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Previous studies in rodent models have shown that early-life exposure to bisphenol A (BPA) reprograms
the prostate and enhances its susceptibility to hormonal carcinogenesis with aging. To determine
whether the human prostate is similarly sensitive to BPA, the current study used human prostate
epithelial stem-like cells cultured from prostates of young, disease-free donors. Similar to estradiol-178
(E,), BPA increased stem-progenitor cell self-renewal and expression of stem-related genes in a dose-
dependent manner. Further, 10 nM BPA and E, possessed equimolar membrane-initiated signaling
with robust induction of p-Akt and p-Erk at 15 minutes. To assess in vivo carcinogenicity, human
prostate stem-progenitor cells combined with rat mesenchyme were grown as renal grafts in nude
mice, forming normal human prostate epithelium at 1 month. Developmental BPA exposure was
achieved through oral administration of 100 or 250 ug BPA/kg body weight to hosts for 2 weeks after
grafting, producing free BPA levels of 0.39 and 1.35 ng/mL serum, respectively. Carcinogenesis was
driven by testosterone plus E, treatment for 2 to 4 months to model rising E, levels in aging men. The
incidence of high-grade prostate intraepithelial neoplasia and adenocarcinoma markedly increased
from 13% in oil-fed controls to 33% to 36% in grafts exposed in vivo to BPA (P < .05). Continuous
developmental BPA exposure through in vitro (200 nM) plusinvivo (250 ng/kg body weight) treatments
increased high-grade prostate intraepithelial neoplasia/cancer incidence to 45% (P < .01). Together,
the present findings demonstrate that human prostate stem-progenitor cells are direct BPA targets and
that developmental exposure to BPA at low doses increases hormone-dependent cancer risk in the
human prostate epithelium. (Endocrinology 155: 805-817, 2014)

rostate cancer is the most common noncutaneous can-
Pcer and the second leading cause of cancer-related
mortality in men in the United States (1). Despite extensive
research, the etiology of prostate cancer remains elusive.
Further understanding of factors that contribute to this
high disease rate are essential for implementing effective
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tumor prevention and therapeutic strategies. It is well rec-
ognized that adult androgens and estrogens play funda-
mental roles in initiation, promotion, and progression of
prostate cancer (2). There is also compelling evidence that
the developmental hormonal milieu may be linked to the
predisposition of this gland to prostate cancer in adult

Abbreviations: APC, allophycocyanin; BPA, bisphenol A; BPA-G, glucuronidated BPA; BW,
body weight; 2-D, 2-dimensional; 3-D, 3-dimensional; E,, estradiol-178; EDC, estrogen-
disrupting chemical; ER, estrogen receptor; ERE, estrogen response element; EtOH, eth-
anol; FACS, fluorescence-activated cell sorting; LOD, limits of detection; p, phosphorylated;
PIN, prostatic intraepithelial neoplasia; PrEC, primary human prostate epithelial cell; PSA,
prostate-specific antigen; SQM, squamous metaplasia; SRM, selected reaction monitoring;
T+E, testosterone and estradiol-178; UGM, urogenital sinus mesenchyme.
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men. Although in utero prostate morphogenesis is driven
by fetal androgens (3), maternal and fetal estrogens also
modulate development through estrogen receptors (ERs)
a and B expressed in the human fetal prostate (4). Impor-
tantly, multiple epidemiology studies link elevated estro-
gen levels during pregnancy to increased risk of prostate
cancer in male offspring (5-9). This is supported by ex-
tensive laboratory-based research using rodent models,
which has shown that inappropriate estradiol exposure
during development in terms of levels and timing can re-
program the developing prostate gland and increase its
susceptibility for prostate cancer during aging (10-13).
Together, these findings have led to the hypothesis that an
altered steroid balance during prostate gland formation,
with a shift favoring estrogen dominance, may predispose
the newborn male to prostatic disease including carci-
noma later in life.

There is rising concern that exposures to endocrine-
disrupting chemicals (EDCs) in the environment during
sensitive developmental stages may likewise increase sus-
ceptibility to prostate cancer in the human population.
One ubiquitous EDC with proven estrogenic activity is
bisphenol A (BPA), a high-production chemical found in
thousands of consumer products including polycarbonate
bottles, epoxy resins, carbonless paper receipts, and dental
sealants (14, 15). Importantly, BPA monomers have been
shown to leach into food and beverages as well as absorb
across the skin (15, 16). In a study of 2500 US adults, 93%
had detectable urine BPA, indicating that humans are
chronically exposed to this compound during routine
daily activity (17). Although adults have a high capacity to
rapidly metabolize and excrete BPA, the fetus and infant
have lower hepatic expression of its metabolizing enzyme,
UGT?2B, and thus are at greater exposure risk to uncon-
jugated (bioactive) BPA than adults (18). Although levels
of unconjugated or free BPA in adult human serum are
typically low (undetectable to ~0.5 ng/mL), higher levels
have been reported in amniotic fluid, fetal circulation, and
neonates (19-22). Thus, there is considerable potential
for BPA to act as an environmental estrogen in the devel-
oping prostate.

To address this possibility, our laboratory used a rat
model and demonstrated that similar to estradiol, a brief,
early-life exposure to low-dose BPA markedly increased
the incidence of later-life, estrogen-mediated prostate car-
cinogenesis (23, 24). These findings suggest that develop-
mental BPA exposure can sensitize the prostate to adult
estrogenic exposures, thus priming their carcinogenic sus-
ceptibility to the relative rise in estrogen levels that occur
in aging men. Mechanisms for these life-spanning effects
were shown to include permanent epigenetic modifica-
tions (23, 25) and reprogrammed prostate stem cells (26,
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27),which are both retained throughout life. A major issue
that remains to be resolved is whether this reprogramming
process may occur in the human prostate gland and
whether early-life BPA exposures may increase prostate
cancer risk in men as they age, as predicted by animal
models. However, direct methods for examining develop-
mental BPA exposures and later life prostate cancer inci-
dence in humans is a particular challenge due to the long
latency period between fetal development and age of pros-
tate cancer onset (50-60 years).

