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Secretoglobins are a superfamily of secreted proteins thought to participate in inflammation, tissue repair, and
tumorigenesis. Secretoglobin family 2A member 1 (Scgb2a1) is a component of prostatein, a major androgen-binding
protein secreted by the rat prostate. Using a rat model for developmental reprogramming of susceptibility to prostate
carcinogenesis, we identified, by RNA-seq, that Scgb2a1 is significantly upregulated (>100-fold) in the prostate of adult
rats neonatally exposed to bisphenol A (BPA), with increased gene expression confirmed by quantitative RT-PCR and
chromatin immunoprecipitation for histone H3 lysine 9 acetylation. Bisulfite analysis of both CpG islands located within
10 kb of the Scgb2a1 promoter identified significant hypomethylation of the CpG island upstream of the transcription
start site of this gene in the reprogrammed prostate. These data suggest that expression of Scgb2a1 in the adult
prostate could be epigenetically reprogrammed by BPA exposure during prostate development, with potential
implications for cancer risk and response to chemotherapeutics associated with prostatein binding.

Introduction

Accumulating evidence has shown that environmental expo-
sures to endocrine disrupting chemicals (EDCs) can adversely
impact human health.1,2 One EDC of concern is bisphenol A
(BPA), which has been shown to induce developmental reprog-
ramming in animal models3 and is proposed to have a myriad of
effects on human health.4 BPA is a synthetic polymer that is in
the top 2% of high production volume chemicals used in the
manufacturing of polycarbonate plastics and epoxy resins. BPA
has been shown to leach in microgram amounts from polycar-
bonate plastics and epoxy resins into food and water supplies,2

and exposure to BPA is nearly ubiquitous; urinary analysis reveals
that BPA is detected in >93% of the population in the United
States.5,6 The widespread use of BPA provides numerous sources
for exposure during key periods of development.

Recent reports have linked BPA to prostate carcinogenesis,
with BPA acting as a mitogen in prostate carcinoma cell lines,

accelerating tumor growth after androgen ablation, and inducing
cell migration.7-10 Low doses of BPA can also disturb the centro-
some cycle in normal prostate cell lines by promoting centrosome
amplification and enhancing microtubule aster formation.11 In
vivo studies in a hormonally induced rat prostate carcinogenesis
model also support a role for BPA in prostate cancer develop-
ment. In this model, neonatal exposure to BPA induces dysplasia
[the rodent equivalent of prostatic intraepithelial neoplasia
(PIN)] in the adult prostate.12,13

Secretoglobin family 2A member 1 (Scgb2a1/prostatein C3/
lipophilin C/mammaglobin B) is a major component peptide of
prostatein (prostatic steroid binding protein), the principal secre-
tory protein in rat prostatic fluid secreted by the acinar glands of
the ventral prostate.14 Prostatein expression has been shown to
be stimulated by androgens14 and serves as a steroid-binding pro-
tein to maintain a relatively high level of androgen within the
lumen of acinar glands in the normal prostate.15 It has also been
proposed to have an antioxidant and immunosuppressive
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function to protect sperm from immunologic damage in the
female reproductive tract.16-18 Mass spectrometry analyses first
hinted at a protein homologous to prostatein in humans,19,20

and humans do indeed express a homolog of this protein.21,22 In

fact, the expression of prostatein is positively correlated with
prostate tumor malignancy grade.23

In the present study, we found that a physiologically relevant
exposure to BPA (oral) in neonatal rats increased the incidence of

PIN lesions in adults, providing further
validation for the link between develop-
mental reprogramming due to early life
BPA exposure and increased susceptibil-
ity to prostate cancer in a hormonally
induced prostate carcinogenesis model.
Importantly, Scgb2a1 gene expression
was significantly upregulated in these
rats, with a concomitant enrichment of
histone H3 lysine 9 acetylation
(H3K9Ac), a mark of active gene tran-
scription. The CpG island nearest the
promoter region of Scgb2a1 was hypo-
methylated in the BPA-reprogrammed
prostate. Taken together, we herein
present evidence for Scgb2a1, a major
component of prostastein, as a novel
reprogramming target of BPA.

