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in vitro (Fig. 3). By using the genes commonly up-regulated
both in vivo and in vitro, PCA was performed for 32
compounds, and principal component 1 was identified as a
convenient parameter to extract PPAR« agonists from the
database (Fig. 3). This study is one of the first to create an in
vivo—in vitro bridge for the validation of a genomic biomar-
ker.

4.6 Bridging between the rat and human: Coumarin-
induced hepatotoxicity [19]

A system that perfectly predicts hepatotoxicity in the rat
would not necessarily improve the prediction of hepato-
toxicity in humans. The final goal must be the prediction of
hepatotoxicity in humans for drug development. The extra-

In vivo (24hr) In vivo (29 Day)
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polation of toxicity data from rodent to human is not suffi-
cient. However, if general toxic mechanisms or toxicological
pathways are conserved over species, they would be useful
bridges between animal models and clinical events. One
expected result from toxicogenomics technology is to over-
come the barrier due to species difference in the prediction
of clinical toxicity.

We investigated the possibility of an informational bridge
connecting transcript responses between rat and human
hepatocytes, and rat liver in vivo after the administration of
coumarin. In this experiment, primary cultured rat hepa-
tocytes were exposed to 12, 60, and 300 uM coumarin for
24h. No obvious cytotoxicity was detected by LDH release
(100.5, 97.7, and 95.1% of control, respectively). Then, we
extracted the significant genes according to the gene list
obtained from in vivo study; the extracted genes showed

In vitro (24hr
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Figure 3. An in vivo - in vitro bridge for genomic biomarkers to assess PPARx agonistic action. A model case for creating an in vivo - in
vitro bridge for genomic biomarkers is presented. The data from three agonists of PPARx in our database (clofibrate, WY-14 643 and
gemfibrozil) were analyzed, and 41 commonly up-regulated probe sets between in vivo and in vitro were extracted. The validity of these
probe sets as biomarkers for the evaluation of PPAR« agonistic activity was evaluated by PCA. These plots show the principal separation
of samples due to putative PPAR« agonistic activity toward the negative direction on the x-axis, PC1.
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Figure 4. Heat map of the
expression profiles of probe
sets in rat liver and rat hepato-
cytes treated with coumarin. A
considerable number of the in
vivo-selected probe sets show
similar profiles between in vivo
and in vitro assays. The selec-
ted genes, namely the in vivo -
in vitro bridging probes, had
clear dose-dependent changes
in expression.
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significant up-regulation (136 probe sets) or down-regula-
tion (79 probe sets) in livers treated with 150mg/kg
coumarin. A similar trend was observed between in vivo and
in vitro cell responses, although the extent of the response
(the fold change) was generally smaller, and fewer genes
showed a measurable change in the in vitro cell assay
(Fig. 4). Probe sets showing changes of 1.5-fold or more or
0.6-fold or less than that of the control at the highest
concentration (300 uM) in rat hepatocytes were selected as in
vivo—in vitro bridging probes that reflect the toxicological
mechanism of coumarin in vivo. The selected genes (37 up-
regulated and 29 down-regulated) had clear dose-dependent
changes in expression that enabled us to assess the hepa-
totoxicity of coumarin by using the in vitro data (Fig. 4).
Next, cultured human hepatocytes were exposed to 12,
60, and 300 uM coumarin for 24h. No obvious cytotoxicity
was detected by LDH release (100.6, 100.9, and 102.0% of
control, respectively). The in vivo—in vitro bridging probes
were assigned to their human ortholog genes to form a set
of rat-human bridging probes, and changes in their
expression were compared in rat versus human hepatocytes.
In total, 14 up-regulated probe sets and 11 down-regulated
probe sets were identified; their relative expression levels are
shown in Fig. 5. The pattern of changes in gene expression
was similar in rat and human cells, but the extent of the
changes was more prominent in rat cells than in human
cells, in accordance with the known species-specific differ-
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ence in hepatotoxicity [32-38]. In the case of diclofenac,
which is a hepatotoxicant without species difference, there
was no evidence of a species-specific difference in gene
expression between rat and human cells. The observation
that the induction of stress-related genes was more robust in
rat cells than in human cells could be a direct reflection of
the extent of stress and subsequent damage caused by
coumarin in each species. Although more data are needed to
connect species and model systems with human risk
assessment, this approach is an important step in bridging
the differences between species.

5 Future perspectives

This review focuses on our efforts in toxicogenomics
research and highlights recent progress in the application of
toxicogenomics. In the early stage of drug development,
genomic biomarkers are used to identify and optimize lead
compounds among several candidates. As full-scale toxicity
testing is quite costly, safety assessment of candidate drugs
is usually performed just before the clinical trial. If serious
toxicity emerges at this stage, it might be necessary to return
to the screening of seed compounds, because toxicity is
often inherent to the basic structure and is thus never
eliminated by minor modification. If the potential pheno-
type (when repeatedly dosed) is predictable in the early stage
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Figure 5. Heat map of the expression
profile of probe sets in rat and human
hepatocytes treated with coumarin.
Among the in vivo - in vitro bridging
probes for rats, 14 up-regulated and 11
down-regulated probe sets were assigned
to human ortholog (species bridging
marker), and their expression is shown as
a heat map of the expression profile in rat
and human hepatocytes treated with
coumarin (12, 60 and 300 uM). Each probe
set dose-dependently responded to
coumarin in both species, whereas the
extent of the changes appears to be more
15 prominent in rats than in humans.
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of drug development by gene expression data from a small
number of experimental animals, it would effectively cut the
time and cost of drug development. The use of genomic
biomarkers in the early stage of drug development will
strengthen the safety screening of drug candidates before
they are administered to humans. The use of genomic
biomarkers will also reduce the number of animals sacri-
ficed during drug development. However, the candidate
biomarkers reviewed here have not necessarily been eval-
uated with large independent test sets and are rarely vali-
dated across laboratories. Further definitive validation
studies are absolutely essential for judging the acceptability
of candidate genomic biomarkers in pre-clinical safety
assessments. Furthermore, regulatory agencies, the phar-
maceutical industry and academia must establish guidelines
for the integration of “omics” data, including toxicoge-
nomics and genomic biomarkers, into drug safety assess-
ment. We are currently in the project’s second stage, known
as the TGP2. Our goals are as follows: (i) establishment of
genomic biomarkers to predict the toxicity of drug candi-
dates in the early stage of drug development, (ii) bridging of
species differences, and (iii) application of toxicogenomic
data for regulatory science. These efforts will contribute to
the accelerated development of more effective and safer
drugs.

