluated in a nuclear translocation assays using EGPF-tagged receptors. Similar to 17β-estradiol
(E2) which was used as control, BPA was able to enhance ERα nuclear foci formation but at a
100-fold higher concentration. Although BPA was able to bind AR, the nuclear translocation was
reduced. Furthermore, BPA was unable to induce functional foci in the nuclei and is consistent
with the transient transfection study that BPA is unable to activate AR.
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1. Introduction
Endocrine disrupting chemicals (EDC) are environmental compounds that arise from many
different sources and which act as hormone mimics to disrupt normal endocrine function,
leading to altered sexual development and reproduction in both sexes of humans and wild
life animals (reviews and references therein [1,2,3,4]), as well as other endocrine related
functions such as thyroid functions [5]. Although EDCs affect a broad range of endocrine
functions in different tissues and organs, many studies have focused on the estrogen
signaling pathway [6] and fewer on the androgen or other hormonal signaling pathways.
Based on epidemiology studies, some pesticides and other environmental chemicals are
associated with reduced semen quality [7,8], testicular dysgenesis syndrome [9] and other
male reproductive abnormalities [10], and an increased risk for testicular and prostate cancer
[11,12]. The normal development and function of the male reproductive system is dependent
on the action of endogenous androgens (review and references therein, [10]) and the
biological functions of androgens are primarily mediated by the AR [13,14], which is
expressed in many organs including the hypothalamus, pituitary, liver, prostate, and testes.
While EDCs interfere with androgen-dependent signaling pathways through multiple
mechanisms, modulation of AR function is a major mechanism. Therefore, one major goal
of the present study was to explore mechanism(s) by which certain EDCs interfere with AR
function.

Although a number of mid-throughput screening methods have been developed to detect the
effect of EDC on AR activity, the number of compounds screened has been limited
[15,16,17,18,19]. Recently, the Tox21 collaboration was formed among several federal
agencies (NTP/NIEHS, NCGC/NCATS, EPA, and FDA) to develop and validate the utility
of qHTS methods for chemical testing. In Tox21 Phase I, an NTP library of 1408 substances
was screened for the ability of these substances to activate or inhibit transcription by a panel
of 10 different nuclear receptors (NRs) [20]. This approach provided an opportunity to
evaluate chemicals that interact with multiple nuclear receptors and a way to evaluate a
broad spectrum of functional cross-talks between the tested compounds and the nuclear
receptors. Using this approach, compounds identified in an initial screening can then be
validated and analyzed in-depth.

BPA is a high volume production, commercial chemical that is used in polycarbonate
plastics and epoxy resins and appears in a wide range of plastic products, flame-retardants,
and dental sealants (review and references therein, [21,22]). BPA metabolites were found in
more than 90% of the urine samples collected from the general populations of the United
States and Italy [23,24]. A recent study found a positive association between BPA excretion
in urine and the expression of two estrogen-responsive genes, ESR2 (ERβ) and ESRRA
(ERRα), in peripheral blood leukocytes of adults [25], suggesting that BPA is bioactive in
humans. While this compound is a well-known EDC that causes a variety of health problems
and has been extensively studied, most of the studies on BPA have focused on its estrogenic
activity (review and reference therein, [26,27]). In fact, BPA has multiple effects on many
endocrine related signaling pathways [26,27]. It functions as an antagonist for the androgen
receptor [28,29,30], thyroid receptor [31,32] and aryl hydrocarbon receptor [28]. It
potentially binds and activates the glucocorticoid receptor [33] and suppresses aromatase
activity [28]. Furthermore, BPA binds estrogen-related receptor gamma (ERRγ) with a
strong binding affinity constant (Kd) of 5.5 nM [34]. Since ERRγ is highly expressed in the
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placenta [35], it can facilitate the accumulation of BPA in the placenta, thus increasing
exposure of the developing fetus to this compound.