Recently, our laboratory established a novel model for
in vivo development of humanized prostate-like tissues by
using epithelial stem-progenitor cells cultured from pros-
tate glands of young, disease-free men (28). Remarkably,
we found that the prostate stem-progenitor cells express
ERs (a and B) and GPR30 and exhibit a proliferative re-
sponse to 1 nM estradiol-178 (E,), implicating them as
direct estrogenic targets. When mixed with embryonic rat
urogenital sinus mesenchyme (UGM) and grafted under
the kidney capsule of nude mice, these progenitor cells
formed normal human prostate epithelium that produce
prostate-specific antigen (PSA) within the prostate-like tis-
sues by 1 month of age. Treatment of the host mice bearing
the humanized prostate-like structures with testosterone
and estradiol-178 (T+E) induced prostate epithelial pa-
thology over a 1- to 4-month period, progressing from
hyperplasia to prostatic intraepithelial neoplasia (PIN)
and adenocarcinoma at a relatively low incidence (28).
Together, these findings provided the first direct evidence
that human prostate stem and progenitor cells are direct
estrogen targets and that estrogen, in an androgen-sup-
ported milieu, is a carcinogen for human prostate
epithelium.

In this context, the present study first assessed whether
BPA over a range of doses has similar estrogen-like effects
on normal human prostate stem-progenitor cells in terms
of self-renewal capacity, differentiation, and signaling ac-
tivity. Next, our in vivo humanized prostate system was
used to determine whether developmental stage BPA ex-
posures could modulate the incidence of estrogen-medi-
ated carcinogenesis in the human prostate epithelium as
the tissues aged. Importantly, circulating levels of free
(bioactive) and glucuronidated BPA (BPA-G) in the host
mice after oral exposures were directly measured using an
ultra-high-performance liquid chromatography tandem
mass spectrometry (UHPLC-MS-MS) system and found to
be relevant to human exposures. Our findings reveal that
BPA mimics estradiol effects on human prostate stem-pro-
genitor cell self-renewal capacity and that brief exposure
of the human prostate epithelium to low-dose BPA during
a developmental stage significantly increases the incidence
of estrogen-mediated PIN and prostate cancer.
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Materials and Methods

Cell and prostasphere cultures

Primary human prostate epithelial cells (PrECs) were ob-
tained from young (19-21 years of age) disease-free organ do-
nors (Lonza) and cultured in prostate epithelial cell growth me-
dium (PrEGM; Lonza) on fibronectin-coated flasks. PrEC from
4 donors were used, and all exhibited similar growth and hor-
mone-responsive behaviors. Prostaspheres were cultured from
PrECs as described previously (28) and confirmed as clonally
derived spheroids of stem-progenitor cells (Supplemental Figure
1 published on The Endocrine Society’s Journals Online web site
at http://end.endojournals.org). In brief, 1 X 10° PrECs were
resuspended in 1:1 Matrigel (BD Biosciences)/PrEGM with 1 mL
of PrEGM and cultured at 37°Cin 5% CO,. Prostaspheres were
cultured in the absence or presence of 1 nM to 1 uM E, (Sigma-
Aldrich) or 0.1 nM to 1 uM BPA with medium replenished every
48 hours. Crystalline BPA was provided by the National Toxi-
cology Program (NIEHS), dissolved in 100% ethanol (EtOH)
with a final EtOH concentration at 0.1%. Prostasphere number
and size at day 7 were assessed using an automated digital image
processing algorithm (see Supplemental Methods and Supple-
mental Figure 2).

Flow cytometry

Analysis of the stem-enriched population in day 7 prostas-
pheres after E, exposure was performed by fluorescence-acti-
vated cell sorting (FACS) using the CD49f and Trop2 antibody
method (29, 30). In brief, prostaspheres were dispersed into sin-
gle cells, which were stained with anti-human/mouse CD49f al-
lophycocyanin (APC) and anti-human Trop2 Alexa Fluor 488
(eBioscience) antibodies. Dead cells were gated by propidium
iodide staining. Mouse IgG2a K isotype control Alexa Fluor 488
and Rat IgG2a K isotype control APC (eBioscience) antibodies
were used as negative controls. Cells were sorted using the CyAn
ADP analyzer (Beckman Coulter), and events were analyzed and
plotted based on CD49f and Trop2 staining intensity by the
Summit Software v4.3 (Beckman Coulter). Subpopulations of
fractionated cells were further delineated using the Summit Soft-
ware polygon tool.

Stem-like cell Hoechst exclusion assay

A Hoechst dye exclusion assay (31, 32) was used to quantitate
the fraction of stem-like cells in primary PrEC cultures after
exposureto 1to 100 nM E, or 10 nM to 1 uM BPA for 72 hours.
PrECs were preincubated for 10 minutes with or without 50 pM
verapamil hydrochloride (Sigma-Aldrich), which inhibits
ABCG2 transporter protein expressed at high levels in stem cells,
blocking their Hoechst exclusion ability. Cells were next incu-
bated in 0.5 pg/mL Hoechst 33342 (Sigma-Aldrich) in Hanks’
balance salt solution, 10% fetal bovine serum, 1% D-glucose,
and 20 mM HEPES for 30 minutes at 37°C, washed in PBS, and
incubated with 1 ug/mL propidium iodide for dead cell exclu-
sion. Hoechst-stained cells were separated by single-channel
FACS (CyAn ADP analyzer). All results were confirmed by side-
population double-channel FACS analysis (MoFlo XDP ana-
lyzer; Beckman Coulter) using 5 pwg/mL Hoechst dye (32). The
percentage of prostate stem-like cells were calculated as the dif-
ference in Hoechst excluding cells incubated without or with
verapamil.
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Quantitative real-time RT-PCR

Total RNA was isolated from prostaspheres using RNeasy
Mini Kit (QIAGEN), and cDNAs were synthesized using iScript
Reverse Transcription Supermix (Bio-Rad). PCR reactions in
SsoAdvanced SYBR Green Supermix (Bio-Rad) were performed
using a CFX96 Real-Time System (Bio-Rad). Primer sequences
for prostate genes are provided in Supplemental Table 1. The
cycling conditions were 95°C for 5 minutes, followed by 40 cy-
cles of 95°C for 15 seconds and 60°C for 1 minute. Data were
analyzed by the —AAC, method, and individual mRNA levels
were normalized to the housekeeping gene RPL13.

Estrogen and BPA signaling pathway analysis

To assess rapid, membrane-initiated signaling actions of E,
and BPA, day 7 prostaspheres (20 000/treatment) were isolated
with dispase, resuspended in PrEGM, and exposed to 10 nM E,
or 10 nM BPA for 0, 15, 30, or 60 minutes or 6 hours at 37°C.
Prostaspheres were Dounce homogenized and lysed in cell lysis
buffer (Cell Signaling) for 10 minutes at 4°C as described pre-
viously(33). Lysates were centrifuged (15 000 rpm) and 30 ug of
supernatant protein was separated via 10% SDS-PAGE gels,
transferred to polyvinylidene difluoride membranes and immu-
noblotted. Primary antibodies against phosphorylated (p)-Akt
(S473), Akt, p-Erk (Thy202/Tyr204), and Erk (Cell Signaling)
and horseradish peroxidase-conjugated secondary antibody
were used. Proteins were visualized with Pierce ECL Plus and
scanned using ImageQuant (GE Healthcare).