Results

Neonatal BPA exposure promotes
development of dysplasia in the adult
rat prostate

Pharmacokinetic studies were per-
formed to measure circulating BPA lev-
els after acute oral or subcutaneous
exposure to identify the oral BPA dose
that would closely approximate a refer-
ence subcutaneous 10 mg/kg dose
(SC10) previously shown to promote
the development of prostate lesions.12,13

As shown in Figure 1A, 50 mg/kg
(BP50) resulted in circulating levels of
BPA most similar to that of SC10.
Accordingly, we selected BP50 and 2
lower oral BPA doses (2 and 10 mg/kg)
for our longitudinal developmental
reprogramming studies.

Pathological assessment was per-
formed on prostates from adult animals
(day 70) prior to implantation of testos-
terone C estrogen (TCE) pellets to
induce prostate carcinogenesis. In the
dorsolateral prostate, both vehicle and
BPA-exposed animals exhibited hyper-
plasia (Fig. 1B, upper panel), with no
difference in the extent of hyperplasia
between both groups (data not shown).
Minimal to mild epithelial atypia
was observed in the BPA-treated

Figure 1. BPA pharmacokinetic studies and histopathology of adult prostates from rats exposed to
BPA neonatally. (A) Circulating levels of total and free BPA were measured after acute administration
of BPA via subcutaneous or oral route. Postnatal day 3 (PND3) male neonates were treated with the
indicated BPA doses and serum was harvested 1 h later. Free and total BPA levels (ng/ml) are repre-
sented by black and striped bars, respectively. Each bar corresponds to one pooled sample of at least
11 male neonates. (B) Upper panel: representative image of a BPA-treated animal displaying hyper-
plasia (arrowheads) in the dorsolateral lobe at day 70. N: normal prostate tissue. Lower panel: example
of epithelial atypia observed in the BPA-treated group (right), which was absent in the vehicle group
(left). (C) Prostatic dysplasia. Representative examples of lesions scored as 1 (mild dysplasia) and 2
(moderate-marked dysplasia): Panel a – Mild dysplasia (severity score of 1): one area with dysplasia
[(encircled in red; the remainder of the image contains normal glands (N)]. In the lower one third of
the image there is inflammation (I), which was frequently present in T C E-treated animals, but this
was not associated with dysplastic lesions. Panel b – Higher magnification of inset in Panel a; mildly
atypical cells with hypochromatic nuclei (arrowheads). Panel c – Moderate-marked dysplasia (severity
score of 2): one of multiple areas with dysplasia (encircled in red). Panel d – Higher magnification of
inset in Panel c; crowded hyperchromatic atypical cells with gland-within-gland formation (arrow-
heads) and normal epithelium (N) in lower right hand of panel. Panels e and f – Moderate-markedly
atypical cells with hypochromatic nuclei (severity score of 2). Panel g - Moderate-markedly atypical
crowded hyperchromatic atypical cells with gland-within-gland formation (severity score of 2). The
lesions were focal, leaving areas of normal tissue (N) in each prostate. The morphology of the lesions
was not different between the treatment groups; there were only differences in the incidence of
lesions with a degree of severity score of 1 and 2.
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group, but this phenotype was widespread and not localized to
particular areas of hyperplasia (Fig. 1B, lower panel).