How BPA antagonizes AR function is not well studied and the molecular mechanisms are
unclear. Using in vitro ligand competition assays, it was demonstrated that BPA could
displace the radio-labeled synthetic androgen R1881 on AR [16,36,37]. With the yeast two-
hybrid system, it was demonstrated that BPA affects AR function in multiple ways [38] and
in mammalian cell-based transfection experiments, BPA showed an inhibitory effect on AR
transactivation function [39]. However, the possible mechanisms by which BPA antagonizes
AR function still needs further clarification. In this study, we examined the effect of BPA on
10 NR transactivation qHTS assays conducted during Tox21 Phase I and found that BPA
had a significant effect on ERα and AR mediated activities. We verified these effects by
transient transfection with a full-length receptor and the luciferase reporter gene in CV-1
African green monkey kidney cells and examined the inhibitory mode of action of BPA on
AR function by competition experiments. In addition, we examined the effects of BPA in
ERα and AR redistribution assays. Data from the current study demonstrated that BPA
antagonizes AR activity by competition of androgen binding, reducing the AR movement
from cytoplasm into nucleus and prevent the formation of functional complexes that are the
prerequisite of transcription.

2. Materials and Methods
2.1. Reagents

BPA (Chemical Abstracts Services Registry Number, CASRN: 80-05-7), BPAF (CASRN:
1478-61-1), BPS (CASRN: 80-08-1), hydroxyflutamide (OHF, CASRN:13311-84-7),
androstenedione (CASRN:63-05-8), ICI 182,780 (ICI, CASRN:129453-61-8), casodex
(CSX, CASRN:90357-06-5), cyproterone acetate (CypAC, CASRN:2098-66-0) and 17β-
estradiol (E2, CASRN:50-28-2) were obtained from MRIGlobal under contract to NTP. The
synthetic androgen, methyltrienolone (R1881, CASRN: 965-93-5) was purchased from RTI
International (Durham, NC), and ERα redistribution assay kit (R04-056-01) and AR
redistribution assay kit (R04-043-01) were obtained from Thermo Scientific (Pittsburgh,
PA).

2.2. β-Lactamase reporter gene assay and qHTS
GeneBLAzer β-lactamase (bla) HEK293T cell lines that co-express the Gal4-reporter
system with Gal4DBD-linked LBD of related human NRs and Gal4 response element-bla
reporter were obtained from Invitrogen (Carlsbad, CA). When a compound binds to the
LBD of the fusion receptor, it will activate the bla reporter. The experimental procedure for
compound formatting, qHTS and data analysis were described previously [20,40]. Briefly,
cells stably transfected with receptor-LBD fusion protein and the bla reporter, were
dispensed in 1,536-well plates, incubated at 37°C for 6 h before the compounds at 15
different concentrations (1 × 10-10 to 1 × 10-4 M) were added. The bla activity was
evaluated 16-18 h after compound addition. Fluorescence intensity (405 nm excitation, 460
nm and 530 nm emission) was measured on an Envision plate reader (PerkinElmer, Shelton,
CT). Data were expressed as the ratio of 460 nm to 530 nm emissions.