To assess evidence of E, or BPA genomic signaling through an
estrogen response element (ERE), prostaspheres were cultured
for 5 days, isolated from Matrigel with dispase, plated at 200
prostaspheres/well and incubated in PrEGM for 16 hours.
Spheres were cotransfected with a firefly luciferase reporter con-
struct, ERE2-tk-luc (34), and Renilla luciferase reporter as in-
ternal control using lipofectamine for 6 hours. Transfected pros-
taspheres were treated with vehicle, 10 nM E,, or 10nMto 1 uM
BPA for 16 hours, and luciferase activity was measured using a
Dual-Luciferase Reporter Assay System (Promega). The ratio of
firefly luciferase activity and Renilla activity was used to analyze
ERE activation by E, or BPA over vehicle control. pGL basic
vector and pGL3 control vectors were used as negative and pos-
itive controls, respectively.

Animals and formation of humanized prostate-like
tissues

Animals were handled according to the Guide for the Care
and Use of Laboratory Animals, and studies were approved by
the institutional animal care committee. Timed pregnant female
Sprague-Dawley Hsd:SD rats were purchased from Harlan, and
fetal pups were collected on gestation day 17 for UGM recovery.
Male nude mice were purchased from Harlan at 4 to 6 weeks of
age and acclimated to BPA-controlled conditions before their use
as renal graft hosts. Care was taken to avoid all polycarbonate
and epoxy resin contact to the animals, sera, and tissue samples.
All materials were screened for BPA content using UHPLC-
MS-MS and only products with no detectable BPA levels were
used. Animals were housed at 21°C, on a 14:10-hour light/dark
schedule in polysulfone solid-bottom cages and double-deion-
ized water was supplied from glass bottles. Animals were fed ad
libitum a phytoestrogen-reduced diet (Teklad 2018; Harlan).
Food lots with <20 pmol of estrogen equivalents/g, measured by
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an E-SCREEN assay (35) were used. In vivo formation of human-
ized prostate-like structures was performed using tissue recombi-
nation and renal grafting in host mice as described previously (28).
In brief, ~3000 human prostate epithelial stem-progenitor cells
from dispersed day 7 prostaspheres were mixed with rat UGM in
Matrigel and grafted under the renal capsule of host adult male nude
mice. Mature chimeric prostate-like structures with normal histol-
ogy formed by 1 month. PSA immunostaining was used to confirm
the human origin of the prostate epithelium.

Developmental in vivo BPA exposure and
hormonal carcinogenesis

To recapitulate developmental BPA exposure for the human
prostate epithelium, host mice were fed BPA (in 30 uL of to-
copherol-stripped corn oil, 1% EtOH) daily by mouth for 2
weeks after renal grafting when stem-progenitor cells cytodif-
ferentiate to basal and luminal cells and form glandular struc-
tures. Because adult host mice have greater BPA-metabolizing
capacity than the fetus (36), preliminary studies were conducted
using 50 to 500 ug BPA/kg body weight (BW) to identify oral
doses that produce internal free BPA levels comparable to levels
found in human umbilical cord, fetal serum, and neonatal serum.
Four treatment groups were subsequently used: (1) vehicle (n =
38),(2) 100 g BPA/kg BW (n = 36), (3) 250 g BPA/kg BW (n =
27), and (4) 200 nM BPA during in vitro prostasphere culture
plus 250 g BPA/kg BW (n = 42). The latter group models BPA
exposure from the stem cell stage through prostate morphogen-
esis in vivo. Tail vein blood was collected from host mice 20 to
30 minutes after feeding on exposure day 7 for quantitation of
internal BPA levels. After 1 month, hormonal carcinogenesis was
initiated though subcutaneous T+E pellets (25 mg of T and 2.5
mgE,), which models rising E, levels in aging men and promotes
progressive carcinogenesis over 4 months (28). Host mice were
euthanized at 2 and 4 months, and the renal grafts were collected.

Histology and immunohistochemistry

Grafted tissues were fixed in methacarn, dehydrated, and em-
bedded. Serial sections were stained with hematoxylin and eosin,
coded, and examined by 2 board-certified pathologists blinded
to treatment. Tissues were classified for human prostate pathol-
ogy according to criteria established by the Armed Forces Insti-
tute of Pathology and categorized as normal, squamous meta-
plasia (SQM), epithelial hyperplasia, high-grade (HG)-PIN, and
adenocarcinoma. Although multiple benign (SQM and hyper-
plasia) and malignant (HG-PIN and cancer) lesions coexisted in
several grafts, the malignancy incidence was ranked based on the
most severe lesion present. Immunohistochemical analysis was
performed for confirmation of human prostate epithelial lesions
using PSA, p63, CK14, and CK 8/18 as described previously (28).

Bisphenol A quantitation

HPLC-grade solvents (acetonitrile, methanol, and water)
were purchased from Burdick & Jackson (Honeywell) and were
determined to be free of BPA contamination. BPA and [rings-
13C,,]-BPA-G were purchased from Sigma-Aldrich. Bisphenol A
mono-B-D-glucuronide (BPA-G) was obtained from the Midwest
Research Institute. [dg]-BPA was purchased from Cambridge
Isotope Laboratories.

Stock solutions of BPA and BPA-G were prepared in metha-
nol at a final concentration of 1 mg/mL and stored in amber glass
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vials. Working standards were made by serial dilution from stock
solutions. Calibration standards were prepared by mixing 1 uL
of each working standard with 24 uL of blank mouse serum and
vortex mixing. Each unknown serum sample (25 pL) or calibra-
tion standard (25 uL) was mixed with 100 wL of acetonitrile
containing the surrogate standards 5 ng/mL [d]-BPA and 5
ng/mL ['*C,,]-BPA-G. The mixture was vortexed for 1 minute,
centrifuged for 15 minutes at 13 000 X g at 4°C, and the super-
natant was removed and evaporated to dryness. The residue was
reconstituted in 25 uL of 50% aqueous methanol and a 5-uL
aliquot was injected onto the UHPLC-MS-MS system for
analysis.