The PSTC also represents a next important step in the
validation and regulatory use of new pre-clinical biomarker
tests with the initiative of the C-Path Institute. The novel
biomarkers are internally developed and used by each
individual pharmaceutical company and consortium are of
limited value for regulatory use because the methods used
have not been validated by an independent party. To resolve
these issues, there is a growing need for a large and cross-
institutional study on a global scale. The PSTC is a
public—private partnership, led by the C-Path Institute,
which brings together pharmaceutical companies to share
and validate each other’s safety testing methods under
advisement of the Food and Drug Administration (FDA)
and its European counterpart, the European Medicines
Evaluation Agency (EMEA). The aim of the PSTC is to
identify and qualify safety biomarkers for regulatory use as
part of the Food and Drug Administration’s Critical Path
Initiative. The 17 corporate members of the consortium
share internally developed pre-clinical safety biomarkers in
five workgroups: carcinogenicity, kidney, liver, muscle, and
vascular injury. Consortium members are sharing their new
pre-clinical biomarker tests for examination and cross-vali-
dation by other members of the consortium. Candidate
genomic biomarkers reviewed here will need a similar
validation process through collaborative research like that of
PSTC. These processes are expected to enable the regulatory
agencies to write new guidelines for industry that identify
more accurate methods to predict drug safety.
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BEAEREL - fRFF BPDR, BEBE, muig
GeneChip fi#47T  N=3 (AFikiz&{bat, it 301t4%)
WREHE  REAE P, B
HE, WeRER (F, 5, WM, mgEdes,
Mm% (37 EH)

In vitro: rat
B)%  Sprague Dawleyrat 6 week old
Mle 375 —¥HLEIC X SR
W FEHb ¥ 721X DMSO (EBE 0.1%)
#E  Low, middle, high (1:5:25)
AERER 2, 8, 24 R
GeneChip ##7  Duplicate
MATH MR (LDH #EE 3 X 0°DNA )

In vitro: human
Mile v MBS
(20T HIZS v b L)
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Nanos is one of the evolutionarily conserved proteins implicated in
germ cell development. We have previously shown that NANOS2
plays an important role in both the maintenance and sexual
development of germ cells. However, the molecular mechanisms
underlying these events have remained elusive. In our present
study, we found that NANOS2 localizes to the P-bodies, known
centers of RNA degradation that are abundantly accumulated in
male gonocytes. We further identified by immunoprecipitation that
the components of the CCR4-NOT deadenylation complex are
NANOS2-interacting proteins and found that NANOS2 promotes
the localization of CNOT proteins to P-bodies in vivo. We also
elucidated that the NANOS2/CCR4-NOT complex has deadenylase
activity in vitro, and that some of the RNAs implicated in meiosis
interact with NANOS2 and are accumulated in its absence. Our
current data thus indicate that the expression of these RNA mol-
ecules is normally suppressed via a NANOS2-mediated mechanism.
We propose from our current findings that NANOS2-interacting
RNAs may be recruited to P-bodies and degraded by the enzymes
contained therein through NANOS2-mediated deadenylation.

germ cells | P-body | meiosis

n the mouse, the primordial germ cells (PGCs) are segregated

from the somatic cell lineage at an early gastrulation stage (1).
Although the PGCs are potent producers of both oogonia and
spermatogonia, sexual differentiation is induced after their col-
onization of the embryonic gonads with somatic cells. However,
the initial steps leading to diversification of these cells have long
remained unsolved. Retinoic acid (RA) signaling has recently
been identified as the initial trigger for feminization (2). RA
molecules derived from the mesonephros trigger meiotic ini-
tiation in female gonocytes via the induction of the RA responsive
gene Stra8, which is required for premeiotic replication (3). In
contrast, male gonocytes are protected from exposure to RA by
CYP26B1, an RA metabolizing enzyme produced from somatic
cells, resulting in the suppression of meiosis up to E13.5 (4, 5). In
addition, Nanos2 expression begins after E13.5 and is required for
the maintenance and promotion of the male germ cell state (6).

Nanos is an evolutionarily conserved RNA-binding protein that
is essential for germ cell development (7). In Drosophila, Nanos
forms a complex with another RNA-binding protein, Pumilio, and
represses the translation of the hunchback, cyclin B, and hid
mRNAs thereby establishing embryonic polarity, mitotic quies-
cence, and suppression of apoptosis, respectively (8-10). Three
Nanos homologs, NanosI-3, exist in the mouse, among which
Nanos3 and Nanos2 are expressed in the germ cells and are
required to protect these cells from undergoing apoptosis during
migration and after colonization of the male gonads, respectively
(11, 12). In addition, Nanos2 plays a key role during the sexual
development of germ cells by suppressing meiosis and promoting
male-type differentiation in the embryonic male gonads. More-
over, the forced expression of Nanos2 in female gonocytes can
induce the suppression of meiosis and promotion of male-type
gene expression (6). However, the molecular mechanisms un-
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derlying how this protein accomplishes such pleiotropic functions
in the mouse germ cells remain unknown.

In our present study, we find that NANOS2 localizes to P-bodies, a
central hub of RNA degradation (13, 14). We further identify com-
ponents of the CCR4-NOT deadenylation complex as NANOS$2-
associated proteins in vivo, which can cleave poly(A) RNA in vitro.
We also show that specific mRNAs interact with NANOS2, and thus
propose that NANOS2 plays a role in recruiting the CCR4-NOT
deadenylation complex to trigger the degradation of specific RNAs.

Results

NANOS2 Localizes at P-Bodies During Gonocyte Development. To
increase our understanding of the molecular mechanisms under-
lying the function of the NANOS2 protein, we first analyzed the
cellular localization of this protein by immunostaining. Consistent
with the results of our previous western analyses (15), NANOS2
protein was first detectable at E13.5 in the cytoplasm of male mouse
gonocytes. This signal intensity increased until about E16.5 and then
slightly decreased by E17.5. In addition, we found that some of the
NANOS?2 proteins formed discrete foci, the number of which
gradually increased until E16.5 and then decreased thereafter (Fig.
S1 A-F). Because Drosophila Vasa and Tudor are known to form
cytoplasmic foci (16, 17), which are the polar granules in the germ
plasm, we speculated that these NANOS2 foci might colocalize with
the mouse homologs of Vasa, MVH (mouse vasa homolog) (18) and
the Tudor protein TDRD1 (tudor domain containing 1) (19).
However, these foci did not show any clear colocalization with
NANOS2 (Fig. S2 A-F). We next tested the possibility that the
NANOS?2 foci might correspond to P-bodies, which are known to
function as a center of RNA degradation. We thus conducted
double-immunostaining using antibodies against the P-body com-
ponents DCP2 and XRN1, an mRNA decapping enzyme and RNA
exonuclease, respectively (13, 14). We were initially surprised to find
that many P-bodies could be specifically observed only in germ cells
and not in the somatic cells in E15.5 male gonads, and also that the
NANOS? foci clearly merged with those of DCP2 and XRN1 (Fig. 1
A-F)from E13.5 to E17.5 (Fig. S3A-F). This suggests the possibility
that NANOS2 may be involved in RNA degradation.