2.3. Transient transfection and luciferase assay
All plasmids, pSG5-AR, MMTV-Luciferase, Renilla-luc, pRST7-ERα, and 3X-ERE-
TATA-Luc used in transient transfection experiments were provided by Integrated
Oncology Solutions (IOS, Durham, NC) under contract.
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For AR functional assay, monkey kidney CV1 (AR negative) cells were bulk transfected
(using Fugene 6 from Roche, IN) with a DNA mixture consisting of pSG5-AR and MMTV-
Luciferase (reporter gene to measure the transcriptional activity of AR), and Renilla –Luc
(normalization of transfection efficiency) in a 1:10:1 ratio. Following 24-hr transfection,
cells were trypsinized, diluted in DMEM cell culture medium containing 10% charcoal/
dextran treated fetal bovine serum, and re-plated into 96-well plates containing test ligand
pre-diluted in DMSO (0.5% final concentration). Cells were then incubated with either
R1881 or testing compounds for an additional 24 h before harvesting in cell lysis buffer and
assaying for luciferase (firefly and renilla) activity with Dual-Glo Luciferase Assay system
(Promega) according to the manufacturer’s protocol. This assay was performed in both
agonist and antagonist modes. In the agonist mode assays, cells were incubated with
increasing concentrations (10-8 to 10-4M) of test ligand while in antagonist mode assays,
cells were incubated in the presence of an EC80 concentration (5×10-10M) of the synthetic
agonist R1881 in addition to increasing concentrations of test ligands. To evaluate the
antagonist mode of BPA and related compounds on AR function, we added various
concentrations of BPA, BPAF or BPS to the synthetic androgen R1881 at concentrations
from 3×10-8 to 1×10-13 M in transient transfection experiments as described above. For ERα
functional assay, CV-1 (ERα negative) or HepG2 cells were bulk transfected (using Fugene
6 from Roche) with a DNA mixture consisting of pRST7-ERα, 3X-ERE-TATA-luc
(reporter gene to measure the transcriptional activity of ERα), and Renilla –Luc
(normalization of transfection efficiency) in a 1:10:1 ratio. Hormone treatments were carried
out as described for AR except phenol red free medium was used instead. Each assay
consisted of triplicate samples and the experiment was repeated 2-3 times. An EC80
concentration of E2 (2×10-10 M) was present in increasing concentrations of test ligand in
ER antagonist mode assay.

2.4. Nuclear receptor redistribution assay
The ERα and AR redistribution assays were carried out according to the manufacturer’s
instruction. Briefly, recombinant U2OS cells stably expressing human ERα (GenBank
Acc.NM_000125) or human AR (GenBank Acc. NM_000044) fused to the C-terminus of
enhanced green fluorescent protein (EGFP) were maintained in phenol red-free DMEM in
the presence of 2 mM L-Glutamine, 1% Penicillin-Streptomycin, 0.5 mg/ml G418 and 10%
FBS at 37C, 5% CO2, 95% humidity incubator. Cells were plated in 384-well collagen-
coated plates with charcoal-stripped and dextran-treated FBS and incubated overnight before
treatment. Cells were treated with various concentrations of compounds at different times
fixed, stained and permeabilized in 10% Formalin, 0.5% Triton-X100 and 1 μM Hoechst for
20 minutes, then washed twice with PBS. The plates were imaged on the Thermo Scientific
Arrayscan VTI high content imager. A minimum of 200 cells per well were analyzed using
the Compartmental Analysis Bioapplication.

2.5. Statistical analysis
Data analyses and concentration response Hill curve fitting were performed using Graphpad
Prism (La Jolla, CA).

3. Results
3.1. Effect of BPA on ten nuclear receptors

The NTP 1408 compound library was screened against the LBD region of 10 nuclear
receptors; AR, ERα, FXRα (farnesoid × receptor alpha), GR (glucocorticoid receptor),
LXRβ (liver × receptor beta), PPARγ (peroxisome proliferator-activated receptor gamma),
PPARδ (peroxisome proliferator-activated receptor delta), RXRα (retinoid × receptor
alpha), TRβ (thyroid hormone receptor beta), and VDR (vitamin D receptor) in both agonist
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and antagonist modes at 15 concentrations ranging from 0.5 nM to 92 μM along with a
DMSO vehicle control as described previously [20]. The screening data showed that BPA
stimulated ERα and inhibited AR transactivation function. These observations were
confirmed when the effects of BPA on ERα and AR activation were re-tested over the same
concentration range (Fig. 1). BPA had no effect on the activation of FXRα, GR, LXRβ,
PPARδ, RXRα, TRβ and VDR in tested in either agonist or antagonist mode, while PPARγ
was minimally affected (data not shown). In order to validate and further investigate the
interaction between BPA and ERα/AR, follow up studies using full-length receptors were
performed.