Chromatographic separations were carried out using a Shi-
madzu LCMS-8050 triple quadrupole mass spectrometer
equipped with a Shimadzu Nexera UHPLC system. BPA and
BPA-G were separated on a Waters Acquity UPLC BEH (2.1 X
50 mm, 1.7 pm) C, ¢ column. A 1.5-minute linear gradient was
used from 10% to 100 % acetonitrile in water followed by a hold
at 100% for 0.3 minute at a flow rate of 0.4 mL/min. The total
run time including equilibration was 3.5 minutes. The column
oven temperature was 45°C. Negative ion electrospray mass
spectrometry with selected reaction monitoring (SRM) was used
for the measurement of each analyte. Two SRM transitions
(quantifier and qualifier) were monitored for each analyte as
follows: BPA m/z 227 to 212 and m/z 227 to 133; [d4]-BPA m/z
233 to 215 and m/z 233 to 113; BPA-G m/z 403 to 227 and m/z
403 to 113; and [**C,,]-BPA-G m/z 415 to 239 and m/z 415 to
113. The SRM dwell time was 50 milliseconds per transition. The
lower limits of quantitation for BPA and BPA-G were 0.5 and 0.2
ng/mL, respectively, and the lower limits of detection (LOD) for
BPA and BPA-G in mouse serum were 0.2 and 0.1 ng/mlL,
respectively.

Statistical analysis

For in vitro studies, data were analyzed by a Student # test or
ANOVA followed by post hoc tests (GraphPad Software Inc).
For in vivo studies, power analysis determined an n = 23/group
was required for appropriate power; thus, a minimum of 25/
group was used in the present studies. Analysis of prostate lesion
incidence between groups was performed using the Fisher exact
test. Values are expressed as means = SEM, and a value of P <
.05 was considered significant.

Results

Estradiol and BPA stimulate human prostate stem
cell self-renewal and progenitor cell amplification
Initial studies had demonstrated that 1 nM E, exposure
increased prostasphere number and size at day 7, indica-
tive of a stimulation in stem cell self-renewal and progen-
itor cell proliferation, respectively (28). To determine the
dose response to E,, prostaspheres were cultured in 1 nM
to1 uME, for 7 days. As shown in Figure 1A, the maximal
stimulatory effect of E, on sphere number and size was
observed at 1 nM with higher E, doses having no further
increase in 40- to 80-um sphere numbers and a decreasing
effect observed on spheroids >80 uwm. Next, prostas-

220z ¥snbny 0z uo isenb Aq 90Z€¥82/G08/€/SS |L/3101UE/O0PUS/WOD dNO-dlWapEDE//:SARY WO PAPEOJUMO]



doi: 10.1210/en.2013-1955 endo.endojournals.org 809

3.0 25
A — 40-80 pm >80 pm C *
o
E’, 2.5 4 b = *
c * @ 2.0 1
1] * o
< 20 - Q
S . X
o) T s ; 1.5 -
(=] 4
& 15 §
i 7]
@ 1.0 1
e 7 i
2 / 2 0
o 05 / o 0.
o . / o
00 €™""1" 10 100 1000 C 1 10 100 1000 00 L2 M T .
E2 (nM) E2 (nM) E2 (nM)
B
. 1.6
control ; 1 nM E2 *
. o *
1034 10+ Lo 103 1.2-
ﬂ}
g o
g g
S -50.3‘
3 -
© °
(18
0.41
10 100 o T w T 1 1 108 0.0
110 100
Trop2 - AF488 Trop2 - AF488 Trop2 - AF488 '#‘
D 25 E 6
40-80pm >80pm %
*%k

(]
(=]
I

‘g‘ 2

o)) —

z 8

£ * )

S 45 1 =

s S

L 4.0 - o

2 Z 8,

: / g

c 0.5 / o

2 Z o
- ol 17 : |
e 1 10 200 1000 [+ 10 200 1000 G 10 200 1000

BPA (nM) BPA (nM) BPA (nM)

Figure 1. Dose-response effects of E, and BPA on prostasphere growth and self-renewal of stem-like cells in primary prostate epithelial cell
cultures. A, Prostaspheres (PS) were grown for 7 days in a 3-D Matrigel culture in the absence (C) or presence of 1 nM to 1 uM E,. Prostasphere
number and size (40-80 wm, >80 um diameter) were measured by digital imaging (n = 6). *, P < .05; **, P < .01 vs vehicle control, ¥, P < .05
vs 1 uM E,. B, Prostaspheres cultured for 7 days with vehicle or 1 to 100 nM E, were dispersed and FACS sorted using CD49f APC and Trop2
Alexa Fluor 488 (AF488) antibodies. Summit software polygonal analysis of Trop2™* cells identified a Trop2*/CD49fH' cell subpopulation (red)
designated as stem-like cells (sc) and a Trop2 */CD49f"'¢ subpopulation (green), classified as early-stage progenitor cells (pc). Representative
images of flow cytometry scatter plots are shown without and with polygonal frames for spheres treated with control vehicle or 1 nM E,. Exposure
to 1to 100 nM E, increased the percentages of TROP2 */CD49f"' stem-like cells in the day 7 prostaspheres. *, P < .05 vs control (n = 3). C,
Parental 2-D PrECs (n = 6) were treated with 1 to 100 nM E, for 72 hours, and the percentage of prostate stem-like cells was evaluated by
Hoechst dye exclusion—based flow cytometry; 1 to 10 nM E, increased the stem-like cell population. *, P < .05 vs control (n = 6). D,
Prostaspheres were cultured for 7 days in the absence (C) or presence of 0.1 nM to 1 uM BPA, and prostasphere number and size were digitally
analyzed. A stimulatory effect was first noted at 10 nM BPA. *, P < .05 vs control (n = 5). E, Parental 2-D PreCs were treated with 10, 200, or
1000 nM BPA for 72 hours, and the Hoechst dye exclusion assay with FACS was used to determine the percentage of stem-like cells present.
Treatment with increasing BPA doses augmented the stem-like cell fraction, suggesting stimulation of stem cell self-renewal. *, P < .05; **, P <
.01 vs vehicle control (C) (n = 6).

