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Abstract Bisphenol A (BPA) is an estrogenic environ-
mental toxin widely used for the production of plastics.
Human frequent exposure to this chemical has been pro-
posed to be a potential public health risk. The objective of
this study was to assess the effects of BPA on DNA
methylation of imprinting genes in fetal mouse germ cell.
Pregnant mice were treated with BPA at doses of 0, 40, 80
and 160 ng BPA/kg body weight/day from 0.5 day post
coitum. DNA methylation of imprinting genes, Igf2r, Peg3
and H/9, was decreased with the increase of BPA con-
centration in fetal mouse germ cells (p < 0.01).The relative
mRNA levels of Nobox were lower in BPA-treated group
compared to control (BPA free) in female fetal germ cells,
but in male fetal germ cells, a significant higher in Nobox
expression was observed in BPA-treated group compared
to control. Decreased mRNA expression of specific meiotic
genes including Stimulated by Stra8 and Dazl were
obtained in the female fetal germ cells. In conclusion, BPA
exposure can affect the DNA methylation of imprinting
genes in fetal mouse germ cells.
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Introduction

Primordial germ cells (PGCs) first appear embryonic at
~6.25 days post coitum (dpc) [1]. Once the founder
reaches 40 PGCs, cells migrate to reside in extra-
embryonic tissues until gastrulation is complete. PGCs
migrate towards genital ridge on 8.5 dpc and arrive there
by 10.5 dpc [1]. During the development and differentia-
tion of mouse germ cells, their genome undergoes dramatic
epigenetic reprogramming. Imprinting is erased at around
10.5-11.5 dpc in PGCs when they arrive at genital ridges,
and imprinting is initially established during gametogene-
sis [2]. Sexual recognition of germ cell is determined
with sex-specific imprinted gene methylation patterns at
10.5-11.5 dpc [3, 4]. Re-establishment of maternal
imprints typically does not begin until birth in the phase of
germ cell growth. Specific DNA methylation in differen-
tially methylated regions (DMRs) of parental origin allows
discrimination between maternal and paternal alleles and
leads to mono-allelic expression of imprinted genes [5].
Bisphenol A is a widely used environmental estrogen-
like chemical. It is applied in the manufacture of epoxy,
polycarbonate and corrosion-resistant polyester-styrene
resins of consumer products due to reproductive toxicity.
As an endocrine disruptor, BPA has adverse influences in
reproductive tract and sexually dimorphic behavior in both
males and females [6-9]. Moreover, BPA can lead germ
cells to malfunction. Prenatal exposure to low-doses’ BPA
(20 pg/kg daily) from embryonic day 0.5 has shown to
perturb neocortical histogenesis and thalamocortical path-
way formation [10, 11]. Our team demonstrated that neo-
natal exposure to BPA inhibits methylation of imprinted
genes during oogenesis via the ER signaling pathway in
CD-1 mice [12, 13]. Furthermore, BPA exposure can affect
the formation of primordial follicle by inhibiting meiotic
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progression of oocytes [12, 13]. To study the effect of BPA
exposure during the fetal stages of fetal germ cells, preg-
nant mice were treated at 0, 40, 80 and 160 pg/kg body
weight individually at gestation day 0.5-12.5. Ovaries and
testis were isolated from male and female fetuses at
12.5 dpc of gestation, and DNA methylation status of
imprinting gene in PGCs were analyzed.

Materials and methods
Animals and BPA dosages

All procedures described in the study were reviewed and
approved by the Ethical Committee of Qingdao Agricul-
tural University. CD-1 mice (Vital River, Beijing, China)
were housed in temperature-controlled (21-22 °C) and
light-controlled (12-h light, 12-h dark cycle) conditions.

Pregnant mice were treated with BPA (Kefeng, Shang-
hai, China) at doses of 0, 40, 80 and 160 pg BPA/kg body
weight everyday in 0.1 % DMSO or 0.1 % DMSO alone as
a vehicle control from 0.5 to 12.5 day dpc. Both BPA doses
and vehicle control were delivered orally to pregnant
females using an Eppendorf pipette with a disposable tip
[12, 13].

Fetal mouse germ cells collection

The 12.5 dpc fetal mouse gonads were collected individ-
ually without attached mesonephroses and digested with
mixture of parenzyme and collagenase at 37 °C incubator
for 10 min, then gonads were purified by miniMACS
magnetic separation system [14, 15]. Simplified, gonads
were isolated from 12.5 dpc mouse embryos and fetal
mouse germ cells were immunomagnetically purified by

using the monoclonal antibody SSEA-1(MILLIPORE
Cat#MAB4301 Temecula, CA, USA) according to the
manufacturer’s instructions. Techniques for dissecting fetal
mouse germ cells containing regions from the embryonic
gonads in accordance with embryonic age have been
described previously by De Felici and our study [14, 15].