Nanos2 Functions in the Formation of P-Bodies. We further exam-
ined the status of the P-bodies in the mouse gonads of both sexes
by immunostaining of p5S4/RCK, a homolog of Drosophila Me31B
and also a marker of these structures (20). Although the P-bodies
seemed to be present in the same number and size in the gon-
ocytes of both sexes at E12.5, they were gradually reduced and
eventually lost by E14.5 in female gonocytes (Fig. S4 E and F). In
contrast, the P-bodies become much larger in both number and
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Fig. 1. NANOS2 localizes to the P-bodies in male mouse gonocytes. (A-L)
Sections prepared from wild-type E15.5 male gonads were double-stained
with mouse anti-NANOS2 (green) (A and D) and either hDCP2 (B) or mXRN1
(E) antibodies (red staining in each case). Arrowheads indicate colocalization
of NANOS2 and hDCP2 (C) or XRN1 (F). DNA was counterstained with DAPI
(blue). (Scale bar in A, 20 pm for all panels.)

size from E14.5, concomitant with the onset of NANOS2
expression, in male gonocytes (Fig. S4 A-D).

To further explore the role of NANOS?2 in P-body formation, we
examined the status of these structures in the absence of Nanos2.
Although there were, somewhat unexpectedly, many P-bodies
detected in both Nanos2*/~ and Nanos2™~ male gonocytes at E13.5,
their sizes became gradually larger, whereas their number became
smaller, at the later stages of embryogenesis in the absence of Nanos2
(Fig.2A-D). Thiswas also observed in Nanos2, Bax double-null male
gonocytes (Fig. 2 E and F), where apoptotic cell death was sup-
pressed, suggesting that apoptosis does not affect P-body status. This
indicates that NANOS2 is not essential for the assembly of P-bodies
but is required for the maintenance of their normal state. To further
elucidate the functions of NANOS2 in P-body formation, we also
examined the status of the P-bodies in NANOS2-expressing female
gonocytes (6). Although they could not be detected in normal female
gonocytes at E16.5, we found many P-bodies in NANOS2-expressing
female cells and additionally observed that NANOS?2 localizes at the
P-bodies in these cells (Fig. 2 G-I). These data indicate that
NANOS2 is sufficient to maintain the number of P-bodies when
female gonocytes have acquired a male-type phenotype due to
NANOS2 expression.

NANOS2 Interacts with the CCR4-NOT Deadenylation Complex and
Regulates Its Localization. To explore the molecular functions of
NANOS2, we searched for proteins that interact with it. To this
end, we prepared male gonadal extracts from Nanos2*'~ and
Nanos2™"~ embryos at E14.5 and subjected them to immuno-
precipitation with anti-NANOS2 antibodies. We found that two
major bands of more than 200 kDa were exclusively precipitated
from Nanos2*'~ gonads, and by mass spectrometric analysis
identified these products as CNOT1, a component of the CCR4-
NOT deadenylation complex (13) (Fig. 3A).

In further immunoprecipitation experiments, we used a trans-
genic mouse line expressing a FLAG-tagged NANOS2 under the
direct control of the Nanos2 enhancer (15) (Fig. S54), since we
had confirmed that this fusion protein was functional (Fig. S5 B-F)
and localized at the P-bodies (Fig. S5 G-I). Western analyses re-
vealed that CNOT1 coprecipitates with FLAG-tagged NANOS2
(Fig. 3B, Upper), confirming the results of our mass spectrometric
analysis. We also found that other components of the CCR4-NOT
complex, CNOT3, CNOT6L/Ccrdb, CNOT7/Cafla, and CNOTY/
Redl (13, 21), also coprecipitated with FLAG-tagged NANOS2,
indicating that NANOS?2 associates with the CCR4-NOT dead-
enylation complex in vivo. We additionally found that this inter-
action is independent of RNA, as the levels of coprecipitated
CNOT proteins were not affected by treatments with RNase (Fig.

Suzuki et al.

3B). Finally, these CNOT proteins were found to colocalize with
NANOS?2 in P-bodies (Fig. 3 C-E and Fig. S6 A-1), suggesting that
this complex may play a role in the activities of these elements.
To better understand the physiological significance of its
interaction with NANOS2, we investigated the localization of
CCR4-NOT deadenylation complex in Nanos2™~ male gonads
by immunostaining CNOT proteins with DCP1A, another
decapping enzyme and also a component of P-bodies (13, 14).
Although CNOT?3 was found to clearly localize to P-bodies in

" Nanos2™'~ male gonads (Fig. 3 F-H), we detected only weak

signals for this protein in P-bodies in the absence of NANOS2
(Fig. 3 I-K) even though the levels of CNOTS3 are not reduced in
Nanos2™~ male gonads (Fig. 3L). We obtained similar results for
CNOT1 (Fig. S7). These data suggest that NANOS2 promo-
tes the localization of the CCR4-NOT deadenylation complex to
P-bodies, although a subpopulation of this complex still remains
in these structures in the absence of NANOS2, possibly via a
NANOS2-independent mechanism. Based on these findings and
the fact that the CCR4-NOT deadenylation complex regulates
the first step of mRNA degradation (22), we speculate that
NANOS?2 recruits this deadenylation complex to P-bodies where
it promotes the degradation of RNAs.