In the lateral prostate of 12 month-old animals treated with
TCE at day 70, we observed dysplasia (PIN lesions) and inflam-
mation as previously described.13 We focused on the lateral pros-
tate because it is selectively sensitive to treatment with TCE,
which induces dysplasia and inflammation in addition to carcino-
mas.24,25 Images representative of the different dysplasia scores
are shown in Figure 1C. The incidence of more than minimal
dysplasia increased significantly with increasing oral BPA dose
(P < 0.05) and, in a pair-wise comparison, the incidence in the
BP50 group (91%) was significantly increased over the vehicle
group (63%), similar to that of the SC10 group (88%) (Table 1).
Inflammation likely contributes to lesion progression26 and is
associated with all major anomalies of the human prostate,
including benign prostatic hyperplasia and prostate cancer.27,28

We observed inflammation in the prostate of virtually all of the
12 month-old rats, with a similar severity across the BPA and
vehicle exposure groups (Table 1). Small, well-differentiated
adenocarcinomas and carcinomas in situ in the periurethral pros-
tatic ducts and lateral prostate were present in both the BPA-
exposed and vehicle groups (Table 2), consistent with the suscep-
tibility of Sprague-Dawley rats to prostate carcinogenesis induced
by TCE promotion. It should be noted that overall prostate
weight was not markedly increased in any BPA-exposed group
compared to vehicle-treated animals (Fig. S1). These findings

confirm that the neonatal oral BPA exposure developmentally
reprogrammed susceptibility to prostatic carcinogenesis, as previ-
ously reported,13 and we focused further analysis on comparing
the impact on the epigenome in vehicle and BP50 treated rats.

Scgb2a1 is a target for developmental reprogramming
by BPA

RNA-seq analysis performed on day 70 rats (prior to T C E
exposure) identified the Scgb2a1 gene as a target for developmen-
tal reprogramming by BPA. Prostates from rats exposed neona-
tally to vehicle and BPA were subjected to RNA sequencing. As
shown in Figure 2A, Scgb2a1 exhibited a significant increase in
expression (»116-fold) by RNA-seq analysis, and this result was
confirmed by RT-PCR. ChIP analysis of acetylated H3K9
(which is associated with transcriptionally active genes) demon-
strated that H3K9Ac was enriched 500 bp upstream of the tran-
scription start site (TSS) of Scgb2a1, with a 4-fold increase in
BPA-treated prostates compared to prostates from vehicle-treated
animals (Fig. 2B).

The previous data was analyzed in whole prostate samples, but
the rodent prostate is a complex organ consisting of the anterior
prostate (AP), ventral prostate (VP), dorsal prostate (DP), and
lateral prostate (LP),29 and it has previously been shown that
exposure of rats to environmental chemicals neonatally disrupts
prostate development in a lobe-specific manner .30 Scgb2a1 gene
expression profiles in the prostate are also known to be lobe-

Table 1. Histopathological assessment of dysplasia and inflammation in prostates from 12 month-old rats exposed to BPA neonatally and to TCE at day 70

Group
All cancer

(cancer C cis)
Carcinoma

only
LP dysplasia

score
Increase in LP

dysplasia score#
Incidence of LP

dysplasia score##
LP inflammation

score

Oral Veh 8/26 (31%) 4/26 (15%) 0.97 § 0.43 (n=24 ) — 15/24 (63%)a 1.63 § 0.67 (n=26 )
Oral BPA 2 mg/kg 5/25 (20%) 3/25 (12%) 1.05 § 0.56 (n=23 ) 8% 15/23 (65%) a 1.75 § 0.44 (n=24 )
Oral BPA 10 mg/kg 9/25 (36%) 5/25 (20%) 1.13 § 0.52 (n=20 ) 17% 15/20 (75%)a 1.86 § 0.35 (n=22 )
Oral BPA 50 mg/kg 7/24 (29%) 3/24 (13%) 1.20 § 0.49 (n=22 ) 23% 20/22 (91%)a,b 1.89 § 0.28 (n=25 )
SubQ BPA 10 mg/kg 8/28 (29%) 4/28 (14%) 1.23 § 0.41* (n=27 ) 26% 23/26 (88%)b 1.93 § 0.37 (n=27 )

LP lateral prostate.
cis carcinoma in situ.
*P < 0.05 relative to Vehicle group using a 2-sided Mann-Whitney test.
aP< 0.05 for trend with increasing dose of oral BPA using a X2 test.
bP < 0.05 in a pair-wise comparison with the Vehicle group using a Fisher exact test.
#Increase in dysplasia score over the Vehicle group.
##Number of rats with more than minimal dysplasia (score > 0.67) over the total number of rats per group (%).
BPA dose is expressed in mg/kg body weight.