DNA isolation and bisulfite sequencing

DNA isolated from 300 to 500 fetal mouse germ cells was
extracted using a TIANamp Micro DNA Kit (Tiangen,
Beijing, China) according to the manufacturer’s instruc-
tions. The isolated DNA was treated with sodium bisulfite
from a Methylamp™™ DNA modification kit (Epigentek) as
per the manufacturer’s instructions [12, 15]. The bisulfite-
treated DNA was amplified by nested (semi-nested) PCR for
Igf2r, Peg3 and H19 genes with primers and PCR conditions
were previously described [12, 16, 17] (Table 1). The PCR
products were separated by electrophoresis in 1 % agarose
gel, and correct bands were excised from the gel and purified
with the Wizard SV Gel using PCR Clean-Up System
(Promega). Then the purified DNA was cloned into a
pDM19-T Vector (TaKaRa, Dalian, China) according to the
manufacturer’s instructions. The positive clones were
obtained by antibiotic selection and the insert was sequenced
at invitrogen (Shanghai, China).

RNA extraction and quantitative PCR

Relative mRNA levels were quantified by real-time PCR
using cDNA prepared from mouse 300 to 500 fetal mouse
germ cells. Total RNA was extracted by an RNAprep pure
Micro Kit (Tiangen, Beijing, China), and cDNA was syn-
thesized by a PrimeScript™ RT reagent Kit (TaKaRa,
Dalian, China).

Table 1 The primers used for amplification of imprint gene by nested PCR

Second round

: 5-ATCAAAAACTAACATAAACCCCT-3’
: 5-GTAAGGAGATTATGTTTATTTTTGG-3' 421

Gene PCR Sequences of primers Productions (bp)
Igf2r First round F: 5-TAGAGGATTTTAGTATAATTTTAA-3
R: 5-CACTTTTAAACTTACCTCTCTTAC-3'
Second round F: 5-GAGGTTAAGGGTGAAAAGTTGTAT-3’ 490
R: 5-CACTTTTAAACTTACCTCTCTTAC-3'
Peg3 First round F: 5-TTGTTGATGTTAATTTTGTGTTTTGGTG-3'
R: 5-TCAACCTTATCAATTACCCTTAAAAACC-3'
Second round F: 5-TTTTGTAGAGGATTTTGATAAGGAGGTG-3' 288
R: 5-CCCCAAACACCATCTAAACTCTACAAAC-3
HI9 First round F: 5-GAGTATTTAGGAGGTATAAGAATT-3'
R
F
R

: 5-CCTCATAAAACCCATAACTAT-3
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Table 2 Primers used for

amplification of specific gene by Gene Primer sequence Amplified fragment length (bp)
real-time PCR Nobox F: 5'- CTATCCTGACAGTGACAAACGCC- 3/ 331
R: 5'- CACCCTCTCAGCACCCTCATTAT- 3/
Dazl F : 5- TGACGTGGATGTGCAGAAGAT- 3/ 244
R : 5- AGGAGGATATGCCTGAACATACT- 3/
Nanog F: 5'- GCAGAAGTACCTCAGCCTCC- 3/ 127
R : 5'- CCACTGGTTTTTCTGCCAC- 3’
Stra8 F : 5- CTCCTCCTCCACTCTGTTGC- 3’ 134
R : 5- GCGGCAGAGACAATAGGAAG- 3/
ERo. F: 5- ACCATTGACAAGAACCGGAG- 3' 170
R : 5- CCTGAAGCACCCATTTCATT- 3'
Vasa F: 5-AGGGGATGAAAGAACTATGGTC- 3 175
R: §-AGCAACAAGAACTGGGCACT- 3/
Octd F: 5-GGCGTTCTCTTTGGAAAGGT-3' 12
R: §-TCTCATTGTTGTCGGCTTCCT-3’
B-actin F : 5- TCGTGGGCCGCTCTAGGCAC- 3/ 255
R : 5'- TGGCCTTAGGGTTCAGGGGG- 3’

Experiments in this part were carried out to quantify gene
expression with SYBR Premix Ex TaqTM kit (TaKaRa) in an
ABI 7300 real-time PCR instrument (Applied Biosystems,
Foster City, CA), using the standard curve with -actin as the
reference gene. The primer pairs of f-actin, Estrogen reac-
tion (ERa), Vasa, Oct4, Nanog, retinoic acid gene 8 (Stra8),
daleted in azoospermia-like (Dazl) and newborn ovary

A ale Female

homeobox (Nobox) gene were designed as shown in Table 2
[12, 13, 15].