Complex of NANOS2 and CCR4-NOT Deadenylation Complex in Male
Germ Cells Retains Deadenylase Activity. To address the critical
question of whether NANOS2-interacting deadenylase actually
has catalytic activity, we used NANOS2-overexpressing (NANOS2
O/E) adult testes to obtain sufficient amounts of this protein and
thus overcome the limitations of using embryonic testis in bio-
chemical analyses. In the testis of the postnatal mouse, NANOS?2 is
expressed in a small population of undifferentiated spermatogonia
(23) and localizes to P-bodies (Fig. S8 A-C) as in the male gon-
ocytes. This expression is subsequently lost as these cells differ-
entiate. However, if FLAG-tagged NANOS2 is forcedly and
continuously expressed in the spermatogonial population, the male
mouse become infertile because the spermatogonia remain in an
undifferentiated state in the testis, in which a large number of
NANOS2-positive spermatogonia occupy the periphery of the
seminiferous tubules (23). In addition, FLAG-tagged NANOS2
also localizes to the P-bodies in the spermatogonia in the manner
similar to endogenous Nanos2 (Fig. S8 D-F). We prepared testis
extracts from this mouse and performed immunoprecipitations
with anti-FLAG antibodies and control IgG, and then subjected
these immunoprecipitates to in vitro deadenylase assay (21) (Fig.
4A). As shown in Fig. 4B, cleavage of the poly(A) RNA substrate
occurred only with NANOS2 immunoprecipitates, which also
contains the CNOT6L and CNOT7 catalytic components of the
deadenylation complex (Fig. 4C). These results lead us to propose
that NANOS2 promotes the degradation of NANOS2-interacting
mRNAs through the deadenylase activity of the CCR4-NOT
complex.

NANOS2 Interacts with Specific mRNAs and May Promote Their
Degradation. Based on our working hypothesis, we further
speculated that (i) the NANOS2 complex should contain specific
mRNAs that would be degraded via NANOS2-mediated dead-
enylation, such that (i) the expression levels of these transcripts
would be low in wild-type male gonocytes but up-regulated in the
absence of NANOS2. To test these possibilities, RNAs that
coprecipitated with FLAG-tagged NANOS2 were purified and
subjected to RT-PCR. Because we had previously shown that
male gonocytes could enter meiosis in the absence of NANOS2, it
was plausible that mRNAs involved in meiosis might be directly
suppressed through NANOS2-mediated RNA degradation. As
expected, Sycp3, Stra8, Taf7l, Dazl, and Meisetz (3, 24-27) tran-
scripts that are implicated in meiosis were specifically detected
only in the NANOS?2 protein precipitates despite their very low
expression in male gonads (Fig. 5 A and B). In contrast, the
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Fig. 2. Functional role of NANOS2 during the formation of the P-bodies. (A-E) Male gonadal sections from Nanos2*~ (A and C), Nanos2™~ (8 and D), and
Nanos2™~Bax™"~ (E) embryos at stages E13.5 (A and B), and E16.5 (C, D, and E) were immunostained with p54/RCK (green) and TRA98 (red) antibodies. (F)
Average number of p54/RCK foci per male gonocyte at E16.5 was quantified in each picture using ImageJ software (National Institutes of Health) and a cell
counter, with the foci of less than a 20 permission value excluded using Photoshop (Adobe). The data shown correspond to two to three pictures. (G-/) A
female gonadal section from a NANOS2-expressing embryo at E16.5 was immunostained with anti-FLAG (green) (G) and anti-p54/RCK (red) (H) antibodies.
DNA was counterstained using DAPI (blue). (Scale bar in A, 20pm for A-£ and G-1.)

G3pdh, Dnmt3] and Dnmt3a mRNAs did not show specific accu-
mulation in the NANOS?2 precipitates although they are all highly
expressed in male gonads. These data indicate that the mRNAs
involved in meiosis specifically interact with NANOS?2 in vivo.
We next investigated global changes in gene expression upon the
loss of Nanos2 using comparative GeneChip analyses (Table S1).
The resulting scatter plots showed that many genes become up- or
down-regulated in Nanos2~~ male gonads by E15.5 (Fig. S9 A-C).
For example, we found that the genes highly expressed only in male
gonocytes, such as Dnmi3l, Tdrd1 and Miwi2/Piwi-like 4 (19, 28, 29),
are down-regulated in the Nanos2™'~ male gonads, whereas Figla,
Lhx8 and Nobox, which have been shown to be essential only for
oogenesis and not for spermatogenesis (30-32), become accumu-
lated in the Nanos2™~ male gonads (6) (Fig. S9 D-I). These results
suggest that male gonocytes cannot enter the male pathways and
become feminized by the up-regulation of female-type genes. In
addition, and consistent with the results of our immunoprecipitation
assay, Sycp3, Stra8, Taf7l, Dazl, and Meisetzs mRNAs were also
found to be up-regulated in Nanos2™~ male gonads (Fig. 5 C-G).
Our current findings thus indicate that NANOSZ2-interacting
mRNAs become accumulated if NANOS?2 is absent in male gon-
ocytes, which in turn indicates that NANOS2 might be indirectly
affecting the transcription of these genes, or that they are normally

3596 | www.pnas.org/cgi/doi/10.1073/pnas.0908664107

suppressed in wild-type male gonocytes through a NANOS2-
directed mechanism, possibly a deadenylation pathway.

Discussion

Molecular Role of NANOS2. In our current study, we show that the
CCR4-NOT deadenylation complex is coprecipitated with NANOS2
from male gonadal extracts. This is the first evidence that the inter-
action between a Nanos homolog and the CCR4-NOT deadenylation
complex exists in vivo, although it has been shown using a yeast two-
hybrid system that Drosophila Nanos can directly and potently bind to
NOT4, a component of the CCR4-NOT complex (33). Hence, as
suggested previously by Kadyrova et al. for Drosophila Nanos, and as
confirmed by our present analyses in vivo, the recruitment of the
CCR4-NOT deadenylation complex to target mRNAs may be a co-
nserved function of the Nanos proteins.

We also found that NANOS?2 localizes to P-bodies in the male
gonocytes and adult mouse spermatogonia. P-bodies are known to
be a central hub of RNA degradation, in which decapping enzymes
and exonucleases are also localized. However, emerging evidence
in other systems suggests that P-bodies not only function to
degrade RNAs but also to store mRNAs in a translationally qui-
escent state until needed (13). In addition, Drosophila Nanos
promotes the deadenylation of poly(A) tail in hunchback mRNA
and represses its translation without changing the mRNA level
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Fig. 3. Interaction between NANOS2 and the CCR4-NOT deadenylation complex. (A) Proteins coimmunoprecipitated with NANOS2 from E14.5 wild-type
(lane 1) and Nanos2™'~ (lane 2) male gonadal extracts using rabbit anti-NANOS2 antibodies. Arrowheads indicate CNOT1. *1, nonspecific band; *2, 19G
polypeptide. (B) Immunoprecipitation-Western blot analyses of proteins from male gonadal extracts of wild-type and transgenic embryos expressing
3XFLAG-NANOS2. *3, IgG polypeptide from the anti-FLAG antibody. (C-E) Male gonadal sections from E15.5 embryos were immunostained with mouse
NANOS2 (green) (C) and CNOT3 (red) (D) antibodies. Arrowheads in C-£ indicate colocalization between NANOS2 and CNOT3. (F-K) Male gonadal
sections from Nanos2*~ (F-H) and Nanos2™'~ (I-K) embryos at E15.5 were immunostained with DCP1A (red) (G and J) and CNOT3 (green) (F and /)
antibodies. DNA was labeled via DAPI counterstaining (blue). (L) Western blot analyses of proteins from the male gonads of Nanos2*~ and Nanos2™'~

embryos at E15.5.