Table 2. Histopathological assessment of cancer incidence in prostates from 12 month-old rats exposed to BPA neonatally and to TCE at day 70

Group LP Cancer (cancer C cis) LP Carcinoma only PUPD Cancer (cancerC cis) PUPD Cancer (carcinoma)

Oral Veh 7/26 (27%) 3/26 (11%) 3/18 (17%) 3/18 (17%)
Oral BPA 2 mg/kg 2/25 (8%) 1/25 (4%) 4/21 (19%) 2/21 (10%)
Oral BPA 10 mg/kg 8/25 (32%) 3/25 (12%) 5/21 (24%) 4/21 (19%)
Oral BPA 50 mg/kg 3/24 (13%) 2/24 (8%) 4/21 (19%) 1/21 (5%)
SubQ BPA 10 mg/kg 4/28 (14%) 1/28 (4%) 5/22 (23%) 3/22 (14%)

PUPD Periurethral Prostate Ducts.
LP Lateral Prostate.
cis carcinoma in situ.
BPA dose is expressed in mg/kg body weight.
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specific,31,32 so we checked the gene
expression level in the 4 different lobes.
We observed the highest expression in
the VP and a near absence of expression
in the AP, while expression levels in the
LP and DP were intermediate between
the VP and the AP (Fig. 3A). Interest-
ingly, as shown in Figures 3B and 3C,
developmental reprogramming of
Scgb2a1 only occurred in the AP in
BPA-treated animals (»50-fold). In
contrast to what was observed in the
AP, expression of Scgb2a1 in the other
lobes, which normally express higher
levels of this gene, was not significantly
different. Thus, the effect of this gene
reprogramming was lobe-specific,
which may result in increased expres-
sion of Scgb2a1, which is normally
silent in the anterior lobe of the
prostate.

Hypomethylation of the Scgb2a1
promoter by BPA

We next asked if increased expres-
sion of Scgb2a1 was due to reprogram-
ming of promoter-associated DNA
CpG islands as a result of neonatal
BPA exposure. Using MethPrimer33 to
predict CpG islands within 10 kb
upstream and downstream of the
Scgb2a1 TSS, 2 regions were identified
located ¡8829 to ¡8722, and ¡9431
to -9303, from the TSS (Fig. 2C, top
panel). Bisulfite sequencing was per-
formed to determine the DNA methyl-
ation status of both CpG islands. Of
the two, the CpG island located nearest
to the promoter at ¡8829 to ¡8722
showed significant hypomethylation
(20–40%) in day 70 BPA-treated pros-
tates compared to prostates from vehi-
cle-treated animals (Fig. 2C, bottom
panel and Fig. 2D).

Discussion

Previous studies of BPA in animal
models were criticized for using subcu-
taneous injections, as this is a non-
physiological route of exposure. Thus,
one of the goals of this study was to
investigate the reprogramming of BPA
on the developing prostate using the
more relevant, oral route of exposure.