Statistical methods

Every independent experiment was duplicated at least three
times, and the results were represented as mean + SEM.
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Fig. 1 DNA Methylation analysis for imprinting genes /gf2r in fetal
germ cells. a Methylation status of the DMRs of the imprinted gene
Igf2r in the fetal germ cells. Squares CpG sites within the regions
analyzed; filled squares methylated cytosines; open squares

unmethylated cytosines. b, ¢ Percentage of methylation of imprint
gene Igf2r in male and female mouse fetal germ cells respectively.
The results were presented as mean & SD. * indicates significance of
p < 0.05; ** indicates significance of p < 0.01
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Fig. 2 DNA Methylation analysis for imprinting genes Peg3 in fetal
germ cells. a Methylation status of the DMRs of the imprinted gene Peg3
in the fetal germ cells. Squares CpG sites within the regions analyzed;
filled squares methylated cytosines; open squares unmethylated

The differences between treatments and controls were
analyzed by ANOVA, and differences were calculated by
Turkey’s test. The significance of results was determined at
p < 0.05. All numerical comparisons were carried out with
the statistical analysis system.

Results

BPA exposure affects the DNA methylation
of imprinting gene in fetal mouse PGC

The fetal germ cells within 12.5 dpc mouse gonads were
collected using the miniMACS technology. Alkaline phos-
phatase staining of the germ cells presents in the eluted
fraction from disaggregation of germ cells-containing tis-
sues. The recovery rates of purified positive germ cells were
more than 90 %.

To evaluate the effects of BPA on reprogramming of
imprinting genes during the gestation while development
of fetal mouse germ cells, the DNA methylation status of

@ Springer

c 50%
o Male
T 40% |
>
s
2 30%
-
°
20% -
% *%
S T ** *%
S 10% -
S
[
o 0% 1 1 1
& \.{30 \Qfo \.{."o
) Y )
o @Q ‘b@? ‘OQQ'
s 30% Female
T 25%
z
s 20%
= *
= 15%
o -|— **
o
2 10% x
c
O 5%
5 i
[
o 0% : : :
Ry Y R
& B B)
¥ ¥ &

cytosines. b, ¢ Percentage of methylation of imprint gene /gf2r in male
and female mouse fetal germ cells respectively. The results were
presented as mean + SD. * indicates significance of p < 0.05; **
indicates significance of p < 0.01

1gf2r, Peg3 and HI19 were analyzed. The results revealed,
in male fatal mice, the increased BPA level remarkably
decreased the methylation pattern of two maternal
imprinting genes and one paternal imprinting gene.

The percentages of methylated CpG sites in Igf2r
DMRs, in male fatal mice, were 27.65, 26.86, 9.33 and
9.1 % in O (control), 40, 80 and 160 pg/kg group, respec-
tively (p < 0.01) (Fig. la, b). In female fatal mice, the
DNA methylation of /gf2r gene were 19.6, 19.44, 11.2 and
8.2 % in 0 (control), 40, 80 and 160 pg/kg group, respec-
tively (p < 0.01) (Fig. 1a, c).

Regarding Peg3 DMRs, the percentages of methylated
CpG sites, in male fatal mice, were 36.8, 10.76, 6.75 and
6.0 % in O (control), 40, 80 and 160 pg/kg group, respec-
tively (p < 0.01) (Fig. 2a, b). In female fatal mice, the
DNA methylation of Peg3 gene were 20.49, 11.76, 12.05
and 5.2 % in O (control), 40, 80 and 160 pg/kg group,
respectively (p < 0.01) (Fig. 2a, c).

The percentages of methylated CpG sites in H/9 DMRs, in
male fatal mice, were 30.86, 30.86, 5.82 and 2.27 % in 0
(control), 40, 80 and 160 ng/kg group, respectively (p < 0.01)
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Fig. 3 DNA Methylation analysis for imprinting genes H/9 in fetal
germ cells. a Methylation status of the DMRs of the imprinted gene
HI9 in the fetal germ cells. Squares CpG sites within the regions
analyzed; filled squares methylated cytosines; open squares

(Fig. 3a,b). In female fatal mice, the DNA methylation of H19
gene were 9.6, 10.15, 4.38 and 8.13 % in control (0), 40, 80
and 160 pg/kg group, respectively (Fig. 3a, c).

The dosage effect of BPA, the higher the dose showed
the higher influence whether in male or in female mouse
fetal germ cells.