(34). We cannot therefore rule out the possibility that NANOS2
not only promotes the degradation of mRNAs involved in meiosis
but also retains other transcripts at P-bodies to sequester themin a
translationally inactive state during embryogenesis. These tran-
scripts may be released from the P-bodies and translated to pro-
mote differentiation after birth as NANOS2 expression begins
to disappear.

P-Body Formation in Male Mouse Gonocytes. P-bodies have been
well characterized in yeast and mammalian cultured cells, and
the in vivo status of these foci has begun to be described recently
also in worms and flies (35-38). We found from our current
analyses that P-bodies are specifically formed and/or maintained
in the germ cells of male mouse embryonic gonads, whereas no
such structures are detectable in somatic cells. Furthermore,
female mouse gonocytes fail to maintain P-bodies at later stages

of embryogenesis. We thus suggest that P-bodies play roles in
cell-type specific differentiation during mouse development
through RNA metabolism.

It has also been shown that P-bodies are dynamic structures
and that their size and number reflects the status of the mRNA
supply. If the transit of mRNAs into the P-bodies is inefficient,
the size and number of these structures becomes extremely
small. In contrast, they become larger when the mRNA
decapping pathway is blocked (39, 40). Furthermore, it has been
recently reported that deadenylation is required for P-body
formation (41). Taking into account the data presented in these
earlier reports and our current model, P-bodies would be
expected to be small in Nanos2™~ male gonocytes because the
mRNA supply to these structures and subsequent deadenylation
efficiency would be inhibited in the absence of NANOS2.
However, we were surprised to find that the sizes of the P-bodies
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then analyzed on a denaturing sequencing gel, as previously
described (21) (G). (C) Western blot analyses reveaing that
CNOT6L and CNOT7 are coprecipitated with FLAG-tagged
NANOS2.
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became larger in this biological context, although their number
was decreased. These data thus indicate that male gonocytes
have a unique program for P-body formation that occurs both in
a NANOS2-dependent and -independent manner.

mRNAs Targeted by NANOS2. We elucidated that the protein
complex of NANOS2 and CCR4-NOT complex has deadenylase
activity in vitro. We thus expected that the poly(A) tail lengths of
NANOS2-interacting mRNAs would be maintained without
NANOS?2. To test this scenario, we assayed the poly(A) tail length
of NANOS2-interacting mRNAs. However, we could not observe
clear shortening of the poly(A) tail in wild-type male gonads,
possibly because of their low abundance. New experimental sys-
tems will be required in the future to address this issue.

On the other hand, it was noteworthy that we identified Stra8 as a
NANOS2-interacting mRNA because we have shown previously that
Stra8 is up-regulated at the transcriptional level in Nanos2™"~ male
gonocytes (6). These data together indicate that the suppression of
Stra8 in male gonocytes is ensured at both the transcriptional and
translational levels, suggesting the critical functional importance of
suppressing this gene during male gonocyte development.

3598 | www.pnas.org/cgi/doi/10.1073/pnas.0908664107

Materials and Methods

Mice. Both the Nanos2 and Bax-knockout mouse lines and PCR methods used
for the verification of each mutant allele have been previously described (11,
42). The NANOS2-expressing mouse line has also been described (23) The
transgene containing 3xFLAG-tagged Nanos2 with the 3'-UTR under the
control of Nanos2 enhancer (9.2 kb upstream sequence) was used for the
production of the transgenic mouse line.

Histological Methods. For immunostaining, mouse gonads of both sexes were
directly embedded in O.C.T. compound (Sakura) and frozen in liquid nitrogen.
After sectioning (8 um), samples were stained according to standard procedures.

Immunoprecipitation. Extracts of male gonads from E14.5 or E15.5 embryos
were incubated with protein-A beads crosslinked with rabbit anti-NANOS2
antibody or anti-FLAG M2 affinity gel (Sigma).

In Vitro Deadenylase Assay. The testis extracts from NANOS2-expressing mice
were incubated with anti-FLAG M2 affinity gel or Mouse IgG-agarose (Sigma).
After several washes, precipitates were then subjected to a deadenylase assay
as previously described (21).

RT-PCR. After synthesis of first-strand cDNAs with SuperScript lll reverse
transcriptase and (dT)zo primer (Invitrogen), PCR analyses were carried out
either using a regular or real-time protocol.

Suzuki et al.
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GeneChip Analysis. Total RNAs were purified from cells corresponding to the
male gonads of Nanos2-LacZ knock-in heterozygous and homozygous
embryos, and analyzed using a GeneChip Mouse Genome 430 2.0 Array
(Affymetrix).

Details of the methods and primer sequences used for each section are
provided in S/ Text.
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ABSTRACT

The balance between androgens and estrogens is very
important in the development of the prostate, and even small
changes in estrogen levels, including those of estrogen-mimick-
ing chemicals, can lead to serious changes. Bisphenol A (BPA),
an endocrine-disrupting chemical, is a well-known, ubiquitous,
estrogenic chemical. To investigate the effects of fetal exposure
to low-dose BPA on the development of the prostate, we
examined alterations of the in situ sex steroid hormonal
environment in the mouse urogenital sinus (UGS). In the BPA-
treated UGS, estradiol (E,) levels and CYP19A1 (cytochrome
P450 aromatase) activity were significantly increased compared
with those of the untreated and diethylstilbestrol (DES)-treated
UGS. The mRNAs of steroidogenic enzymes, Cyp79al and
Cyp11al, and the sex-determining gene, Nr5al, were up-
regulated specifically in the BPA-treated group. The up-
regulation of mRNAs was observed in the mesenchymal
component of the UGS as well as in the cerebellum, heart,
kidney, and ovary but not in the testis. The number of
aromatase-expressing mesenchymal cells in the BPA-treated
UGS was approximately twice that in the untreated and DES-
treated UGS. The up-regulation of Esrrg mRNA was observed in
organs for which mRNAs of steroidogenic enzymes were also
up-regulated. We demonstrate here that fetal exposure to low-
dose BPA has the unique action of increasing in situ E, levels and
CYP19A1 (aromatase) activity in the mouse UGS. Our data
suggest that BPA might interact with in situ steroidogenesis by
altering tissue components, such as the accumulation of
aromatase-expressing mesenchymal cells, in particular organs.

