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Evidence supporting an early origin of prostate cancer is growing. We demonstrated previously
that brief exposure of neonatal rats to estradiol or bisphenol A elevated their risk of developing
precancerous lesions in the prostate upon androgen-supported treatment with estradiol as adults.
Epigenetic reprogramming may be a mechanism underlying this inductive event in early life,
because we observed overexpression of phosphodiesterase 4D variant 4 (Pde4d4) through induc-
tion of hypomethylation of its promoter. This epigenetic mark was invisible in early life (postnatal
d 10), becoming apparent only after sexual maturation. Here, we asked whether other estrogen-
reprogrammable epigenetic marks have similar or different patterns in gene methylation changes
throughout life. We found that hypomethylation of the promoter of nucleosome binding pro-
tein-1 (Nsbp1), unlike Pde4d4, is an early and permanent epigenetic mark of neonatal exposure to
estradiol/bisphenol A that persists throughout life, unaffected by events during adulthood. In
contrast, hippocalcin-like 1 (Hpcal1) is a highly plastic epigenetic mark whose hypermethylation
depends on both type of early-life exposure and adult-life events. Four of the eight genes involved
in DNA methylation/demethylation showed early and persistent overexpression that was not a
function of DNA methylation at their promoters, including genes encoding de novo DNA meth-
yltransferases (Dnmt3a/b) and methyl-CpG binding domain proteins (Mbd2/4) that have demethy-
lating activities. Their lifelong aberrant expression implicates them in early-life reprogramming
and prostate carcinogenesis during adulthood. We speculate that the distinctly different fate of
early-life epigenetic marks during adulthood reflects the complex nature of lifelong editing of
early-life epigenetic reprogramming. (Endocrinology 153: 42–55, 2012)

The factors contributing to prostate cancer (PCa) risk
are not fully understood. Family history, ethnicity, and

advancing age are the only risk factors known with cer-
tainty (1–3). However, migration and twin studies

strongly argue for the environment as a major determinant
of PCa risk (4–6). New evidence now supports the action
of environmental factors early in life (7–9). Like most hu-
man organs, the prostate begins development early in ges-
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tation but reaches full maturation only after puberty (10,
11). Before the organ is fully matured, it is developmen-
tally plastic and can respond to a variety of endogenous or
external cues to modify its developmental course, resulting
in a phenotype with presumed adaptive values for adult
life (12). However, if the phenotype established in early
life significantly contradicts the needs later in life or has no
apparent adaptive value, the risk of developing prostate
disease can increase (7, 9, 12). A prime example is expo-
sure of the fetal gland to higher levels of maternal hor-
mones such as testosterone (T), estrogens, and IGF-I and
IGF-II, resulting in elevated risk for PCa and/or the ag-
gressive form of the cancer (13–18).

One mechanism by which maternal hormones may pre-
dispose the prostate to disease development is by epige-
netic reprogramming of transcriptional programs (tran-
scriptome remodeling) and hence the phenotype of the
adult gland. Epigenetics allows a cell/tissue to “remem-
ber” its experiences, such as a developmental sequence or
various environmental stimuli, and modify how the ge-
nome is “read” (19). These epigenetic memories are rep-
resented as methylation of specific CpG dinucleotides
(DNA methylation), unique histone modifications,
changes in microRNA profiles, alterations of nucleosome
position, and other changes in chromatin structure. Epi-
genetic changes are replicated into daughter cells (mitot-
ically heritable) (20) and may pass to subsequent genera-
tions (21, 22). Because they do not involve changes in
primary DNA sequence or in chromosomal organization,
these changes are potentially reversible, but evidence is
still sparse.

Apropos to early-life transcriptome remodeling
through epigenetics in the prostate, we provided the first
evidence that brief exposure of neonatal rats to 17�-es-
tradiol-3-benzoate (EB) or the environmental estrogen
mimic bisphenol A (BPA) induced hypomethylation of the
promoter of phosphodiesterase 4D variant 4 (Pde4d4)
and its overexpression in their prostates during adulthood
(23). Coincidentally, the risk of developing precancerous
prostate lesions under the oncogenic effect of protracted
stimulation by 17�-estradiol (E2) supported by T (T�E2)
was significantly elevated if the rats were treated neona-
tally with EB/BPA. Interestingly, in this “two-hit” PCa-
induction model, hypomethylation of the Pde4d4 pro-
moter and gene overexpression were undetectable at
postnatal d 10 and appeared only after puberty. A sce-
nario was similar for hypomethylation of the promoter of
nucleosome binding protein-1 (Nsbp1) [or high-mobility
group nucleosome binding domain 5 (Hmgn5)] induced
by brief treatment of mouse neonates with diethylstilbes-
trol (DES) or genistein (GEN). The epigenetic change re-
mained dormant in the immature uteri of the treated mice

but emerged in their uteri after sexual maturation (24).
The appearance of this epigenetic alteration and associ-
ated aberrant gene expression was associated with a
heightened incidence of uterine cancer at old age in mice
treated neonatally. Noteworthy is the finding that both
hypomethylation of the Nsbp1 promoter and uterine car-
cinogenesis induced by neonatal DES/GEN treatment was
effectively obliterated by ovariectomy. The findings from
these two studies support the postulate that early-life epi-
genetic memories may require later-life events such as sex-
ual maturation to bring them to the surface.

We further elucidated the roles of adult-life events on
activating/modifying early-life epigenetic memories by 1)
characterizing the temporal changes in promoter methyl-
ation and gene expression of hippocalcin-like 1 (Hpcal1)
[or visinin-like protein 3 (Nvp-3)] and Nsbp1 in the pros-
tates of animals treated neonatally with EB or BPA and
that received or didnot receive theadult-lifeoncogenic stim-
ulus (T�E2 treatment), comparing results with those pub-
lished for Pde4d4 (23); and 2) determining the life-time
changes in expression of genes encoding DNA methylation-
regulating proteins, including DNA methyltransferases and
methyl-CpG binding domain proteins, findings that may of-
fer a mechanistic explanation for early-life epigenetic repro-
gramming by estrogens.