BPA affects the expression of germ cell specific
genes in fetal mouse germ cells

The mRNA expression of germ cell specific genes was
examined, including Vasa, Oct4, Nanog and Nobox genes at
12.5 dpc of fetal mouse fetal mouse germ cells. In male fetal
germ cells, the relative mRNA levels of Vasa were lower in
BPA-treated group compared to control (p < 0.01), and a
significant higher expression in Nobox was observed
between the treated and control groups (p < 0.01) (Fig. 4a).
In female fetal mouse germ cells, the mRNA expressions of
Nobox in experimental group were significantly lower than
that of the control group (p < 0.01) (Fig. 4b).
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unmethylated cytosines. b, ¢ Percentage of methylation of imprint
gene Igf2r in male and female mouse fetal germ cells respectively.
The results were presented as mean + SD. * indicates significance of
p < 0.05; ** indicates significance of p < 0.01

During the development of female germ cells, the
mRNA expression of meiosis-specific genes, such as Daz/
and Stra8, is able to be detected in 12.5 dpc. To evaluate
the effect of BPA exposure on the meiosis of female germ
cells, the mRNA expression of meiosis-specific genes were
checked using the real time PCR. The results demonstrated
that, after BPA exposure, the expressions of Stra8 (0.297)
and Dazl (0.300) in 160 pg/kg group were significantly
lower than that of the control group (p < 0.01).

BPA promotes the expression of estrogen receptor (ER)
genes

ER is regarded as a ligand-dependent transcription factor,
since it recruits coactivator complexes with histone ace-
tyltransferase or methyltransferase activities to valid
downstream target genes [18]. Here, we tried to elucidate
whether BPA, an environmental xenoestrogen, exerted its
biological function via ER signaling pathways. The results
demonstrated that BPA exposure significantly up-regulated
ERo at the mRNA levels, in the male fetal germ cells,
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Fig. 4 The mRNA expression
level of specific gene of male
(a) and female (b) PGCs under
the exposure of BPA. The
results were presented as

mean £ SD. * indicates
significance of p < 0.05;

** indicates significance of

p <0.01

>

Male
1.2

Vasa

Relative mRNA

Relative mRNA

~2.35-fold over control levels (p < 0.01) (Fig. 5b).
Furthermore, the same dosage of BPA exposure increased
ERo expression ~ 1.63-fold over control levels, in female
fetal germ cells (p < 0.01) (Fig. 5b).

Discussion

DNA methylation plays a key role in regulating eukaryotic
gene expression and acts as an important molecular marker
underlying the parental-specific expression of genes in
growth, differentiation, development and other processes
[19-21]. Imprinting is erased in PGCs in mice, and then
re-established during gametogenesis [2, 22]. Many imprin-
ted genes, including the maternally methylated Igf2r and
Peg3 and the paternally methylated H/9, are erased when
PGCs arrive at genital ridges; similarly, methylation in
imprinted genes is erased when bulk demethylation occurs
between 11.5 and 12.5 dpc [23-25]. Patterns of DNA
methylation frequently change in response to cell differen-
tiation, disease and environmental influences. The data
indicated that BPA exposure dramatically affect the DNA
methylation processing of Igf2r, Peg3 and H19 regardless of
male or female (Figs. 1, 2, 3).

Newborn ovary homeobox (NOBOX) preferentially
expressed in oocytes and encode a homeobox transcrip-
tional regulator, is an oocyte-specific homeobox gene
essential for folliculogenesis and ovarian development in
mice [26-30]. Abnormal expression and deficiency of
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Nobox in mice and humans result in the premature ovarian
failure syndrome characterized by postnatal oocyte loss
and the replacement of follicles by fibrous tissue [31-33].
Bouilly et al. [34] has showed that Nobox absence leads to
primary ovarian insufficiency (POI) to female infertility in
humans. This study indicated that BPA exposure remark-
ably increase the expression of Nobox gene in male, but the
opposite effect in female (Fig. 4). Furthermore, BPA
exposure significantly decreased the expression of meiosis-
specific gene in female germ cells. However, there was no
a significant change in the proportion of male and female
mice offspring after BPA treatment (data not shown).

As an estrogenic environmental toxin, BPA exerts its
biological activities via estrogen receptors [35]. There are
two classical nuclear estrogen receptors, ERo and ERp.
This may be due to influences of BPA through the classical
nuclear estrogen receptors, ERx and ERf. It showed that
BPA acts as a SERM (selective estrogen receptor modu-
lator), and it possess functions similar to estradiol. BPA
can interact with the ligand binding domain of ERs [36]
and display differential binding affinity for ERz and ERf
in targeted cells [37, 38]. Since BPA is an estrogen-like
compound, the relationship between ER and BPA was
analyzed in our study. In our previous study, the mRNA
expression levels of ER in the BPA-treated and control
groups at 17.5 dpc were observed [13], by the way it
revealed that BPA significantly increased ERa expression
(p < 0.05) and show no effect on ERf} expression (data not
shown). ER over-expression and DNA methylation modi-
fication of imprint genes regulate the relative gene
expression. However, it is unknown whether the expression
of ER is regulated by the DNA methylation. In our previous
study, BPA-induced imprinting gene hypomethylation was
eliminated by an ER inhibitor ICI182780, suggesting that
ER was the mediator in the process of BPA induced
hypomethylation [12]. In a conclusion, BPA influences
DNA methylation of the imprinting genes via regulating
ER expression.
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