3.2. BPA, BPAF and BPS studies with full-length ERα and AR
To confirm the BPA interaction with the ERα- and AR-LBD region in the primary screen,
we carried out experiments transiently transfected with the full-length ERα and 3x-ERE-Luc
or AR and MMTV-Luc in CV1 monkey kidney cells. In addition to BPA, we also tested the
BPA analogues, BPAF and BPS, in these experiments. The results of this study (EC50 and
IC50 for both AR and ER) are summarized in Table 1. Both BPA and BPAF demonstrated
ER activation but no ER inhibition was observed (Figure 2 A and B). BPS, another BPA
analogue, also showed weak estrogenic activity with an EC50 of 2.2 μM, with a potency that
was 10 times lower than BPA and BPAF (Figure 2C). Hydroxyflutamide (OHF), an
androgen antagonist, and methyltrienolone (R1881), a synthetic androgen [41], had no effect
whereas the ER antagonist ICI 182,780 (ICI) completely blocked ERα activity at nM
concentrations. Contrary to their agonist activity on ERα, BPA and BPAF demonstrated AR
antagonist activity at an IC50 of 1-2 μM which is 10-fold less potent than that of the
antiandrogen casodex (CSX) (Table 1 and Fig. 3 B), but showed no agonist activity (Fig.
3A). The positive control, androstenedione and R1881 were found to have AR agonist
activity at EC50s of 8.92 nM and 6.98 pM, respectively (Table 1 and Figure 3A). It should
be noted that BPAF demonstrated cell toxicity at the highest concentration tested (100μM)
whilst BPA did not (data not shown). However, these toxic concentrations are well above
their apparent EC50 and IC50 concentrations confirming that both BPA and BPAF are bona
fide modulators of both ERα and AR transcriptional activity.

To investigate the mechanism(s) by which BPA and BPAF were AR antagonists, we carried
out competition experiments. The concentration response curves of R1881 were examined in
the presence of various concentrations of BPA and BPAF. As shown in Fig. 4 A and B, both
BPA and BPAF caused right parallel shifts for the R1881 concentration-response curve,
indicating competitive antagonism. In this study, we also tested BPS for its ability to inhibit
transactivation function of the AR because it has been demonstrated to be a weak ERα
agonist (Fig. 4C). Interestingly, the presence of BPS at concentrations of 10 and 30 μM did
not significantly change the potency of R1881 as demonstrated by the dose-response curve,
although the Vmax was decreased by about 17%.

3.3. Nuclear receptor redistribution assays
Endogenous ER and AR receptors are highly mobile and dynamic within cells. Upon ligand
binding, the receptors accumulate in nuclear compartments (foci) containing coactivators
and other proteins required for transactivation function. This event is one of the
indispensable and common steps for steroid hormone receptor-mediated transactivation
[14,42,43]. The commercially available Enhanced Green Fluorescent Protein (EGFP) tagged
ERα and AR redistribution assay systems provide the tools to examine the effect of BPA on
the early events in ERα- and AR-mediated transactivation function. The primary output in
the ERα redistribution assay is the formation of nuclear foci since the ERα is evenly
distributed in the nucleus in the absence of ligand. The ERα-induced foci formation is
concentration-dependent and is comparable to the transactivation assay (Fig. 2) with EC50
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values of 0.29 nM for E2 and 558 nM for BPA (Fig. 5A). Although BPA induced
measurable formation ERα foci, it required an approximate 2000-fold higher concentration
to achieve the same level of foci counts as E2 (Fig. 5A). In addition, BPA did not interfere
with the E2-induced foci formation until high concentrations (>35 μM) were used (Fig. 5B).