In our previous study on Pde4d4 (23), we identified
Hpcal1, a member of the visinin-like subfamily of neural
calcium sensor and a putative tumor suppressor (25–28),
as a putative candidate but did not select it for validation
until now. In the current investigation, we also selected to
study Nsbp1 because it was identified originally as an
early-life estrogen (DES/GEN)-reprogrammable gene in
the mouse uterus (24), and the human gene was recently
shown to be a putative oncogene in glioma (29) and can-
cers of the bladder (30) and prostate (31, 32). Here, we
demonstrated that both Hpcal1 and Nsbp1, like Pde4d4,
were reprogrammable by neonatal exposure of EB/BPA in
the prostate but differed significantly in their time of ap-
pearance during development and responses to adult-life
modulations. Furthermore, early and persistent altera-
tions in expression of DNA methyltransferase-3a
(Dnmt3a), Dnmt3b, and methyl-CpG binding domain
protein 2 (Mbd2) may explain in part epigenetic repro-
gramming by early-life exposures to estrogens.

Materials and Methods

Animals and tissue preparation
Animal housing and treatments were approved by the Animal

Use Committee at the University of Illinois at Chicago and car-
ried out as previously described (23). Pregnant Sprague Dawley
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rats (Zivic-Miller Laboratories, Pittsburgh, PA) and male off-
spring were maintained under the following conditions to min-
imize BPA and estrogenic exposures: housing in new polysulfone
cages, supplying deionized water from glass bottles, and feeding
with a single feed lot of soy-free, phytoestrogen-reduced diet
(Zeigler Reduced Rodent Diet 2; Ziegler Brothers, Inc., Gard-
ners, PA) with 12 ppm phytoestrogens as determined by high-
performance liquid chromatography. Pregnant dams were mon-
itored, and the day of birth was designated postnatal d 0. The
pups were sexed by anogenital distance, and each litter was
culled to 10 pups by removing or adding female pups as neces-
sary. Newborn male pups were assigned to one of four neonatal
treatment groups with 30–35 pups/group: 1) controls given to-
copherol-stripped corn oil vehicle alone (ICN Biomedicals, Au-
rora, OH), 2) high-dose EB (HEB) [2500 �g/kg body weight
(BW)], 3) low-dose EB (LEB) (0.1 �g/kg BW), or 4) BPA (10
�g/kg BW). All steroids were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). Litter effects were avoided by
randomly assigning male pups within each litter to a treatment
and toe clipping for permanent identification. Treatments were
given on d 1, 3, and 5 of life through sc injections in the nape of
the neck, which produced serum BPA levels less than 2 ng/ml
during the first hour after treatment (33). Male rats from each
group were killed on d 10 (n � 10/group), d 90 (n � 8/group),
and d 200 (n � 8/group). An additional cohort of neonatally
treated rats (n � 8/group) were implanted with T- and E2-filled
SILASTIC capsules (Dow Corning Corp., Midland, MI) on d 90
and killed on d 200. The T- and E2-capsule lengths were designed
to elevate serum E2 levels to approximately 75 pg/ml and main-
tain serum T levels close to the physiological level at approxi-
mately 3 ng/ml (34). The T�E2 regimen was reported to produce
approximately 40% prostatic intraepithelial neoplasia in the
dorsal lobe (DP) of controls, 100% in HEB-treated rats, 50% in
LEB-treated rats, and 100% in BPA-treated animals (23). RNA
and DNA were isolated from rat DP with TRIzol (Invitrogen,
Carlsbad, CA) and DNeasy kit (QIAGEN, Valencia, CA),
respectively.

Bisulfite genomic sequencing
Genomic DNA (100–200 ng) from DP was bisulfite modified

with use of the EZ Methylation Modification kit (Zymo Re-
search, Irvine, CA) before PCR. In silico analyses and detailed
database searches were used to predict the 5�-CpG island(s)
(CGI) in each gene (www.urogene.org/methprimer/). Primers
were designed to amplify fragments encompassing the 5�-CGI of
candidate genes: Nsbp1, Hpcal1, Dnmt3b, and Mbd2 from
bisulfite-modified DNA (Table 1). Amplicons were generated
from DP of individual animals and subcloned into the pCR2.1
vector (Invitrogen) as previously described (23). Six or more
clones were picked and sequenced for each sample (Macrogen,
Rockville, MD).

Treatment of NbE-1 and AIT cells with
5-aza-deoxycytidine (5-AZA-dC)

Two rat cell lines, the immortalized normal prostatic epithe-
lial cell line NbE-1 (35) and the tumorigenic cell line AIT (36),
were maintained in DMEM/F12 medium (Invitrogen) supple-
mented with 5% fetal bovine serum (HyClone, Logan, UT), 1�
insulin-transferrin-selenium, 1 mM sodium pyruvate, and 100
mM nonessential amino acids (Invitrogen). Cells were treated

with 0.5 or 1.0 �M 5-AZA-dC (Tocris, Ellisville, MO) or with
dimethylsulfoxide (DMSO) (0.1%) as control every 2 d for up to
8 d. RNA was isolated for real-time RT-PCR analyses of steady-
state transcript levels, and DNA was isolated for methylation-
specific PCR (MSPCR) as previously described (23, 24).