aromatase, bisphenol A, developmental biology, embryo,
estradiol/estrogen receptor, in situ estrogen production, male
reproductive tract, prostate, steroidogenic enzyme, urogenital
sinus
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INTRODUCTION

Endocrine-disrupting chemicals (EDCs) have been impli-
cated in the alteration of fetal development of urogenital organs
as well as the reproductive and endocrine systems in humans
and other species [1]. The fetal development of urogenital
organs is induced by endogenous hormonal messages that
originate in fetal and maternal hormone systems. Fetal
exposure to EDCs disrupts the interactions between endoge-
nous hormones and their receptors, causing adverse effects

later in life [2]. In the prostate, both androgens and estrogens

play a significant role in development and differentiation as
well as in the maintenance of adult homeostasis [3]. Therefore,
even small changes in estrogen levels, including those of
estrogen-mimicking chemicals, can lead to changes in prostate
development and differentiation.

Bisphenol A (BPA), one of the EDCs, is a well-known,
ubiquitous, estrogenic chemical used in the manufacture of
polycarbonate plastics, as a lining in metal food and drink cans,
and in dental sealants [4]. The concern with BPA originates
from its detection in maternal and fetal plasma as well as the
placenta [5, 6]. Thus, fetal exposure to BPA is implicated in
fetal toxicity as well as in subsequent growth of the infant.
Histopathologically, fetal exposure to low-dose BPA (10 ng
kg~ day™') has been shown to increase cell proliferation of
urogenital sinus epithelium (UGE) in the primary prostatic
ducts of CD1 mice [7]. Recently, our group reported that fetal
exposure to low-dose BPA (20 pg kg™' day™') specifically
increased the number of basal epithelial cells in the adult
prostate of BALB/c mice and also induced permanent
cytokeratin 10 expression in such cells similar to the effects
of synthetic estrogen diethylstilbestrol (DES; 0.2 pg kg™’
day™") [8]. Epigenetically, neonatal exposure of male rats to
low-dose BPA (10 pg kg~ day™") elicited critical molecular
changes during prostate development and also increased
prostatic gland susceptibility to precancerous neoplastic lesions
and hormonal carcinogenesis ['9]. Toxicological studies of BPA
at less than 50 pg kg~ ' day™' in rodent fetuses and offspring
have demonstrated alterations of mammary gland development,
open-field behavior, and reproductive functioning [10-12].

Some EDCs are reported to alter the in situ sex steroid
hormonal environment in the reproductive system. The triazine
herbicide atrazine binds directly to adrenal-4-binding protein/
steroidogenic factor-1 (official symbol NR5A1) and increases
CYP19A1 (cytochrome P450 aromatase) expression and,
ultimately, estradiol (E,) production in human genital cancer
cell lines [13]. The aryl hydrocarbon (dioxin) also increases
CYP19A1 (aromatase) expression mediated by its receptor in
mouse ovaries [14]. In contrast, the phosphorothioate insecti-
cide profenofos increases the expression of steroidogenic genes
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BPA INCREASES ESTROGEN PRODUCTION

and testosterone levels in rat testes [15]. Recently reported
adverse effects of BPA on in situ steroidogenesis include
increased testosterone levels in mouse Leydig cells and
decreased E, levels in porcine ovarian granulosa cells [16,
17]. Thus, ]§PA may have the potential not only to mimic
estrogenic action but also to alter in situ steroidogenesis in the
prostate as well as other reproductive organs.

To investigate the effects of fetal exposure to low-dose BPA
on in situ steroidogenesis in the developing prostate, we first
measured sex steroid hormone levels and CYP19A1 (aroma-
tase) activity in the BPA-treated mouse urogenital sinus (UGS),
from which the prostate develops embryologically. Subse-
quently, we examined the alterations of steroidogenic enzyme
gene expression to confirm the alterations of the in situ sex
steroid hormonal environment in the BPA-treated mouse UGS.
Finally, we identified the BPA-specific biological effects for in
situ steroidogenesis during fetal prostate development.

MATERIALS AND METHODS

Animals

In the present study, 36 pregnant female C57BL/6 mice were purchased on
the 12th day of gestation from Japan SLC, where the breeding strategy was to
mate three female C57BL/6 mice (age, 10 wk) with one male overnight and
separate them the next morning (plug date denoted as Day 0). All animals were
housed individually in chip-bedded polyolefin cages in a room with controlled
temperature (23 + 1°C) and humidity (45 to 65%) on a 12L:12D photoperiod.
Mice were fed a low-phytoestrogen diet (NTH-07PLD; Oriental Yeast Co.) and
tap water ad libitum.

Chemicals

For the present study, both BPA and DES with a purity of 99% or greater
were purchased from Nacalai Tesque and Wako Pure Chemical Industries,
respectively.

Fetal Exposure to Chemicals

‘We randomly assigned 36 pregnant female C57BL/6 mice to three different
treatment groups: BPA (20 pg kg™ day™!, n=12) or DES (0.2 pg kg™* day™*,
n = 12), both of which were dissolved in tocopherol-stripped com oil (MP
Biomedical, Inc.), administered by oral gavages on Embryonic Day (E) 13 to
E16 and the control group, in which pregnant mice were fed tocopherol-
stripped com oil (2 ml/kg, n = 12). Previously, our group reported that this
protocol of fetal exposure to BPA and DES resulted in similar histopathological
changes of adult prostate—that is, increased basal epithelial cell number and
induction of cytokeratin 10, a classic marker associated with squamous
differentiation, in such cells [8]. Our dose level of BPA for the present study
was also based on reported results suggesting that BPA is less than 100-fold
less potent than DES. The Mie University’s Committee on Animal
Investigation approved the experimental protocol.

Termination and UGS Dissection

Between E17 and Postnatal Day (P) 1, all animals were terminated by an
overdose of isoflurane followed by cervical dislocation. For each of the three
groups, from 15 to 18 fetuses (both male and female) from three pregnant mice
were collected at E17, E18, P0, and P1. The bladder and urethra were removed
and dissected to isolate the UGS, and then the five or six UGS obtained were
pooled as one sample. Thus, the 15-18 UGS were divided into three samples at
each time point. The UGS, cerebellum, heart, kidney, testis, and ovary were
collected in RNAlater (Applied Biosystems).