AR is normally located in the cytoplasm and moves into nuclei minutes after ligand binding.
The ligand-AR will then reorganize with the nuclear proteins into distinct foci [44].
Therefore, the image based AR redistribution assay is designed for analysis of ligand-
induced nuclear translocation and formation of nuclear foci by the EGFP-AR. To determine
the proper treatment duration for the experiments, we counted the number of foci in the
nucleus of cells treated with R1881 at 15 concentrations for 0.25 to 6 h (Fig. 6). EC50
concentration of R1881-induced strong foci formation as seen at 0.25, 0.5, 1 and 6 h are 4.2,
0.9, 0.4 and 0.1 nM, respectively (Fig. 6). The signal-to-basal ratio of the maximum R1881
treatment was highest after 6 h of incubation (8-9-fold). Therefore, 6 h was chosen as an
optimal treatment time for R1881, CypAC, and BPA in the AR redistribution assay. As
expected, R1881 induced a high level of foci formation calculated by counting nuclear spots
(foci) (Fig. 7A) whereas BPA did not (Fig. 7B). These data were consistent with the
transactivation assay (Fig. 3A). The androgen antagonist CypAC was able to induce a small
number of nuclear foci at a high concentration (Fig. 7A). Similar to the known AR
antagonists such as OHF and CAS [45], CypAC showed nuclear translocation as measured
by the increase in the average nuclear foci intensity (Fig. 7C). Unlike the behavior of these
known anti-androgens, BPA was ineffective except at very high concentrations (>10 μM) in
promoting AR nuclear translocation (Fig. 7D). These data were supported by the imaging of
the treated cells (Fig. 7E). In the presence of 0.5 nM R1881, high concentrations of BPA
(100 μM) inhibited spot count in the nuclei (Fig. 8A) and showed some intense fluorescence
in the nuclei but no foci formation (Fig. 8B) suggesting that under this condition, BPA could
compete out the R1881 binding and move the AR into the nucleus. However, the complex
was unable to form functional foci as required for the transactivation activity.

4. Discussion
Although several studies have shown that BPA exhibits strong anti-androgenic activity both
in vitro and in vivo (see review and references therein [10,27,28], there are discrepancies
between the results from different research groups, including the failure to demonstrate BPA
anti-androgenic activity in HepG2 cells [46] and the observation that BPA did not exert
major androgenic effects in the Hershberger assay [47]. In addition, little is known about the
mechanism(s) of the AR antagonism by BPA. In this study, we showed that BPA
antagonizes AR activity by competing with R1881 binding to the LBD thus confirming our
primary qHTS data. BPA by itself did not activate AR in a cell-based reporter assay in
agreement with our imaging analysis showing that BPA could not induce functional foci,
which is an essential feature of transcriptional activity. Furthermore, BPA-AR nuclear
translocation was retarded.

In the competition experiments, both BPA and BPAF antagonized R1881 and shifted the
R1881 dose-response curve to the right without affecting the maximal response of the full-
length receptor to R1881. This indicated that antagonistic effects of BPA and BPAF on AR
activation involve competition between these compounds and the AR agonist for binding at
the LBD. These studies revealed one of the mechanisms on how BPA affects AR function.
Within the NR superfamily [13] AR contains a unique feature in the amino-terminus (N)
which plays an important functional role [48]. Whereas most of the NR cofactor interactions
and transactivation functions depend on the activation function 2 domain (AF-2) at the
carboxy-terminus (C), the AR contains a major activation function 1 domain (AF-1) at its N
terminus that requires interaction between the N/C functional domains for full activity
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(reviews and references therein [49,50]). It is not known whether BPA or BPAF affects the
AR N/C interaction. Based on the results of competition experiments, this appears unlikely
because there was no effect on the Vmax of the dose-response curves suggesting that the
major region for BPA and BPAF interaction resides in the LBD. Interestingly, the
structurally closely related analogue, BPS did not significantly shift the dose-response curve
of R1881 at concentrations up to 30 μM, although slight decreases of Vmax were observed.
Whether BPS could affect AR function in another way has yet to be determined. Being a
weaker estrogen (Fig. 2C) that has no obvious effects on AR, BPS, with a higher stability
and heat resistance is being considered as a substitute for BPA, but nonetheless, its
environmental impact on the ecosystem and human health still needs more study.