Real-time PCR
As previously described (23, 24), total RNA was isolated

from cells or tissues reverse transcribed to cDNA; and expression
levels of Nsbp1, Hpcal1, ribosomal protein L19 (Rpl19),
Dnmt1, Dnmt3a, Dnmt3b, methyl CpG binding protein 2
(Mecp2), Mbd1, Mbd2, Mbd3, and Mbd4 determined by a SYBR
Green-based real-time PCR method on the ABI PRISM 7500
FAST System (Applied Biosystems, Foster City, CA). The ex-
pression level of each gene was normalized to the expression of
Rpl19. Rpl19 was chosen as the house-keeping gene because its
expression was not changed in response to EB and BPA through-
out life (23). Primers specific for every gene were designed in the
exon/exon spanning region or unique regions (Table 1). The
threshold cycle (Ct) number for each sample was determined in
triplicate, and the experiments were repeated with three indi-
vidual sets of samples. The relative expression of the real-time
PCR products was determined by the ��Ct method (23).

Methylation-specific PCR
Bisulfite-modified genomic DNA was subjected to MSPCR.

Sets of primers were designed to amplify the region of the 5�
promoter showing differential methylation in response to E2/
BPA. The M primer set amplified the methylated target sequence;
the U primer set amplified only the unmethylated allele (Table 1).
Thirty-five-cycle PCR were performed with Platinum Taq poly-
merase (Invitrogen) under the following conditions: denatur-
ation at 94 C for 30 sec, annealing at 56 C (Nsbp1) or 58 C
(Hpcal1) for 1 min, and extension at 72 C for 1 min, followed by
a 12-min final extension. PCR products were separated on 2%
agarose gel and visualized with ethidium bromide.

RNA interference [small interfering RNA (siRNA)]-
mediated gene silencing

To determine whether the differentially methylated genes can
regulate cellular functions in rat prostatic epithelial cells, we used
siRNA to knockdown gene expression in NbE-1 or AIT cells and
studied the effects on cell viability. Transfection protocols were
optimized to achieve maximal gene silencing in preliminary exper-
iments. Final protocols used 0.2 �M Accell siRNA SMARTpool
against Nsbp1–3�untranslated region, Hpcal-3� untranslated re-
gion, Pde4d4-open reading frame, or a nontargeting control
(Thermo Scientific, Pittsburgh, PA) and Lipofectamine 2000 (In-
vitrogen) to assist siRNA delivery. After a 3-d incubation, ala-
marBlue (Invitrogen) was added to the cells, and cell viability was
determined for all treatment groups by measuring the absor-
bance at 570/600 nM. RNA was isolated for real-time PCR anal-
ysis of target-gene expression (23, 24).

Statistical analysis
Data were expressed as mean � SD. Bonferroni post hoc test

(correction test) was performed after ANOVA (Prism version
4.0; GraphPad, San Diego, CA) for multiple comparisons among
all data groups to determine the statistical significance. A sta-
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tistically significant difference between groups was accepted at
P � 0.05.

Results

Aberrant Nsbp1 promoter demethylation and
transcriptional overexpression in the prostates of
rats neonatally exposed to EB or BPA persist
throughout life and are insensitive to adult-life
modification
In silico analysis located a 153-bp CGI in the Nsbp1 5�
flanking region (Fig. 1A). A total of 31 CG sites along the
Nsbp1 promoter were analyzed by bisulfite genomic se-

quencing. CG sites 3, 5, 8, and 11 were methylated (80–
100%) in control (oil treated) animals at d 10 (Fig. 1B, left
panel). Promoter methylation persisted at CG sites 3, 8,
and 11 in oil-treated animals during life, and methylation
of the promoter became more widespread with aging (Fig.
1, C–E, left panels). Expression of Nsbp1 in oil-treated
animals was low (Fig. 1, B–E, right panels), in concor-
dance with the hypermethylation status of the Nsbp1 pro-
moter. Animals neonatally exposed to EB or BPA exhib-
ited obvious demethylation of the promoter as compared
with controls at d 10. This early epigenetic reprogram-
ming persisted after sexual maturation (d 90) and
throughout adult life (d 200), remaining unaltered even

TABLE 1. Primers used for bisulfite genomic sequencing, MSPCR, and real-time PCR

Primers for BSPCR
rBS-NSBP1 Forward 5�-GTTTTTTTGTTAATTGGGAAAGATT-3�

Reverse 5�-AAAAAAATCTCTACCTAACTACTCC-3�
rBS-PDE4D4 Forward 5�-TTATTGTTGTGAAGAGTAGATTTTGTG-3�

Reverse 5�-ATCCTAAATTTCTTCAAACCTAACC-3�
rBS-HPCAL1 Forward 5�-GGAGTGATTAGGTTGTAGTTGAGG-3�

Reverse 5�-TCCTACCCTCAAATTCCTAAACTAC-3�
rBS-DNMT3b Forward 5�-AGGTGGAGAAGTTTGGGTATTATTT-3�

Reverse 5�-CAAAAACCTCCAAAAAACCTATC-3�
rBS-MBD2 Forward 5�-GGTTATAGTTAATTTTATTTGTAATAATGT-3�

Reverse 5�-CCAACACTAAACCCTAATTTTC-3�
Primers for MSPCR

rMS-NSBP1 Forward 5�-CGGGTTACGTTTTTCGAATC-3�
Reverse 5�-ATCTCTACCTAACTACTCCGCGAA-3�

rUS-NSBP1 Forward 5�-GTGGGTTATGTTTTTTGAATTGG-3�
Reverse 5�-AAAAAAATCTCTACCTAACTACTCCACAA-3�

rMS-HPCAL1 Forward 5�-AGTGGGTTTGTAGTTGATCGTAGAC-3�
Reverse 5�-CCCCCGTAAAAAAAATATAAACG-3�

rUS-HPCAL1 Forward 5�-GTAGTGGGTTTGTAGTTGATTGTAGAT-3�
Reverse 5�-CCCCCATAAAAAAAATATAAACACC-3�

Primers for real-time PCR
rNSBP1 Forward 5�-CTATGCCTGTGCCCTTTACAC-3�

Reverse 5�-TTTTGGCTTCTCCATTTTCAG-3�
rPDE4D4 Forward 5�-ACGAGCAGCACCACCAGTA-3�

Reverse 5�-AAAGACGAGGGCCAGGACAT-3�
rHPCAL1 Forward 5�-GAGATTGTGCAGGCCATCTAC-3�

Reverse 5�-TGCCATCATTGTTTGTGTCC-3�
rRPL19 Forward 5�-GCATATGGGCATAGGGAAGA-3�

Reverse 5�-CCATGAGAATCCGCTTGTTT-3�
rDNMT1 Forward 5�-GAGGTGGGCGACTGCGTCTC-3�

Reverse 5�-TGTGGATGTAGGAAAGTTGCA-3�
rDNMT3a Forward 5�-CAGAATAGCCAAGTTCAGCAAAGTGA-3�

Reverse 5�-CTTTGCCCTGCTTTATGGAG-3�
rDNMT3b Forward 5�-GTTAAAGAAAGTACAGACAATAACCAC-3�

Reverse 5�-TCTGATGACTGGCACACTCC-3�
rMeCP2 Forward 5�-GTCGCTCTGCTGGAAAGTAT-3�

Reverse 5�-TGGGCTTCTTAGGTGGTTTC-3�
rMBD1 Forward 5�-CAGCAGTCACAACCTTCCTG-3�

Reverse 5�-GGTGCCAATCCCTCCTATCT-3�
rMBD2 Forward 5�-GTCGGCCCAGGTAGTAATGAT -3�

Reverse 5�-GACTCGCTCTTCCTGTTTCCT -3�
rMBD3 Forward 5�-CTGAACACTGCACTGCCTGTA-3�

Reverse 5�-GTTTCTTCTCCCAGAAAAGCTG-3�
rMBD4 Forward 5�-CCTACCGGATCTTTTGTGTCA-3�

Reverse 5�-GATTTTCCCAAAGCCAGTCAT-3�
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under the protracted action of a cancer-promoting treat-
ment with T�E2 (Fig. 1, B–E, left panel). In concordance
with promoter methylation status, the prostates of ani-
mals exposed to EB/BPA during early-life showed signif-
icant overexpression of Nsbp1 (	30-fold at d 10, 	30- to
40-fold at d 90, 	15- to 25-fold at d 200, and 	20-fold at
d 200 under T�E2-treatment as compared with controls)
(P � 0.05) (Fig. 1, B–E, left panels). These data suggest
that the Nsbp1 is an estrogen-reprogrammable gene
whose methylation status, once altered, persists through-
out life.

Aberrant Hpcal1 promoter hypermethylation and
transcriptional suppression in the prostates of rats
neonatally exposed to EB or BPA are dependent
on the nature of early-life exposure and are
susceptible to adult-life modification
In this study, in silico analysis revealed the presence of an
805-bp CGI with 77 CG sites in the Hpcal1 5� flanking
region (Fig. 2A). Bisulfite sequencing was unable to detect
any significant changes in methylation status of the 5� end
of this CGI with any treatment (data not shown). In con-
trast, most of the changes occurred in CG sites 34–77 (the
promoter), which was the promoter region of all subse-
quent investigations. In animals treated neonatally with
oil (controls), the promoter was moderately methylated
(60–70%) at d 10 (Fig. 2B, left panel, gray diamonds) and
progressively underwent demethylation with advancing
age (	40% at d 90 and 	0% at d 200) (Fig. 2, C and D,
left panel). Interestingly, the cancer-promoting treatment
(T�E2) completely reversed the aging effect, leading to
approximately 100% remethylation of the promoter and
silencing of Hpcal1 expression in controls treated with oil
neonatally (Fig. 2E).

Compared with control treatment, neonatal treatment
with HEB/LEB/BPA-induced hypermethylation (	100%
methylated) of the Hpcal1 promoter at d 10 and silencing
of gene expression (Fig. 2B). For animals treated with LEB,
the Hpcal1 CGI became demethylated (	50–60% meth-
ylated) when animals reached maturation and throughout
life (Fig. 2, C and D, left panel), reversing the early epi-
genetic pattern and resulting in reexpression of Hpcal1
comparable with that in oil-treated animals (Fig. 2, C and
D, right panel). Still, demethylation of the Hpcal1 pro-
moter never achieved the complete loss in control animals.
In contrast, the early epigenetic pattern induced by HEB
was most persistent and less altered with aging (Fig. 2, C
and D, left panel, blue circles) and correlated with very low
expression of Hpcal1 (	0.5% at d 10, 	25% at d 90, and
	1% at d 200) in treated animals as compared with con-
trols (	100%) (Fig. 2, C and D, left panel). For animals
treated neonatally with BPA, the promoter was aberrantly

hypermethylated (100% methylated) at d 10, similar to
the scenario in the two EB-treatment groups. Some degree
of demethylation of the promoter began (70–80% meth-
ylated at d 90 and 50–60% methylated at d 200) (Fig. 2D,
left panel, yellow triangles) as rats aged, but levels of gene
expression remained low (	10–20% of controls)
throughout life (Fig. 2D, right panel).

As mentioned earlier, the cancer-promoting T�E2
treatment resulted in significant hypermethylation of the
Hpcal1 promoter in control rats. However, this treatment
did not change the degree of promoter methylation in the
neonatal LEB-treated cohort, which remained at approx-
imately 60%, but did lower gene expression in that cohort
as compared with levels in adults (d 90 and 200). In con-
trast, the T�E2 treatment resulted in demethylation of the
promoter in the neonatal HEB-treated animals as com-
pared with all groups without T�E2 treatment. Gene ex-
pression in the prostates of the same animals was reduced
to a level similar to that in the LEB group. These results
differ from those in the neonatal BPA-treated group, in
which the promoter CGI was almost completely remethy-
lated, similar to control animals, and gene expression was
almost completely silenced (Fig. 2E). Taken together,
these results demonstrate that the early epigenetic pattern
introduced by neonatal EB/BPA exposure at the Hpcal1
promoter is affected by later-life events and leads to dif-
ferent outcomes depending on the initial exposure.