To isolate pure UGS, other tissues, such as the bladder, urethra, wolffian
duct, seminal vesicle, and mullerian duct, were removed from both the male
and female urogenital tracts. The histopathology of the mouse UGS was then
examined by hematoxylin-and-eosin staining.

Measurements of In Situ E, Levels and CYP19AT
(Aromatase) Activity in UGS

The E, levels and CYP19A1 (aromatase) activity in UGS were determined
by liquid chromatography-tandem mass spectrometry [18] and a tritiated water
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release assay [19], respectively, which were made available by Aska Pharma
Medical. Briefly, the organs were homogenized, and the extracts were applied
to a C18 Amprep solid-phase column (Amersham Biosciences) to remove
contaminating fats. The E, was then separated using a normal-phase high-
performance liquid chromatography system (Jasco) with a silica gel column
(Cosmosil 5SI; Nacalai Tesque), and 100 pg of isotope-labeled [13C4]E2 were
added to extracts. The evaporated extracts were reacted with 5% pentafluor-
obenzyl bromide/acetonitrile, under KOH/ethanol, for 1 h at 55°C. After
evaporation, the products were reacted with 100 ml of picolinic acid solution
(2% picolinic acid, 2% 2-dimethylaminopyridinc, and 1% 2-methyl-6-nitro-
benzoic acid in tetrahydrofuran) and 20 ml of triethylamine for 0.5 h at room
temperature. The reaction products were dissolved in 1% acetic acid and then
purified using a Bond Elute C18 column (Varian). The products were measured
with a reverse-phase liquid chromatograph (Agilent 1100; Agilent Technolo-
gies) coupled with an API 5000 triple-stage quadrupole mass spectrometer
(Applied Biosystems) in the positive-ion mode. This device monitored the m/z
558 to m/z 339 (E,) and m/z 562 to m/z 343 ([13C4]E2) transitions.

The tritiated water release assay was used for the measurement of
CYP19A1 (aromatase) activity. This method measures the production of 3H20,
which forms as a result of aromatization of the substrate [1b->H]androst-4-ene-
3,17-dione (New England Nuclear). Serum-free medium containing [1b-*H]an-
drost-4-ene-3,17-dione solution (54 nM) was prepared, of which 0.5 ml was
added to each sample. After incubation for 1 h, the samples were placed on ice,
and 200 pl of culture medium were withdrawn. The medium was extracted with
500 i of chloroform, vortexed, and then centrifuged for 1 min at 9000 X g. A
100-pl aliquot of the aqueous phase was mixed with 100 pl of a 5% (wt/vol)
charcoal/0.5% (wt/vol) dextran T-70 suspension, vortexed, and then incubated
at room temperature for 10 min. Then, after centrifugation of the solution for 5
min at 9000 X g, a 150-pl aliquot was removed for measurement of
radioactivity by liquid scintillation.

RNA Extraction and cDNA Preparation

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Inc.) in
accordance with the manufacturer’s instructions. The RNA concentration was
then determined spectrophotometrically by a multidetection microplate reader
(Dainippon Sumitomo Pharma Co.). From 50 ng of total RNA, cDNA was
reverse transcribed using oligo(dT) and Superscript II RNase H-reverse
transcriptase (Invitrogen) as previously described [8].

Analysis of Gene Expression Profile

For determining gene expression profiles of the male UGS, GeneChip
analysis with the Percellome method was performed [20]. Briefly, organs were
prepared using RLT buffer (Qiagen, Inc.). Total RNA was extracted using
RNeasy Mini Kit. First-strand cDNA was synthesized by incubating 5 mg of
total RNA with a T7 oligo(dT) primer (Invitrogen) according to the
manufacturer’s protocol. The dsDNA was mixed with T7 RNA polymerase
(Enzo Biochem, Inc.). During the in vitro transcription, generated cRNAs were
labeled with biotin-16-UTP and biotin-11-CTP (Enzo Biochem, Inc.). The
purified cRNA was fragmented at 300-500 bp into the target solution.
Hybridization was performed with the GeneChip Mouse Genome 430 Version
2.0 (Affymetrix, Inc.) at 45°C for 18 h after staining with streptavidin-R-
phycoerythrin conjugates (Molecular Probes, Invitrogen). The reacted arrays
were then scanned as digital image files, and the scanned data were analyzed
with GeneChip Operating Software (Affymetrix, Inc.). The expression data
were converted to copy numbers of mRNA per cell by the Percellome method,
quality controlled, and analyzed using Percellome software [20].

Real-Time PCR Analysis

Real-time PCR was carried out in the iCycler iQ Detection System (Bio-
Rad Laboratories) with iQ SYBR-Green Supermix reagents (Bio-Rad
Laboratories) as previously described [8]. The PCR amplification reaction
was performed with specific primers as shown in Table 1. After PCR, melting-
curve analysis was performed to verify specificity and identity of the PCR
products. All data were analyzed with the iCycler iQ Optical System Software
Version 3.0A (Bio-Rad Laboratories). All PCR data were normalized to Gapdh
mRNA.

Preparation of Primary Cultured Mesenchymal Cells
from UGS
The UGS were dissected from the fetuses and separated into UGE and

urogenital sinus mesenchyme (UGM) by tryptic digestion and mechanical
separation as previously described [21]. UGM were cultured in RPMI-1640
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TABLE 1. Sequences of oligonucleotide primers used for the real-time
PCR analyses.

Gene Primer®
Gapdh F: 5'-ABAATGGTGAAGGTCGGTGTG-3’
R: 5'-TGAAGGGGTCGTTGATGG-3'
Cyp79a7 F: 5-GCCCAATGAATTTACCCTCGAA-3’
R: 5'-AAGCCAAAAGGCTGAAAGTACCT-3'
Cypllal F: 5-TCGACTCCTCAGAACTAAGACCTG-3'
R: 5'-GTACCCTGGTGTCCTTTATAGCCT-3’
Nr5al F: 5'~-CCTGGGCTGGCTACCTCTATC-3’
R: 5'-CGAACTAGAGCCAGAGGAGGAC-3'
Esrl F: 5'~-GCACAGGATGCTAGCCTTGTCTC-3’
R: 5'-AATTGTCACCAGCTTGCAGGTTC-3’
Ar F: 5'~GGCGGTCCTTCACTAATGTCAACT-3’
R: 5'~-CTGACTTGTGCATGCGGTACTCAT-3’
Esrrg F: 5~-CCGAGAGTTGGTGGTTATCATTGG-3’
R: 5'-GGAAGACCCTCGCCGTGC-3’

2 F, forward; R, reverse.

with 5% fetal bovine serum and plated out on four-well glass slides (BD
Falcon). After several days, cells were fixed in methanol and processed for
immunocytochemical analysis.