220z ¥snbny 0z uo isenb Aq 90Z€¥82/G08/€/SS |L/3101UE/O0PUS/WOD dNO-dlWapEDE//:SARY WO PAPEOJUMO]



810 Prins et al BPA Effects on Human Prostate

pheres cultured for 7 days in 1 to 100 nM E, or vehicle
were dispersed, and FACS was used for Trop2 */CD49f
cells (Figure 1B). The mixed stem and progenitor cells were
CD49f", whereas staining for Trop2™ delineated a dis-
tinct subset of cells outside of the main population. Po-
lygonal analysis of the Trop2™ population demarcated
distinct CD49f" subpopulations with Trop2*/CD49f
designated as stem-like cells and Trop2™/CD49fMed
stained cells classified as early stage progenitor cells. Im-
portantly, exposure to E, increased the proportion of
Trop2*/CD49f™ stem-like cells in day 7 prostaspheres in
a dose-dependent manner with the maximal effects ob-
served at 10 nM E, (Figure 1B). For further confirmation,
a Hoechst exclusion assay was used to quantitate the stem-
like cell side population in parental primary cultures after
E, exposure for 72 hours. Similar to the prostasphere as-
say, 1to 10nME, butnot 100 nM, significantly increased
the percentage of stem-like cells in primary cultures, in-
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Figure 2. Estradiol and BPA augment expression of prostasphere stemness genes and do not
alter genes associated with cell differentiation. Prostaspheres were grown for 7 days in a 3-D
Matrigel culture in the absence or presence of 1 nM E,, 10 or 200 nM BPA. A, 1 nM E,
treatment significantly increased gene expression of all stem cell genes examined, including
ABCG2, FOXMT1, BMI1, CD49f, TROP2, TBX3, and SOX2. B, Similar to 1 nM E,, 200 nM BPA
significantly increased NANOG and TBX3 expression. C, E, and BPA exposures did not alter
HOXB13, NKX3.1, or CK18 expression, indicating lack of influence on entry into the
differentiated luminal cell lineage. *, P < .05 vs vehicle control (n = 4—6 assays from separate
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dicating a stimulation of their self-renewal capacity (Fig-
ure 1C). Collectively, these findings show that estrogen
stimulates human prostate epithelial stem cell self-renewal
and progenitor cell amplification (prostasphere size), with
the greatest effects observed at lower E, doses.

Next, 3-dimensional (3-D) prostasphere and 2-dimen-
sional (2-D) primary prostate epithelial cell cultures were
exposed to BPA overa 0.1 nM to 1 uM dose range. Similar
to E,, BPA increased prostasphere number and size with
significant and maximal effects observed at 10 nM BPA
(Figure 1D). Although higher BPA levels also increased 40-
to 80-wm sphere numbers, the stimulatory effect was re-
duced on spheres >80 wm in size compared with 10 nM
BPA. Interestingly, FACS analysis of Hoechst-excluding
cells in the primary cell cultures showed a marked dose-
dependent increase in prostate stem-like cells after 72
hours of BPA exposure, with maximal effects observed at
1 uM BPA (Figure 1E). Taken together, these results provide
strong evidence that, similar to E,,
BPA increases stem cell self-renewal
and progenitor amplification in nor-
mal human prostate epithelial cells.
Further, because the dose-response
patterns for E, and BPA exhibit nota-
ble differences, the findings also sug-
gest some nonoverlapping actions for
the 2 chemicals.

Estradiol and BPA enhance
expression of prostasphere
stemness genes

The expression of genes associ-
ated with stemness and epithelial cell
differentiation was evaluated in day
7 prostaspheres cultured in 1 nM E,,
10 or 200 nM BPA. Exposure to 1
nM E, markedly increased expres-
sion of CD49f, TROP2, ABCG2,
FOXM1, BMI1, TBX3,SOX2, and
NANOG (Figure 2, A and B). In a
similar manner, BPA exposure in-
creased expression of some, but not
all, stemness genes with a significant
increase in TBX3 and NANOG in
response to 200 nM and a similar
trend at 10 nM BPA (Figure 2B). Ex-
pression of epithelial cell differenti-
ation genes NKX3.1, HOXB13,and
CK18 was at the lower limit of de-
tection in day 7 prostaspheres, and
this was not influenced by E, or BPA
exposure (Figure 2C). Taken to-

SOX2

CK18
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gether, these findings provide further support that E, and
BPA maintain the stem-like state within the normal pros-
tate epithelial cell population and again highlight the fact
that subtle differential responses may exist between the
separate chemicals.

Estradiol and BPA have equimolar activational
capacity for ER rapid signaling pathways but
differential genomic ERE capacity in human
prostaspheres

Our previous findings demonstrated that normal pros-
tate stem-progenitor cells within the prostaspheres ex-
pressed ERa and ERB, implicating them as direct targets
for E; and BPA action (28). In the present study, we sought
to ascertain whether E, and BPA effects were mediated
through membrane-initiated ER signaling pathways
and/or through classic nuclear genomic signaling mecha-
nisms. To assess rapid signaling at the membrane, day 7
prostaspheres were briefly exposed to 10 nM E, or BPA for
15, 30, or 60 minutes or 6 hours and assessed for p-Akt
and p-Erk, well established downstream targets of mem-
brane-associated ERs (37). Both 10 nM BPA and E, mark-
edly increased p-Akt levels within 15 minutes with sus-
tained levels for 60 minutes and reduction to baseline
levels by 6 hours (Figure 3A). A nearly identical pattern
was observed for Erk phosphorylation (Figure 3B). Im-
portantly, BPA and E, had equimolar capacity for activa-
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tion of these rapid signaling pathways in human prosta-
spheres, thus identifying a dynamic and robust signaling
pathway initiated by low-dose BPA exposure in prostate
stem-progenitor cells.

To identify whether classic genomic signaling (ie, nu-
clear receptor-based transcription) is operative in human
prostate progenitor cells, an ERE-luciferase reporter was
transiently transfected into day 5 prostasphere cells fol-
lowed by E, or BPA exposures. As seen in Figure 3C, 10
nM E, stimulated tk-luciferase activity above that of ve-
hicle-treated cells at levels equivalent to those of the pos-
itive control, providing direct evidence that genomic ER
signaling pathways are intact in the early progenitor cells
of the human prostate. Similar E, responses were seen with
a pS2-luciferase reporter (data not shown). In contrast,
BPA at doses up to 1 uM did not elicit ERE-based re-
sponses with the ERE-tk reporter (Figure 3C). Although
genomic actions of BPA through EREs could not be con-
firmed in the present study, this activity has not been ex-
cluded because it remains possible that BPA may activate
genomic ER signaling on natural promoters or over a dif-
ferent time frame than examined herein. Taken together,
these findings indicate that both rapid membrane-initiated
estrogen action and genomic ER signaling pathways are
operative in human prostate progenitor cells. Equimolar
rapid actions for BPA and E, through membrane-initiated