Increased expression of Nsbp1 and Hpcal1 by
5-AZA-dC treatment was associated with promoter
demethylation in prostate epithelial cell lines
To establish linkage of promoter methylation status to
gene transcription for the studied genes, we treated the
normal prostatic epithelial cell line NbE-1 (immortalized)
and the rat PCa cell line AIT with two different doses of the
demethylating agent 5-AZA-dC. The treatments resulted
in demethylation of the promoter of Nsbp1 in NbE-1 cells
(Fig. 3A) and Hpcal1 in AIT cells (Fig. 3B), as indicated by
MSPCR results, and concordant elevation of gene tran-
script levels. These data suggest a causal relationship be-
tween promoter methylation and gene expression for these
two genes.

siRNA-mediated decreases in gene transcription
were associated with changes in cell viability in
prostate cell lines

Transient transfection of NbE-1 or AIT cells with
siRNA against Nsbp1 effectively lowered the levels of gene
transcript in NbE-1 or AIT cells to less than 10% of those
in cells transfected with nontargeting siRNA and signifi-
cantly reduced cell viability by approximately 40% in
both cell models (Fig. 4A). RNA interference achieved
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identified flanking the transcriptional start site (TSS). The CGI has 77 CG sites (solid double-headed arrow). Our pilot experiments did not show
significant changes in methylation status in the 5� region of the CGI. We therefore only examined a region encompassing CG 34–77 in
subsequent studies (red horizontal bracket). Individual CG sites are represented by vertical lines. The methylation status of this region was
determined by bisulfite genomic sequencing and MSPCR (broken double-headed arrow; see Fig. 3 for results). B–E, left panel, DNA isolated from
the dorsal prostate of animals treated with HEB (blue circles), LEB (red squares), BPA (yellow triangles), or oil (gray diamonds) at postnatal (PN) d
10, 90, or 200 (�T�E2) was subjected to bisulfite genomic sequencing analysis. Methylation status of CG sites 34–77 of the Hpcal1 promoter is
indicated as average percentage methylation. B–E, right panel, RNA was isolated from the dorsal prostate of animals treated with HEB (blue bar),
LEB (red bar), BPA (yellow bar), or oil (gray bar) at PN d 10, 90, or 200 (�T�E2). Relative level of Hpcal1 transcript was determined by real-time
PCR and normalized to Rpl19 gene expression. The relative level of Hpcal1 transcript in PN d 10 oil-treated samples was arbitrary assigned a value
of 100; values from all treatment groups at various life stages were normalized to the mean value of this group, and values from all treatment
groups at various life stages were normalized to the mean value of this group. Statistical significant differences are indicated (*, P � 0.05). RER,
Relative expression ratio.
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only a 40–60% reduction in Pde4d4 mRNA levels but a
significant approximately 40% reduction in viability in
both cell lines (Fig. 4B). Of interest to note, levels of
Hpcal1 mRNA were reduced by 90% after transfection of
siRNA against the gene, but viability of NbE-1 cells was
increased only modestly (15%), suggesting that Hpcal1
may not be a major regulator of cell growth/apoptosis
(Fig. 4C).

The lifelong expression profiles of specific genes
encoding DNA methylation-modifying proteins are
altered by neonatal exposure to EB or BPA
To investigate the mechanism by which neonatal EB/BPA
treatment induced epigenetic reprogramming of specific
genes through DNA methylation, we analyzed the expres-
sion of genes encoding proteins involved in regulating cy-
tosine methylation and chromatin remodeling: DNA
methyltransferases (Dnmt1, Dnmt3a, and Dnmt3b) and
methyl-CpG binding domain proteins (Mecp2, Mbd1,

Mbd2, Mbd3, and Mbd4). We observed three different
patterns of expression among these genes: 1) genes not
affected or moderately affected by neonatal EB/BPA treat-
ments (Dnmt1, Mecp2, Mbd1, and Mbd3) (Fig. 5A and
D–F), 2) genes dramatically induced to overexpress by
these treatments (Dnmt3a, Dnmt3b, and Mbd2) (Fig. 5, B,
C, and G), and 3) one gene responsive only to EB treatment
(Mbd4) (Fig. 5H).

Dnmt3a and Dnmt3b were generally highly expressed
in animals neonatally exposed to EB or BPA in early life (d
10 and 90) but were expressed at very low levels or not at
all in the oil-treated controls; the expression of these genes
diminished with aging, and some of the overexpression
induced in early life was significantly blunted at d 200 in
the presence or absence of T�E2 treatments (Fig. 5, B and
C). Despite their overlapping function as de novo meth-
ylating enzymes, neonatal EB/BPA treatment induced
more dramatic overexpression of Dnmt3b (
100- to 800-
fold) than that of Dnmt3a (0.5- to 4.5-fold), relative to
levels in controls. The marked overexpression of mRNA
of these enzymes at d 10 implicates their involvement in
early-life reprogramming of DNA methylation patterns in
target genes such as Nsbp1 or Hpcal1. The cancer-pro-
moting T�E2 treatment stimulated expression of Dnmt3a
and maintained overexpression of Dnmt3b as compared
with levels in controls, suggesting a role for these enzymes
in prostate tumorigenesis. Similarly, Mbd2 was the other
gene exhibiting distinct up-regulation in response to neo-
natal EB/BPA treatments throughout life. The changes
were more noticeable as the rats aged, and protracted
T�E2 treatment further enhanced the up-regulation (Fig.
5G). Because these three genes were dramatically affected
by neonatal EB/BPA treatments, we checked whether these
changes were regulated by DNA methylation of their gene
promoter. In silico analysis revealed the absence of CGI in
the Dnmt3a promoter region (2-kb flanking region) but its
presence in both Dnmt3b and Mbd2. Bisulfite sequencing
of the CGI in the 5� flanking region of each gene revealed
no changes in DNA methylation (data not shown) (see
Table 1 for primers). We found that the promoter region
of both genes remained unmethylated in all treatment
groups as well as in the oil-treated controls.