Figure 2. Scgb2a1 is a target for development reprogramming by neonatal BPA exposure. (A) Expres-
sion of Scgb2a1 at day 70 was analyzed with RNA-seq and RT-PCR from BP50-treated and vehicle-
treated animals. Mean values § SEM are shown, * P < 0.05, ** P < 0.005 relative to vehicle, n D 3. (B)
Chromatin immunoprecipitation was performed with an anti-H3K9Ac antibody using DNA obtained
from day 70 prostates from vehicle and BP50 treatment groups. Mean values § SEM are shown, *** P
< 0.001 relative to vehicle, n D 4. (C) Bisulfite genomic sequencing of Scgb2a1 gene methylation.
Upper panel: schematic of CpG content (%) in the upstream region of the rat Scgb2a1 gene identifies 2
CpG islands (blue) between¡9431 to¡9303bp and¡8829 to¡8722bp, vertical lines depict individual
CpG sites. Lower panel: Bisulfite genomic sequencing data from 3 independent day 70 prostate treated
either with vehicle or BP50 (from 5 clones of each individual animal). (D) Quantitation of the bisulfite
genomic sequencing of Scgb2a1 gene methylation. Percentage of methylation at each CpG site within
CpG island 2 of Scgb2a1 (total of 9 CG sites) is shown. The percentage of methylation at each site was
averaged from 3 independent prostates per treatment group (sequencing results from 10 colonies of
each individual sample).
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In our longitudinal studies, BPA expo-
sure resulted in a dose-related increase
in the percentage of animals with more
than minimal dysplasia at 12 months of
age (P < 0.05 for trend). It is possible
that a greater difference would be
observed in animals older than 12
months. Importantly, our data gener-
ated in Sprague-Dawley rats that were
bred, treated, and maintained in a dif-
ferent facility with independent histo-
logical analysis of prostate lesions
provide independent validation of previ-
ous studies13 and confirm the ability of
BPA to promote dysplasia in the rat
prostate in a model of hormonally-
induced lesion formation.

We have identified the secretoglobin
polypeptide family member Scgb2a1 as
a novel reprogramming target of BPA.
Upon BPA treatment, Scgb2a1 expres-
sion was robustly upregulated, with a
parallel increase in H3K9Ac. A previous
report has shown that early estrogenic
exposure could epigenetically modify
the prostate through alterations in DNA
methylation and cause permanent
changes in prostate development and
carcinogenesis susceptibility.12 We
observed altered DNA methylation for a
CpG island located ¡8829 to ¡8722
upstream of the TSS of Scgb2a1.
Detailed analysis of this region revealed
several potential cis-elements (harboring
CpG dinucleotides), which could be
bound by the transcription factors IK-2, CREB binding protein,
GATA-1/2, CREB, and STAT. Although there is a correlation
between hypomethylation of CpG dinuceleotides and increased
Scgb2a1 gene expression, we did not directly test whether this
epigenetic change is the driver for increased gene expression in
this study. It is possible that hypomethylation of CpG dinucleoti-
des may lead to increased transcription factor accessibility and
increased Scgb2a1 expression. Alternatively, it is possible that
CpG island hypomethylation may enhance AR binding at the
ARE motif in the first intron through looping. It is known that
Scgb2a1 is an AR-regulated gene that exhibits androgenic respon-
siveness in in vitro reporter assays.34

The functional consequence of BPA-mediated developmental
reprogramming of Scgb2a1 in the prostate is not clearly defined,
although there is some evidence that the gene may be a marker of
carcinogenesis in a variety of tissues. For example, studies have
shown that Scgb2a1 may serve as a biomarker for ovarian can-
cer,35,36 is associated with disease recurrence in ovarian cancer
patients,37 and may be an attractive candidate for immunother-
apy in ovarian cancer patients exhibiting chemotherapeutic resis-
tance.38 In addition, Scgb2a1 is also overexpressed in

endometrial cancer39 and lung cancer.40 Recently, a role for
Scgb2a1 in chemoresistance and radioresistance in colorectal
tumors was reported.41 Finally, Scgb2a1 has also been proposed
to be a marker for lymph node micrometastasis in patients with
abdominal cancers,42 bilary tract carcinoma,43 and breast can-
cer.44 Scgb2a1 could be a “permissive” gene that can be reprog-
rammed and, thus, serves as a biomarker of reprogramming, but
not necessarily as a driver for increased risk for prostate lesions.
In fact, Scgb2a1 expression is increased in the anterior prostate
and we did not observe an increase in lesions in this lobe (data
not shown). However, increased Scgb2a1 could also be having a
paracrine/endocrine effect and increasing the potency of TCE
regime, both possibilities that require further exploration.