A 10 nM BPA 10 nM E2 B 10 nM BPA 10 nM E2 C
(min) 0 15 30 60 360 15 30 60 360 (min) 0 15 30 60 360 156 30 60 360
PAICT|| " "= G——— ‘ pERK‘ - | = |
234
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5+ 5 5
| w0 rmeea 10 M BPA %2
| = 10nME2 2 1 10 nME2 ok =
£ 4- % x4 2 1
; 1 ek L i “—: * * ;g 14
E ] s e &
o | -
- 3‘| = 31 4
£ ;
4 ] i -
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g | P E2 BPA
_6': 1 ] 514
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min min

Figure 3. Estradiol and BPA have equimolar activational capacities for ER rapid signaling pathways but differential genomic ERE capacity in
human prostaspheres. A and B, Day 7 prostaspheres grown in the absence or presence of 10 nM BPA or E, (n = 4) for 15, 30, or 60 minutes or 6
hours were assessed for p-Akt/total Akt (A) and p-Erk/total Erk (B) by Western blot assay. Representative blots (top) and graphic representations of
densitometry analysis from 4 separate cultures (bottom) are shown. Both 10 nM E, and 10 nM BPA markedly increased Akt phosphorylation at 15,
30, and 60 minutes with a return to baseline activity by 6 hours (A). *, P < .05; **, P < .01 vs vehicle. A similar temporal profile was observed for
ERK phosphorylation (B). *, P < .05; ***, P < .001 vs vehicle. C, Genomic ERE signaling activity in day 7 prostaspheres was evaluated using an
ERE-tk-Luc reporter assay (see Materials and Methods). Day 6 prostaspheres pretransfected with the luciferase ERE-tk reporter and a Renilla-
luciferase control construct were treated with 10 nM E, or 1 uM BPA for 16 hours, and ERE reporter activity was measured by a Dual-Luciferase
Reporter Assay System. E, at 10 nM increased tk-luciferase activity ~2.5-fold compared with the vehicle (Veh)-treated cells (n = 3), similar to
activity seen in the positive control vector. Treatment with 1 uM BPA did not increase luciferase activity above that for vehicle treatment.
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signaling provide a mechanistic framework for similar stim-
ulatory actions on stem-progenitor cell numbers in the pros-
tate epithelial cell population. Further, differential genomic-
based signaling activities may be responsible for the
differential dose responses and stimulation of stemness gene
transcription for E, and BPA noted in the present studies.

Developmental-stage, low-dose BPA exposure
increases estrogen-driven carcinogenesis of human
prostate epithelium

Next, the in vivo renal graft model of chimeric human-
rat prostate tissues (28) was used to test whether devel-
opmental exposure to environmentally relevant levels of
BPA would influence the susceptibility of the human pros-
tate epithelium to hormone-driven carcinogenesis, as
shown previously in the rat prostate gland (23, 38). Mu-
rine hosts were given daily oral exposure to BPA for 2
weeks after renal grafting, and serum samples collected 20
to 30 minutes after feeding were used to quantitate the
biologically relevant, internal BPA levels. The highly sen-
sitive UHPLC-MS-MS system allowed direct quantitation
of both free BPA and BPA-G in 25 uL of sera, thus per-
mitting measurement in individual mice from tail vein
sampling (Figure 4A). As shown in Figure 4B, all vehicle-
treated control mice had undetectable levels (<LOD) of
BPA and BPA-G, documenting the lack of contamination
in the system. The circulating free BPA levels in mice fed
100 and 250 ug of BPA/kg BW were 0.39 and 1.35 ng/mL,
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respectively. Levels of BPA-G were ~10 times higher than
those of free BPA, indicating that ~10% of oral-exposed
BPA was bioavailable 20 to 30 minutes after ingestion.
Together, these results document the fact that levels of
bioactive BPA in the present study are similar to levels
found in human umbilical cord blood and newborns in the
general population (22).
When the chimeric prostate grafts reached maturity at
1 month, hormonal carcinogenesis was initiated/pro-
moted through the administration of T+E pellets for 2 to
4 months. As previously observed (28), incidences of pro-
gressive malignancy were noted over time with highest
HG-PIN and cancer incidence present at 4 months. Ex-
amples of HG-PIN and prostate adenocarcinoma as well
as benign lesions of hyperplasia and SQM are shown in
Figure 5 with PSA immunostaining to confirm their hu-
man origin and lack of basal cell staining to confirm car-
cinoma. Because the renal graft model is limited to 5 to 6
months, the combined HG-PIN and adenocarcinoma in-
cidence was used as a surrogate for malignant prostatic
growth, whereas combined hyperplasia and SQM was
used to quantify overall benign lesion incidence within the
prostatic tissues. As shown in Table 1, prostate grafts from
animals treated with vehicle during tissue development
plus T+E exposure at maturity had an overall incidence of
26% normal grafts, 74% benign lesions, and 13 % malig-
nant lesions (note that malignant lesions always coap-
peared in grafts containing benign lesions). Developmen-
tal exposure to either 100 or 250 ug
of BPA/kg BW reduced the normal

BPA-G
500001 SRM m/z 403 to m/z 227

250001

— BPAin oil

prostate incidence to 11% and 0%
Oil control (P < .01), respectively, augmented
the benign lesion incidence to 89%

and 100% (P < .05), respectively,

[i} -

1 BPA
10000 SRM m/z 227 to miz 212

100007

UHPLC-MS-MS SRM response 2>

50007
A%

and increased the incidence of ma-
lignant lesions to 36% and 33 %, re-
spectively (P < .02). With the addi-
tion of in vitro BPA exposure to

T

06 07 08 09
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L | L | T

13 14 15

prostaspheres for 7 days before in

Rutssition tis 1A o1s vivo BPA exposure (250 pg/kg BW),
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Free BPA and BPA-G levels in adult host mice sera throughout development, the inci-

Treatment BPA Concentration (na/mL) . dence of malignant lesions further

(ug BPA/kg BW) Free Glucuronidated Total increased to 45% (P < .05). Taken

Sitcontiol (Ne) sLob 40D SLAR together, the present findings iden-
100 (N=12) 0.393+0.167 | 4.492+0.420 | 4.884 £0.587 ogether, the prese 88 1

250 (N=14) 1349 £0.202 | 11.779 £ 1316 | 13.127 + 1.608 tify for the first time that in vivo