Mbd4 was up-regulated only in animals neonatally ex-
posed to EB (Fig. 5H). The high EB effect was significant
only at d 90, but the low EB treatment induced up-regu-
lation throughout life. Interestingly, T�E2 treatment in
adult life played a role in silencing Mecp2 expression in
oil-treated controls but exerted no effects in groups treated
neonatally with EB/BPA.

In summary, our results indicate that neonatal expo-
sure to EB or BPA resulted in significant and persistent
overexpression of Dnmt3a and Dnmt3b and Mbd2.

FIG. 3. Real-time PCR analysis of transcript levels and promoter
methylation status of (A) Nsbp1 and (B) Hpcal1 in NbE-1 and AIT cells
in response to 5-AZA-dC. Cells were treated with 0.5 or 1.0 �M 5-
AZA-dC or with DMSO (0.1%) as the control every 2 d for up to 8 d.
Upper panel (A and B), RNA was isolated and reverse transcribed, and
levels of Nsbp1 or Hpcal1 transcript were measured by real-time PCR
(bar plots). Relative expression ratio (RER) of Nsbp1 or Hpcal1 was
calculated by normalizing to Rpl19 transcript levels in the same sample.
The RER of gene in DMSO-treated control sample was set as 1.0. Data
presented are the means with SD of three independent experiments.
*, P � 0.05 or **, P � 0.01 were consider statistically significant
(compared with control). ˆ, Gene expression of NbE-1 and AIT cells
differed significantly (P � 0.05). Lower panel (A and B), Methylation
status of Nsbp1 or Hpcal1 was analyzed by MSPCR. DNA isolated was
modified by sodium bisulfite followed by PCR, with primers specific for
methylated DNA (M) or unmethylated DNA (U). Representative results
from one of the three independent experiments are shown.
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Discussion

Early-life exposure to hormones and hormone-mimicking
compounds has been shown to affect the methylation sta-
tus and expression of key regulatory genes in the prostate
and other organs (23, 24, 37–39). We previously demon-
strated that the Pde4d4 gene is susceptible to epigenetic
reprogramming by neonatal exposure to EB and BPA in a
two-hit PCa-induction model (23). Its promoter under-
goes progressive hypermethylation in the neonatal oil-
treatedcontrolsover time,with concordantgene silencing.
However, after neonatal exposure to EB/BPA, the Pde4d4
promoter failed to execute this developmental program,
resulting in overexpression of Pde4d4 in the experimental
groups as animals aged. This deviant phenotype was ap-

parent only during adulthood (not before
puberty), persisted throughout life, and was
not affected by the T�E treatment (a can-
cer-promoting regimen during adult life). In
the present study, we conducted a careful
comparative analysis of the effects of neo-
natal EB or BPA on promoter methylation
status and gene expression of two genes
(Nsbp1 and Hpcal1) previously not charac-
terized for their susceptibility to neonatal
reprogramming in this model with those of
the well-studied Pde4d4. We demonstrated
that neonatal EB/BPA-induced epigenetic
changes in these genes are unique with re-
spect to time of appearance, persistence dur-
ing the lifespan, and response to adult-life
events (e.g. sexual maturation, aging, and
cancer-promoting events). Thus, we could
clearly distinguish three patterns of epige-
netic changes: 1) a class of genes like Nsbp1/
Hmgn5 is a persistent epigenetic mark of
early-life exposure, appearing early (at d
10), lasting throughout life, and not altered
in adult life; 2) a second class of genes, rep-
resented by Pde4d4 (23), which is a con-
cealed mark invisible at early life (d 10) and
appears only when the animal reaches mat-
uration at d 90 but persists throughout life;
and 3) highly plastic epigenetic marks such
as Hpcal1, whose appearance depends on
the type of initial exposure (LEB vs. HEB or
BPA) and events during adult life, including
sexual maturation and hormone exposure.
Thus, the fate of these epigenetic marks in-
duced by early-life exposure is dependent on
the specific gene, type of environmental ex-
posure, and their responsiveness to modu-
lation by adult-life events. Nevertheless,

changes in the methylation status of these three promoters
correlated in most cases with changes in gene expression,
underscoring the importance of aberrations in promoter
methylation driven by early environmental exposure in
remodeling of transcriptional programs and development
of disease in adult life.

We provided further evidence of a direct association
between DNA methylation and gene silencing by employ-
ing a normal (NbE-1) and a malignant (AIT) prostate ep-
ithelial cell model. Promoter demethylation of Nsbp1 or
Hpcal1 induced by 5-AZA-dC in these cell models was
associated with increases in levels of gene transcript in
these cell models. These data, together with similar find-
ings reported previously for Pde4d4 (23), strongly suggest

FIG. 4. Real-time PCR analysis of transcript levels of (A) Nsbp1, (B) Pde4d4, and (C)
Hpcal1 and cell survival of in NbE-1 and AIT cells in response to siRNA knockdown. Cells
were treated with 0.2 �M siRNA oligos or with 0.2 �M nontarget control for 72 h. Left
panel, RNA was isolated and reverse transcribed. Nsbp1, Pde4d4, or Hpcal1 expression
was quantified by real-time PCR and normalized to Rpl19 in the same sample. The 2-
ddCt method was used to calculate the relative expression level of transcript [relative
expression ratio (RER)] in target-gene knockdown samples. RER of nontarget control was
set as 1.0. Right panel, Percentage of viable cells (compared with nontarget control)
after siRNA knockdown assay was determined by alamarBlue. No significant toxicity was
found in cells treated with Lipofectamine only. Data presented are the mean with SD of
four separate experiments. *, P � 0.05 or **, P � 0.01 were considered statistically
significant.
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an important role for DNA methylation in the regulation
of these three genes. Moreover, although the scope of the
current in vitro studies is limited, we clearly showed that
silencing of Nsbp1 and Pde4d4 mediated by RNA inter-
ference inhibited cell growth in both models, whereas si-
lencing of Hpcal1 elicited a small increase in cell growth in
NbE-1. In a preliminary study, we demonstrated that
Hpcal1 also up-regulates cellular cAMP in NbE-1 cells
(Tang, W.-y., unpublished data). Collectively, these data

suggest that transcriptional changes in these genes may
impact growth and other cellular functions of the rat pros-
tate epithelium and likely prostate carcinogenesis or its
risk.