A majority of the functional studies on nuclear receptors are focused on cell-based reporter
gene expression assays. This type of assays have limitations as the data represent the
accumulative response of all the cells which may be at the different stages of the cell cycles
and expressing different levels of the receptors. To complement the cell-based reporter
assays we included the image-based ERα and AR assays on nuclear translocation and
nuclear patterning changes for the early steps of gene activation. Results on the BPA effect
of ERα function are consistent with reports in the literature. The EC50s for reporter assays
and nuclear foci formation for both E2 and BPA are similar (table I and Figure 5) suggesting
that functional formation of foci is a prerequisite for transcriptional activation. Although the
estrogenic activity of BPA is 1,000 times lower than that of endogenous E2, its high
production volume and wide spread use in consumer products makes it a potentially
important EDC. The other two BPA related compounds, BPAF and BPS were not examined
in the image-based analyses. Since the number of foci detected is parallel to the
transactivation function, we can predict that the BPAF will induce functional foci similar to
BPA wheras BPS would need much higher concentrations to show such an effect. It has
been reported that BPA binds ERβ stronger than ERα in a binding assay [51] and recruits
different coactivators [52]. Recently, ERα- and ERβ-mediated BPA, BPAF and Zearalenone
effects were examined in a cell-based reporter assay [53]. Whether BPA and BPAF act as
agonists or antagonists in the estrogen signaling pathway via ERα or ERβ is dependent on
the cell-type, concentration and the estrogen response element tested. Based on those data it
was possible that the expression level of ERα and ERβ would contribute to the complex
tissue-dependent effect of BPA.

To test AR function we used the relatively stable synthetic androgen R1881 as the ligand
[41]. Although the length of treatment with R1881 in the transfection assays was longer than
in the imaging analysis, the EC50 values obtained in both studies were relatively similar
(Table I and Fig. 6 for R1881). Even though AR translocation could happen in minutes after
ligand binding [44], more time was required for the reorganization of the AR into distinct
intranuclear foci and thus transactivation activity. The 6 h imaging analysis time may be
shorter than required for complete foci formation and full functional activation. When
combined with R1881, BPA was able to reduce the number of R1881-induced foci, a
response pattern similar to several environmental compounds, such as vinclozolin, nitrofen
and DDT which have previously been characterized as having anti-androgenic activity
[45,54]. Unlike those compounds and several known AR antagonists, including CypAC,
which induced a modest nuclear translocation of the receptor (about 45-53% of R1881
response), at concentrations lower than 1 μM, BPA was unable to induce nuclear
translocation until it reached the concentration of 10 μM, being about 100x less efficient in
AR nuclear translocation than the AR antagonist CypAC (Figure 7). This observation is in
contrast to an earlier report showing that BPA did not translocate AR-GFP to the nucleus
[54]. It is not known how BPA inhibits AR movement. It could impair the AR dissociation
from the molecular chaperones in the cytoplasm [44] or interfere with the proper
modification of the nuclear localization signal (NLS) which plays an indispensable role in
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determining AR intracellular location [55,56]. These subtle differences among the
compounds on AR function are indicative of the complexity and the mechanisms that are
involved in gene activation.

Although BPA does not have agonist activity on the wild-type AR, it is able to activate the
AR (T877A) mutant and promotes prostate cancer cell proliferation [57,58]. This ability of
BPA to activate tumor derived AR is conserved across multiple AR mutants; therefore,
environmental exposures to BPA might promote tumor growth and tumor recurrence [59]. It
is intriguing how a single mutation in AR can turn BPA from a weak antagonist into an
agonist in prostate cancer cells. EDCs could modulate AR functions via multiple
intracellular targets. Different compounds might either directly or indirectly alter the
conformation of AR thereby changing its preference for coactivators or corepressors [60,61]
and its androgenic or anti-androgenic activities. Thus far, screening studies compounds that
modulate AR function have been limited to AR binding (see review and references therein
[10]). Environmental compounds could modulate AR function via non-binding mechanisms
such as by targeting heat shock proteins [62,63], histone deacetylases [64], and several
kinases, including HER2/neu kinase [65]. Identification of intracellular factors that mediate
the effects of these compounds could vastly improve our understanding of nuclear receptor
biology and the development of therapeutic interventions to the EDC effects.