As mentioned previously, Scgb2a1 is a major component of
prostatein. Prostatein, also known as estramustine binding pro-
tein (EMBP), can bind to the anticancer drug estramustine phos-
phate and its major metabolites with a relatively high affinity and
lead to high uptake in the ventral prostate and in prostatic tumor
tissue45,46. Estramustine phosphate, a carbamate ester combining
17b-estradiol and nor-nitrogen mustard, is a cytotoxic drug used
in the treatment of advanced prostatic carcinoma in conjunction

Figure 3. Effect of developmental reprogramming of Scgb2a1 is lobe-specific. (A) The basal expression
level of Scgb2a1, in the absence of BPA treatment, was analyzed by qRT-PCR in prostates from day 70
animals and Scgb2a1 is expressed in a lobe-specific manner. Relative gene expression was normalized
to the housekeeping gene RPL19. Mean values § SEM are shown, n D 3. (B) Scgb2a1 gene expression
was upregulated in the anterior lobe but not in the other 3 lobes in the day 70 BPA-treated animals.
Mean values § SEM are shown, * P < 0.05, relative to vehicle, n D 3. (C) Chromatin immunoprecipita-
tion was performed with an anti-H3K9Ac antibody with DNA obtained from the anterior prostates of
day 70 vehicle-treated and BPA-treated animals. H3K9Ac was enriched at the TSS or 500 bp down-
stream in BPA-treated prostates, relative to the vehicle group. Mean values § SEM are shown, * P <

0.05 relative to vehicle, n D 3. Veh: vehicle; BP50: oral 50 mg/kg BPA.
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with other chemotherapeutic agents such as docetaxel (reviewed
in).47 As such, prostatein has been proposed as a marker to pre-
dict response to therapy in prostate cancer patients23. Alteration
of Scgb2a1 gene expression and methylation by BPA indicates
that Scgb2a1 could potentially serve as a sensitive marker for early
life BPA exposure, prostate cancer risk, and response to estramus-
tine chemotherapy. Future studies of the functional significance
of the reprogramming of Scgb2a1 in prostate have the potential
to yield new insights into the role of environmental exposures in
development and therapy for this disease.

Materials and Methods

Animals and BPA treatments
Sprague-Dawley rats aged 6–8 weeks were purchased from

Harlan (Madison, WI) and maintained according to the guide-
lines of the MDACC Animal Care and Use Committee. The ani-
mals were treated humanely and with regard for alleviation of
suffering. This strain was chosen because microsatellite DNA
results revealed its high resemblance to the strain used in previous
BPA prostate carcinogenesis studies.12 The animals were allowed
to acclimate for 2 weeks prior to mating. Afterwards, at least 12
breeding pairs were set up to produce neonates, which were
treated as described below. The rats were given phytoestrogen-
reduced diet (Zeigler Bros. Inc.., Gardners, PA) ad libitium and
maintained on a 14:10 light/dark cycle. BPA (from NIEHS) was
dissolved in sesame oil and given to neonates on postnatal days
(PND) 1, 3, and 5 subcutaneously or orally. Subcutaneous injec-
tion was performed using a 1 ml syringe with attached 27 g nee-
dle inserted into the nape of the neck while oral BPA was
delivered via a pipette tip. To minimize litter effects, neonates of
the same litter (total of >12 litters) were randomized to receive
either BPA or vehicle. A total of 280 male neonates were treated
with either vehicle, BPA subcutaneously at 10 mg/kg body
weight or BPA orally at 2, 10, and 50 mg/kg body weight. These
animals were subsequently used for the following analyses: serum
BPA levels (n D 60), 12 month longitudinal studies (n D 130)
and prostate molecular studies (including RNA-seq and DNA
methylation) at day 70 prior to T C E (n D 90). For the longitu-
dinal studies, starting from day 70, the rats were implanted with
an estradiol (E)- and 2 testosterone (T)-containing capsules
(Dow Corning, Midland, MI) to drive prostate carcinogenesis
and the capsules were replaced every 2 months. At 12 months of
age, the animals were sacrificed for histopathological assessment.