The action of estrogen has long been known to involve
intracellular cAMP that activates several signaling path-
ways, which all play critical roles in regulating cell pro-
liferation/death and carcinogenesis (40, 41). Pde4d4 and
Hpcal1 collaborate to maintain intracellular cAMP levels

FIG. 5. Relative gene expression was determined by real-time PCR for (A) Dnmt1, (B) Dnmt3a, (C) Dnmt3b, (D) Mecp2, (E) Mbd1, (F) Mbd3, (G)
Mbd2, and (H) Mbd4. RNA was isolated from the dorsal prostate of animals treated with HEB (blue bar), LEB (red bar), BPA (yellow bar), or oil
(gray bar) at d 10, 90, or 200 (�T�E2). Relative expression ratio (RER) was calculated by normalizing transcript levels of a gene to that of Rpl19
transcript level in the same sample. The average RER in samples from d 10 oil-treated prostates was arbitrarily assigned a value of 1.0 for each
gene analyzed. Levels of transcripts in all other treatment groups at various life stages were normalized to the oil-treated controls. Statistical
significant differences are indicated (*, P � 0.05, when comparing values in EB/BPA-treatment groups with oil-treated controls; #, P � 0.05, when
values in older control animals were compared with values in d 10 controls).
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but in an opposing manner: although Pde4d4 is involved
in degradation of cAMP, Hpcal1 stimulates its production
(25, 26). We previously reported in this two-hit PCa-in-
duction model that Pde4d4 is primarily hypomethylated
and overexpressed after neonatal EB/BPA exposure (23).
Here, we noted that Hpcal1 expression is generally dimin-
ished by high EB/BPA exposure. These opposite trends in
promoter methylation and gene expression may lead to
increased degradation (higher Pde4d4 expression) and re-
duced production (lower Hpcal1 expression) of cAMP,
particularly during adult life. Although we have not yet
investigated the consequences of such combined disrup-
tion in cAMP regulation, we have reported that neonatal
exposure to EB/BPA increases predisposition to prostate
carcinogenesis in the exposed rats (23). Our results are in
agreement with reports demonstrating tumor-suppressor
activities of Hpcal1 for squamous cell carcinoma of the
skin and esophagus in rats and for human nonsmall cell
lung carcinomas (26–28), although its relationship in PCa
remains unknown. In contrast, Pde4d is a probable tumor
promoter; it is overexpressed in human PCa specimens
and has been shown to promote PCa growth in vitro and
in vivo (42). Pde4 has also been implicated in other pros-
tate diseases, including benign prostatic hyperplasia,
lower urinary tract symptomatology, and bladder outlet
obstruction (43). Last, E2 has been shown to alter cAMP
in vivo in prostate tissues (44) and likely to engage in cross
talk with androgen-receptor signaling in the prostate (45).

Human NSBP1 (HMGN5) belongs to a family of
HMGN proteins, which interact directly with the nucleo-
some core particles in the euchromatin assembly (46).
They can modify the architecture of active chromatin by
reducing chromatin compaction, decreasing the repressive
activity of histones, and facilitating transcription (47–50).
HMGN proteins are tissue and development specific (51)
and function as regulators of differentiation and transcrip-
tion (46, 47). Apropos to NSBP1/HMGN5, its C terminus
binds to linker histones (H1 or H5) and reduces their chro-
matin residence time, leading to chromatin decompaction
and activation of transcription (52, 53). NSBP1/HMGN5
may have oncogenic activities, as demonstrated in glioma
(29) and bladder (30). Two new studies showed overex-
pression of human Nsbp1 in PCa and that it promoted cell
growth and metastasis and inhibited apoptosis in PCa cell
lines (31, 32), a finding in agreement with our finding that
RNA interference-mediated silencing of Nsbp1 inhibited
rat prostatic epithelial cell growth.

In a previous study in mice (24), we found that exposure
of neonates to DES/GEN induced reprogramming of
Nsbp1 in the uterus, resulting in aberrant demethylation
of the gene promoter and gene overexpression in adult-
hood (24). Coincidentally, the exposed rats also have a

higher propensity to the development of uterine adeno-
carcinoma (54, 55). Of notable interest is our finding that
aberrant Nsbp1 promoter methylation/gene expression
and the development of uterine cancer occur only in intact,
not ovariectomized, animals (24). Thus, it appears that the
epigenetic memories laid down during early life only sur-
face upon activation by an adult event (e.g. sexual matu-
ration). This delay in the appearance of an early-life mem-
ory and its dependency on ovarian factors in the mouse
uteri is in stark contrast to the epigenetic reprogramming
of Nsbp1 by neonatal EB/BPA in the rat prostate, which
appears early and persists throughout life, unaffected by
adult-life events. The divergence in response of Nsbp1 to
neonatal estrogen-reprogramming in the two animal mod-
els may be due to tissue-specific outcomes, a species-de-
pendent effect, exposure to distinctly different reprogram-
ming molecules, and/or a gender difference. Taken
together, these results underscore the complexity of epi-
genetic reprogramming by early-life factors and strongly
suggest the susceptibility of epigenetic reprogramming to
modifications imparted by later-life influences.