Figure 4. BPA and BPA-G quantitation in mouse serum 20 to 30 minutes after oral exposure. A,
UHPLC-MS-MS chromatograms showing BPA and BPA-G in mouse serum from animals receiving
250 g of BPA/kg BW in oil (solid line) or oil vehicle as a control (dashed line). B, Levels of free
BPA and BPA-G by direct quantitation in sera of individual mice treated with vehicle, 100 or 250
ug BPA/kg BW. Sera were collected 20 to 30 minutes after oral exposure on day 7 of daily

feeding to adult host mice. *, Total = free BPA + BPA-G.

exposure of the human prostate ep-
ithelium to low doses of BPA signif-
icantly increases the susceptibility of
the human prostate epithelium to
hormonal carcinogenesis.
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Figure 5. Hormonal carcinogenesis in human prostate epithelium of
chimeric prostate renal grafts induced by T+E. Hematoxylin and eosin
staining and immunofluorescent immunocytochemical analysis was
used to classify and confirm prostate pathology in renal graft tissues
after 2 to 4 months of T+E treatment to host mice. A, Normal
chimeric prostate-like tissue formed from the recombination of human
prostasphere cells with rat UGM after 1 month of growth under the
renal capsule of host nude mice. B, SQM was frequently observed in
the prostatic grafts after 2 to 4 months of T+E treatment. C, Extensive
prostate epithelial hyperplasia with narrowed lumens was observed in
most of the tissue grafts after T+E exposure. D, Hormonal
carcinogenesis induced by T+E was observed in some chimeric grafts
as evidenced by areas of HG-PIN with piling and overlapping epithelial
cells, nuclear enlargement, hyperchromasia, and prominent nucleoli. E,
Adenocarcinoma of human prostate epithelium in prostatic grafts after
T+E exposure. Heterogeneous small glandular-like structures
containing epithelial cells with enlarged nuclei and prominent nucleoli
within the underlying stromal region. F, Prostate cancer was confirmed
using immunofluorescent labeling showing the presence of the luminal
epithelial cell marker CK8/18 (red) and the absence of basal cell marker
CK14 (green) in the small, glandular-like cancerous regions adjacent to
normal ducts (CK14™) in the prostatic grafts. G and H,
Immunofluorescent labeling for PSA (red) confirms the human identity
of the normal prostate epithelium (G) and cancerous areas (H) within
the grafted tissues. Scale bars correspond to 50 um.
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Discussion

Increasing evidence has shown that exposure to low levels
of BPA can contribute to multiple adverse health outcomes
that include behavioral impairment, infertility, metabolic
disorders, and increased risk for mammary and prostate
cancer (39, 40). The developmental stage has been iden-
tified as being particularly sensitive to BPA exposure, a
phenomenon attributed to tissue organizational processes
and molecular programming that occur early in life (23,
41,42). In addition, recent findings have shown that stem
cells can be reprogrammed by EDCs, which may perpet-
uate lifelong changes in tissue growth and function (32,
43-435). Although a growing body of work indicates that
humans are as susceptible as animals to the adverse effects
of BPA, most research on BPA has been derived in animal
models (39). In this context, previous work from our lab-
oratory using a rodent model established a direct link be-
tween developmental BPA exposure at environmentally
relevant doses and increased susceptibility to estrogen-
driven carcinogenesis with aging (23-25). At present,
there is a compelling need to assess whether the developing
human prostate is similarly reprogrammed by low-dose
BPA exposures and whether this may influence prostate
cancer risk in men as they age.

The current study provides clear evidence that, similar
to E,, normal human prostate stem and progenitor cells
are direct targets for BPA action. Both hormones increased
stem-like cell numbers in primary prostate epithelial cul-
tures in a dose-dependent manner and augmented the
number and size of 3-D cultured prostaspheres, markers of
stem cell self-renewal and progenitor cell proliferation,
respectively. Combined with elevated expression of stem
cell-related genes including SOX2, NANOG, and TBX3
in the prostaspheres and a lack of effects on differentiation
of gene expression, these data indicate that BPA and E,
have the capacity to amplify the human prostate epithelial
stem-progenitor cell populations. This result is supported
by a recent study using in vitro differentiation of human
embryonic stem cells into mammospheres, which reported
that 1 to 100 nM BPA or 1 nM E, increased NANOG and
OCT4 levels, suggesting an enhancement of stemness
within mammary epithelial cells (46). Although BPA failed
to promote adipogenesis in murine mesenchymal stem
cells, 10 nM BPA was capable of directing preadipocytes
to adipocytes, which suggests a stage-specific or lineage-
specific effect of BPA on stem and progenitor cell popu-
lations (44). In the present study, a dose-response effect
was observed with peak stimulatory effects on prostas-
phere growth observed at 1 nM E, and 10 nM BPA and a
declining influence noted on sphere size at higher doses,
which provides a physiologic and environmentally rele-
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Table 1. Effects of Developmental BPA Exposure on Pathology Incidence in Human Prostate Epithelium Treated In
Vivo With T+E
BPA
100 ng/kg BW 250 pg/kg BW 200 nM in vitro,
Qil in vivo in vivo 250 pg/kg BW in vivo
n 38 36 27 42
Normal, n (%) 10 (26) 4(11) 0(0) 4(10)
P value .093 .008P° .061
Abnormal: benign
hyperplasia/SQM, n (%) 28 (74)< 32 (89)¢ 27 (100)“ 38 (90)“
Pvalue .061 .035° .003°
Abnormal: malignant
HG-PIN/prostate cancer, n (%) 5(13)¢ 12 (36)° 9 (33)° 19 (45)<
P value .016° .001° .038°

@ P < .05 vs oil using the Fisher exact test.
bp<.01vsail
€ Some specimens contain multiple diagnoses.

vant context to the present data on E, and BPA. Although
a similar bell-shaped dose response to E, levels was found
in the stem-like cell population of the parental primary
prostate cultures, a linear dose response was noted with
rising BPA, reaching maximal effects at 1 uM BPA. These
distinct effects are probably driven by activation of dif-
ferent ERs and/or separate downstream signaling path-
ways by E, and BPA in the stem and progenitor cell pop-
ulations. An alternate possibility is that BPA may engage
non-ER pathwaysin prostate stem cells, as has been shown
in other systems including directed differentiated mam-
mospheres (46-48).