Serum BPA analysis
Pharmacokinetic studies were performed to define oral BPA

doses for the longitudinal studies, as previously reported.48 Post-
natal day (PND) 3 neonates were treated either with vehicle, or
BPA subcutaneously (also referred to as SC10 reference dose, as
it was previously shown to drive prostatic intraepithelial neopla-
sia in adult rats12), or orally with increasing doses (0.4–50 mg/
kg body weight). Serum was pooled from the same treatment
group 30–60 minutes after treatment and analyzed for free

(active) and total (active plus BPA-glucuronide) BPA as previ-
ously described.49

RNA isolation, RNA sequencing and data analysis
Whole genome transcriptome analysis was performed on day

70 prostates (before treatment with T C E implants) from rats
that were exposed neonatally to either vehicle, oral BPA at a dose
of 50 mg/kg (BP50) or SC10. Total RNA was isolated (n D 4
per treatment) and 100 ng of total RNA was used for cDNA syn-
thesis. RNA samples were treated with DNAseI and the RNA
purity and quality was checked by Bioanalyzer prior to cDNA
synthesis. cDNA libraries were constructed using SPRI-works
Fragment Library System I (Beckman Coulter, Brea, CA), which
were then PCR-enriched and purified. Ten pM DNA was loaded
into the paired end flow cell on cBOT for cluster generation and
thereafter loaded on the HiSeq 2000 sequencer (Illumina Inc..,
San Diego, CA) to generate single 36 bp sequence reads.
Sequence reads were aligned to the rat reference genome (rn4;
version 3.4 by BCM HGSC) using TopHat aligner and aligned
read counts were summarized using ShortRead and associated
Bioconductor packages. The R program was used to generate
heatmaps, and differential gene expression analysis was per-
formed. Statistical analysis to identify differentially expressed
genes was performed using the negative-binomial model. False
discovery rate (FDR) adjusted P-values were used to control for
multiple testing. Genes with FDR <0.1 and P-values <0.01
were considered significantly differentially expressed.

BPA longitudinal studies and pathological assessment
Thirty male neonates, 6 per group, were treated on PND1, 3

and 5 with vehicle, SC10 or BPA oral groups of 2, 10, and
50 mg/kg (BP2/10/50). Starting from day 70, the rats were
implanted with an estradiol (E)-containing capsule (1 cm tube;
internal diameter 1.5 mm and external diameter 2 mm) and 2
testosterone (T)-containing capsules (2 cm tubes) (Dow Corn-
ing, Midland, MI). The TCE is necessary to drive prostate carci-
nogenesis and the capsules were replaced every 2 months. At 12
months of age, the animals were sacrificed. Whole prostates were
weighed and processed for histological staining using standard
procedures. The prostate sections were analyzed in a blinded
fashion and scored for the presence of lesions, as well as the
degree of severity, and the extent of lesions, which were classified
as hyperplasia, dysplasia (PIN in rats), and inflammation. Dys-
plasia was defined as atypical hyperplasia, showing gland-within-
gland formation with variable frequency, and characterized by
focal crowding of small epithelial cells with hyperchromatic
nuclei, with occasional prominent appearing nucleoli. All sec-
tions were randomly examined 3 times to semi-quantitatively
score dysplastic and inflammatory lesions in the lateral prostate
lobe as 0 (absent), 0.5 (minimal), 1 (slight), and 2 (moderate-
marked for inflammation and moderate for dysplasia), taking
into account both the extent and severity of inflammation, and
the severity, size, and number of dysplastic lesions which were
(multi) focal (see Fig. 1C). The mean of the 3 reads was calcu-
lated for each animal. The absence or presence of adenocarci-
noma and carcinoma in situ was determined using criteria
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previously described24,50,51. The data were analyzed using non-
parametric methods (Mann-Whitney to compare 2 groups; Krus-
kal-Wallis with Dunn’s post-hoc for multiple comparisons), and
for linear trend analysis, a parametric one-way ANOVA was
used. In a separate experiment, histopathological defects were
assessed on day 70 prostates retrieved from vehicle, SC10 and
BP50 groups, prior to TCE treatment.