DNA methylation, an integral part of epigenetic repro-
gramming, involves at least two classes of proteins, DNMT
and MBD proteins (56). Here, we studied the expression of
eight genes encoding these proteins after neonatal exposure
to EB/BPA with and without T�E2 treatment during adult-
hood. Of the eight genes analyzed, levels of expression of
Dnmt3a, Dnmt3b, Mbd2, and Mbd4 were those most af-
fected by neonatal exposure to BPA and/or EB. Neonatal
exposure resulted in the up-regulation of all four genes, with
the greatest increase in expression in Dnmt3b. DNMT1
functions as a maintenance DNA methyltransferase,
whereas DNMT3A and DNMT3B are involved in de novo
methylation (57). Because Dnmt1 expression was un-
changed by hormone treatments, altered DNA methyl-
ation in the affected genes after neonatal EB/BPA treat-
ments must have relied on de novo methylation via
Dnmt3a and Dnmt3b. Waves of genome-wide demethyl-
ation and de novo remethylation take place during germ-
cell development and early embryogenesis to establish spe-
cific DNA methylation patterns in various tissues (58). But
after birth, the expression of these enzymes is significantly
diminished. The continued overexpression of Dnmt3a
and Dnm3b in neonatal EB/BPA-treated groups, as com-
pared with controls, may be the culprit in the aberrant
methylation of susceptible genes involved in early-life re-
programming in this rat model. Furthermore, the fact that
Dnmt3a and Dnmt3b were also overexpressed in response
to the cancer-promoting T�E2 treatment implies that they
also play a role during prostate carcinogenesis.

Although all members of the MBD family of proteins
share a highly conserved methylated DNA binding do-
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main and function to establish a locally compact chroma-
tin and transcriptional repression (59), each member has
been shown to play a distinct role in epigenetic regulation
(60). Specifically, MBD2 and MBD4 appear to possess
demethylating activities. Although debates continue,
MBD2 has been shown to catalyze demethylation of meth-
ylated DNA and to mediate gene activation (61, 62),
whereas MBD4 has a glycosylase domain that, upon ac-
tivation of protein kinase C, promotes the incision of
methylated DNA and base-excision repair, resulting in de-
methylation of MBD4-bound promoters (63). In this
study, neonatal EB/BPA elicited significant overexpres-
sion of Mbd2 and Mbd4 throughout life, suggesting that

they may promote aberrant promoter de-
methylation in target genes.

To summarize, we have identified three
distinctpatternsofepigeneticchanges ingenes
responsive to neonatal exposure to EB/BPA
(Fig. 6). In Fig. 6, we have represented the ge-
netic makeup as light that passes through de-
velopmental windows. It is possible that, at
each window, the genetic information is read
and interpreted with epigenetic editing as if it
is bent to follow a different path. In our rat
model, methylation of the Nsbp1 promoter is
a permanent epigenetic mark of early EB/BPA
exposure and once edited in early life remains
unchanged for life. On the other hand, meth-
ylation of the Pde4d4 promoter is a concealed
epigenetic mark that surfaces only at sexual
maturation. Most interestingly, methylation
of the Hpcal1 promoter is a highly nimble
mark, with its expression reflecting the inter-
play of early- and adult-life experiences. Its
susceptibility to modifications by adult-life
events makes it suitable for development into
a biomarker for monitoring lifestyle changes
in adulthood that can reverse early-life repro-
gramming, a key premise of disease preven-
tion. Last, early-life modifications of key
genes involved in DNA methylation and de-
methylation, such as Dnmt3a/b and Mbd2/4,
may be responsible for early-life reprogram-
ming as well as permitting a more dynamic
regulation of the epigenome throughout life.
The key question for the future is whether
the epigenetics-induced changes in transcrip-
tional programs impart a more adaptive or
chaotic phenotype in the prostate of the adult
rats. It is apparent from our findings that the
complex interplayof the typeof estrogen, tim-
ing of exposure, reproductive status, and ag-

ing significantly adds up to estrogen reprogramming of the
prostate gland in early life and its later-life entropy, high-
lighting previously unrecognized mechanisms in prostate
carcinogenesis.
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FIG. 6. Persistent, concealed, and nimble epigenetic marks were laid down in the
prostates of rats exposed neonatally to EB/BPA. The genetic makeup is represented as
white light encountering different developmental/life-stage windows and then
diffracted through epigenetic modification to form a spectrum of responses. Some
genes pass through with minimal diffraction, others are maximally bent. Nsbp1 is
altered at the very first developmental window and represents an epigenetic mark that
persists throughout life unaffected by later events (puberty, aging, or a cancer
promoting regimen). At this life stage, the expression of Nsbp1 is increased in all the
cohorts examined (EB/BPA). The increase in gene expression is illustrated by the position
of the lines relative to where they started (at birth). Pde4d4 was unaffected by the
neonatal window and was overexpressed after passing through the second panel
(young adult; d 90); apparently, the light was diffracted only until it encountered the
second window (puberty). At this point, adult hormones interact with the early
epigenetic modifications and affect the phenotype (gene expression). The changes in
Pde4d4 expression are not further affected by later-life events, such as aging or a
cancer-promoting regimen (T�E2 treatment). Hpcal1 is highly nimble mark; the path of
the light is altered both by the early event and by later-life events (puberty, aging, and
T�E2 treatment), which is reflected in the phenotype (changes in gene expression). This
illustrates the reversibility of early epigenetic reprogramming and the difference
between EB and BPA exposure. Only the LEB (red line) could be reversed by later-life
events. Furthermore, the response to cancer-promoting treatment clearly illustrates the
differences between EB and BPA exposure. Only the EB cohorts showed increased
expression of Hpcal1 (red and blue lines).
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