5. Conclusion
BPA affects the endocrine system on multiple levels and in multiple pathways. As an
established ERα agonist, BPA is also a strong anti-androgenic compound. We explored the
mechanisms of BPA inhibition on AR function by using transcriptional activation and AR
redistribution assays. We found that BPA binds AR and competes with androgen binding at
the LBD region of the receptor. Like known androgen antagonists, BPA is unable to
promote the formation of functional AR foci in the nucleus; however, unlike other known
antagonists, BPA inhibits the efficient nuclear translocation of AR. BPA binding to AR
interferes with nuclear receptor translocation such that AR may require a higher
concentration and/or longer time for the translocation process. Based on these data, BPA is a
potent endocrine disruptor that interferes with normal endocrine function in multiple ways.
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Highlights

• BPA antagonizes AR function by competitive inhibition of androgen binding.

• Prevents functional foci formation in the nucleus.

• Reduce the AR presence in the nucleus.

• BPAF have similar activation function in ERα and inhibition in AR as BPA

• BPS is a weaker ERα agonist and does not inhibit AR function
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Figure 1.
Concentration response curves of BPA on (A) ERα-bla and (B) AR-bla assays.
GeneBLAzer β-lactamase HEK293 cell lines that co-express Gal4-reporter system with
Gal4DBD-linked ERα-LBD or AR-LBD were tested in 12-24 concentrations from 0.5 nM
to 92 μM range in HTS format. Each data point represents mean ± SD of triplicate
measurement with 1 representative experiment. The experiment was repeated three times.
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Figure 2.
Effect of BPA, BPAF, and BPS on ERα transcriptional activity. A. Concentration response
curves of BPA and BPAF on ERα activation. Hydroxyflutamide and androstenedione were
negative control. B. BPA and BPAF do not inhibit ERα function. ER antagonist ICI,
showed strong inhibition while androstenedione used as negative control has no effect. C.
Concentration response curve of BPS on ERα activation. Mean ± SD of representative
experiment with triplicate samples are shown. The experiment was repeated two times.
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Figure 3.
Effect of BPA and BPAF on AR transcriptional activity. A. BPA and BPAF do not activate
AR transcriptional activity. R1881 and the androstenedione showed strong activation. B.
BPA and BPAF inhibit AR transcriptional activity. The androgen antagonist, CSX strongly
inhibits AR activity. Mean ± SD of representative experiment with triplicate samples are
shown. The experiment was repeated twice.
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Figure 4.
BPA, BPAF, and BPS compete for binding with androgen to the AR. A. BPA competes with
R1881 and inhibits AR activity at dose-dependent manner. B. BPAF competes with R1881
and inhibits AR activity at dose-dependent manner. C. BPS does not compete with R1881
nor inhibit AR activity at the highest dose tested. Each data point represents mean ± SD of
triplicate samples within 1 representative experiment. The experiment was repeated four
times.
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Figure 5.
Effect of BPA on ERα redistribution assay. A. BPA induces ERα nuclear foci formation in
a dose-dependent manner. B. BPA does not interfere with 0.5 nM E2-induced nuclear foci
formation at concentrations less than 1 μM. Mean ± SD of representative experiment with
triplet samples are shown. The experiment was repeated twice.
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Figure 6.
Time course of AR redistribution at various concentrations of R1881. Mean ± SD of
representative experiment with triplet samples are shown. The experiment was repeated
twice.
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Figure 7.
Effect of R1881, CypAC and BPA on AR redistribution assay. A. Nuclear spot counts for
agonist and antagonist controls (R1881 and CypAC respectively). B. Nuclear spot counts for
BPA alone and in the presence of agonist R1881. C and D. Fluorescence intensity
measurement of nuclear to cytoplasmic ratio in cells treated with CypAC (C) and BPA (D).
Mean ± SD of representative experiment with triplet samples are shown. The experiment
was repeated twice. E. Imaging of cells treated with various compounds.
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Figure 8.
BPA blocked R1881-induced nuclear foci formation. A. Dose-dependent inhibition of
R1881-induced nuclear foci formation by BPA. Mean ± SD of representative experiment
with triplet samples are shown. The experiment was repeated twice. B. Image shown that a
high concentration of BPA may move the AR-EGFP into nuclei but no foci formation.
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