Estrogen action is mediated by ERa and ERB and may
also be initiated by GPR30, all of which are expressed by
early-stage human prostate stem-progenitor cells (28).
Furthermore, signaling pathways engaged by estrogens
through these separate receptors are multiple and com-
plex, including both membrane-initiated signaling and
genomic activation via ER transcriptional activity (49,
50). Importantly, the current findings demonstrate that
BPA and E, at 10 nM concentrations have equimolar ac-
tivational capabilities in human prostaspheres through
membrane-initiated, rapid signaling pathways that in-
clude p-Akt and p-Erk. These provide multiple and diver-
gent mechanisms that can be subsequently initiated in
prostate stem-progenitor cells by E, and BPA through
phosphorylation of numerous downstream proteins, lead-
ing to altered cellular responses. One recent example was
reported in the rat postnatal prostate, in which BPA acti-
vated phosphatidylinositol 3-kinase/Akt signaling and
rapidly diminished tissue H3K27me3 levels (33), suggest-
ing reduced activity of EZH2, a known downstream ac-
tion of p-Akt (51). Several studies have previously iden-
tified equimolar activational activity between E, and BPA

at low doses through rapid signaling pathways in a num-
ber of cell types including cardiomyocytes (52), pituitary
(53), pancreatic (54), and neural cells (55), and the results
herein extend this to a stem-progenitor cell population.
The present study also showed differential capacities of E,
and BPA for classic genomic actions through ER-ERE ac-
tivation, with 10 nM E, showing strong ERE-luciferase
induction, whereas no effects were observed on this re-
porter system by 10 nM to 1 uM BPA. It is important to
note, however, that these results do not rule out genomic
actions of BPA at natural reporters in prostate stem-pro-
genitor cells but rather emphasize differential transcrip-
tional capacities of E, and BPA at reporter constructs. The
present findings are consistent with early studies showing
that BPA has reduced affinity and activational capacity for
nuclear ER-ERE signaling (56). In contrast, a recent report
demonstrated ERE-luciferase activation by BPA in
Ishikawa cells, HeLa cells, and HepG2 cells cotransfected
with ERa or ERB at 1 nM to 1 uM doses (57), which
suggests that ER expression levels, coactivator availabil-
ity, and/or cell specificity may contribute to divergent
genomic ER responses by BPA. Differential engagement of
signaling pathways by E, and BPA in the human prostate
stem-progenitor cells is the likely basis for nonoverlapping
actions of these chemicals in the current work. Studies
with the aim of dissecting downstream pathways activated
through p-Akt and p-Erk as well the separate roles played
by EReand ER B in mediating E, and BPA actions on these
cell populations are ongoing.

A primary goal of the current studies was to evaluate
the potential cancer-promoting actions of developmental
exposures to BPA on the human prostate epithelium in
vivo. The present findings provide the first evidence that
exposure of the developing human prostate epithelium to
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BPA atrelevant human exposure levels markedly increases
the incidence of prostate carcinogenesis in the mature ep-
ithelium exposed to elevated estradiol. Taken together,
these data contribute to the increasing body of evidence for
alink between fetal exposures to EDCs and cancer (58). In
vivo BPA exposure during the time of stem-progenitor cell
lineage commitment, differentiation, and formation of
glandular epithelium significantly boosted the rate of
T+E-driven carcinogenesis from 13% in vehicle-exposed
hosts to 33% to 36% malignancy. This carcinogenic rate
further increased to 45% when developmental BPA ex-
posure was extended to in vitro stem cell cultures, impli-
cating the stem-progenitor cells as the direct BPA targets,
a hypothesis supported by the in vitro studies discussed
above. That these malignant lesions arose from normal
prostate epithelium in the relatively short time frame of 2
to 4 months, compared with decades in humans, is par-
ticularly noteworthy and highlights the potent nature of
this EDC on augmenting carcinogenic susceptibility. It is
important to emphasize that the stem cells in the present
study were cultured from disease-free prostates of young
organ donors, making it unlikely that the cells had prior
initiating events. Thus, BPA exposure is implicated as a
potential initiating event in human prostate stem-like cells,
one that enables promotion by increasing estrogens later
in life, as occurs in aging men (21). This finding is similar
to our previous findings in a rat model (23, 24) and pro-
vides strong evidence that these earlier rodent data are
directly relevant to human disease. The molecular under-
pinnings of altered prostate memory to estrogenic expo-
sures are probably due to complex reprogramming of the
prostate epigenome as shown in our rodent model (23,
25), and studies to identify these specific reprogrammed
genes in the human prostate stem-progenitor cells are
underway.

The issue of BPA dose levels, route of exposure, phar-
macokinetics, potential contamination, and methods of
quantitation have raised considerable debate in the recent
past (39, 59). Consequently, strict standards must be ad-
hered to when modeling for human disease. To address
these concerns, in the present study, we used 2 in vivo oral
BPA doses, which accurately model internal dose levels of
unconjugated or free BPA observed in human fetal cord
blood, fetal serum, and infants, in the adult host mice (16,
60-62). Most recently, a study on midgestational umbil-
ical cord blood in 85 patients using a new analytical ap-
proach that permitted direct measurement of free and
glucuronidated BPA by LC-MS-MS reported free BPA lev-
els ranging from <LOD (0.05) to 52 ng/mL with a geo-
metric mean of 0.16 ng/mL in human cord serum (22). Of
note, they found a subset of midgestation fetuses that had
relatively high levels of unconjugated BPA (with levels in
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3 fetuses >18 ng/mL) in a system validated as contami-
nation free. Using a similar analytic approach, we herein
developed an UHPLC-MS-MS method using labeled BPA
and BPA-G standards that permits direct quantitation of
free BPA and BPA-G in <25 uL of serum. Whereas all
vehicle control mice had BPA <LOD, levels of free BPA
were 0.39 and 1.35 ng/mL in our 2 dosing groups. This
result permits us to conclude that the BPA exposure levels
provided to the humanized prostate during a 2-week de-
velopmental window are the same as human fetal expo-
sures, making the present findings directly relevant to the
daily human experience.

In summary, the present findings demonstrate that the
stem-progenitor cells in the normal human prostate gland
are direct targets of estrogenic actions and that, similar to
E,, BPA can activate downstream signaling pathways that
lead to increased self-renewal and maintenance of their
stem-like nature. We propose that early-life perturbations
in estrogen signaling including inappropriate exposure to
BPA have the potential to amplify and modify the stem-
progenitor cell populations within the human prostate
gland and, in so doing, alter the normal homeostatic mech-
anisms that maintain a growth neutral state throughout
life. Importantly, the current results indicate that devel-
opmental exposure to BPA, at doses routinely found in
humans, significantly increases the cancer risk in human
prostate epithelium in response to elevated estrogen levels
in an androgen-supported milieu. Because relative estro-
gen levels rise in aging men, we suggest that humans may
be susceptible to BPA-driven prostate disease in a manner
similar to that in the rodent models.
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