Validation of RNA-sequencing genes by quantitative real-
time PCR (qPCR)

Total RNA was isolated as described above and cDNA synthe-
sis was performed using SuperScript III First Strand Synthesis
System (Life Technologies). qPCR was carried out using the
Viia7 RT-PCR system (Life Technologies). RT-PCR primers
were designed to span an exon-exon boundary and sequences are
listed in Table S1. Ribosomal protein L19 was used as the house-
keeping gene as its expression is not altered throughout life when
animals are exposed to BPA neonatally.12 Fold change of gene
expression was calculated based on cycle differences between
vehicle and BP50 samples using the DDCT method. Student t-
test was used to assess statistical significance.

Chromatin immunoprecipitation (ChIP) and qPCR
Adult rats were neonatally treated with vehicle, SC10 or BP50

(n � 3 per treatment) and sacrificed at day 70. Whole prostate
was finely minced in ice cold PBS with added protease inhibitors
and the tissue was then crosslinked with 1.5% formaldehyde, fol-
lowed by incubation with 125 mM glycine, washed with PBS,
and homogenized. After centrifugation, the pellet was resus-
pended in cell lysis buffer (5 mM PIPES, pH 8; 85 mM KCl;
0.5% NP40), and dounced. The samples were spun and the pel-
let was resuspended in nuclear lysis buffer (50 mM Tris-HCl,
pH 8.1; 10 mM EDTA; 1% SDS) and then sonicated using the
Bioruptor (Diagenode, Denville, NJ) to obtain sheared sizes of
100–500 bp. ChIP was performed according to the instructions
for Magna ChIP kit (Millipore, Billerica, MA) using 5 mg of
anti-H3K9Ac antibody (Cat. no. 39137 Active Motif, Carlsbad,
CA). The ChIP’ed DNA was then analyzed by qPCR using
SYBR green master mix and the primers listed in Table S1 to
measure the percentage of co-precipitating DNA relative to input

(% input). There were 2 mapped CpG sites, which are located at
¡8829 to ¡8722 and ¡9431 to ¡9303 (approximately 9.3 kb
and 9.8 kb upstream of the transcription start site). The ChIP
region is located 500 bp downstream of the transcription start
site.

Bisulfite sequencing
Genomic DNA (1 mg) from day 70 whole prostates from

vehicle-treated and BPA-treated animals was isolated, and bisul-
fite conversion was performed in agarose beads as described pre-
viously.52 Nested PCR or common PCR was performed using
the Kapa 2G Robust HS Readymix (Kapa Biosystems, Woburn,
MA) to amplify the CpG island regions after bisulfite conversion,
and the cycling conditions were 94�C for 3 minutes, 35 cycles of
denaturing (94�C for 15 seconds), annealing (60�C for 15 sec-
onds), and extension (72�C for 15 seconds) followed by a 10
minute final extension. The PCR products were then purified
and cloned into pMD19-T vectors (Clontech, Mountain View,
CA). Ten randomly selected clones from each sample were
sequenced and analyzed. The PCR primers are listed in Table S1.
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