Immunocytochemical Staining

The sections were first incubated for 15 min in 0.01 M PBS. After
inhibition of endogenous peroxidases (10 min in 0.6% H,0, diluted in 0.01 M
PBS plus 0.2% Triton X-100 [PBST])) and saturation (2 h in a 5% normal goat
serum solution), sections were incubated overnight at 4°C in a polyclonal
affinity-purified antiaromatase antibody or estrogen-related receptor gamma
(ESRRG) antibody raised in rabbit against quail recombinant aromatase or
ESRRG diluted 1:500 in 0.01 M PBST. The next day, the sections were
immersed for 2 h at room temperature in a biotin-conjugated goat anti-rabbit
immunoglobulin G (DakoCytomation, Inc.) diluted 1:400 in PBST and then for
2 h in a streptavidin-fluorescein complex (Rhodamine; DakoCytomation, Inc.)
diluted 1:50 in PBST. Between each step, sections were extensively rinsed in
PBST. The sections were mounted onto microscope slides, coverslipped with a
gelatin-based mounting medium, and stored in the dark at 4°C. For double-
labeling immunofluorescence, Alexa Fluor 488- or 594-conjugated secondary
antibodies were used. Rabbit polyclonal anti-aromatase antibody was kindly
provided by Prof. Nobuhiro Harada (Department of Biochemistry, Fujita Health
University School of Medicine, Aichi, Japan) [22]. The rabbit polyclonal anti-
ESRRG antibody used in the present study was established and characterized as

previously reported [23]. The mouse monoclonal anti-Ran antibody (Santa
Cruz Biotechnology, Inc.) was used to detect nucleus in cells. Ran, also called
TC4, is the small RAS-related protein that is localized in the nucleus.

Statistical Analysis

Results are expressed as the mean * SD. Differences among the three
groups were determined using Student #-test with Dunnett multiple comparison.
A value of P < 0.05 was considered to be statistically significant.

RESULTS

BPA-Specific Increases of E, Levels and CYP19A1
(Aromatase) Activity in Mouse UCS

The pregnant mice were exposed to low-dose BPA during
the onset of prostatic budding (E13-E16), and the UGS of
fetuses were collected during bud elongation (E17-P1). In
analyses of in situ sex steroid hormonal environment, E, levels
and CYP19A1 (aromatase) activity were significantly in-
creased only at P1 in BPA-treated UGS, not at P1 in the
DES-treated UGS (Fig. 1). At E17 and P1, both the E, levels
and CYP19A1 (aromatase) activity in untreated male UGS
were not significantly different compared with those in
untreated female UGS.

BPA-Specific Up-Regulation of Steroidogenic Enzyme
and Sex-Determining Gene mRNA in Mouse UGS

To investigate the BPA-specific gene alterations related to
increases of the E, levels and aromatase activity, we performed
preliminary GeneChip analysis with the Percellome method in
the BPA- or DES-treated male UGS at E17 and P1. The results
showed BPA-specific mRNA up-regulation of steroidogenic
enzymes, such as Cypllal, Cypllbl, and Cypl7al, and sex-
determining factors, such as NrSal, NrObl, Gata4, and Amhr2
(data not shown). Furthermore, quantitative PCR analysis
confirmed the mRNA up-regulation of Cypl9al, Cypllal, and
Nr5al only in the BPA-treated neonatal (PO and P1) UGS, not
in the DES-treated neonatal UGS (Fig. 2). No difference in
mRNA expression levels was found between E17 and P1 when
comparing the untreated male UGS to that of the female. In

FIG. 1. BPA-specific increases of E, levels Male UGS Female UGS
and CYP19A1 (aromatase) activity in mouse
UGS. E, levels (A) and CYPT9AT (aroma- A
tase) activity (B) were measured in the %[ [ Control ®[ [ Control
untreated control (open bar), BPA-treated of oF
UGS (closed bar), and DES-treated UGS S5 *| WBPA 56 ©[ HMBPA
(slashed bar) at E17 and P1. *P < 0.01, **P £ « DES 9 w DES
< 0.001 vs. control. B = w0 =L o *
5 2 5 2
g : g z
4 8 10 0 8 10
2 2
0 0
E17 E17 P1
B 600 600
2 2
L B *
g £ E £
o g O
B O 300 » B 300
22 w £2
S T 00 S w
< 0 . 0
E17 P1 E17 P1
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Male UGS Female UGS FIG. 2. BPA-specific up-regulation of
steroidogenic enzyme and sex-determining
A s s gene mRNA in mouse UGS. The relative
;g O control - .g [ Control ok mRNA expressions of Cyp79al (A),
® < n w g ¢ Mer Cyp11al (B), and Nr5al (C) were deter-
93 ] ?_’ ¥ a DES mined in the untreated control (open bar),
o :E Q. E 5 BPA-treated UGA (closed bar), and DES-
é 8 G g . treated UGS (slashed bar) between E17 and
& ) P1.*P <0.05, **P < 0.01, :"‘*P < 0.09}: Vs.
= = ¢ control at each time point; TP < 0.01, TP <
e Gl R e E17 E18 o Pl 0.001 vs. control at E17.
B el 5 ) 5
‘G 2 i *k ‘(; 5 * %
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untreated male and female UGS, the mRNA of Cypl9al was
gradually increased between E17 and P1.

Restricted BPA-Specific Up-Regulation of Steroidogenic
Enzyme and Sex-Determining Gene mRNA in UGE
and UCM

In male fetuses at P1, it was not feasible to separate UGE and
UGM components within the male UGS because of the
formation of prostatic buds. In the female at P1, the up-regulation
of Cypl9al, Cypllal, and Nr5al mRNA was observed only in

E17
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Cyp11al Cyp19at

Nr5a1

UGM, not in UGE, of the BPA-treated group (Fig. 3). In both
male and female UGE, expressions of such mRNAs were quite
low and not up-regulated, even in the BPA-treated group. At
E17, no difference in mRNA expression levels was found when
comparing the untreated male UGM with that of the female.

BPA-Specific Increases of Aromatase-Expressing Cells
in Primary Cultured UGM

In both the male and female, P1 UGM was primary cultured in
vitro. Representative pictures of aromatase-positive cells are
shown in Figure 4, A—C. The aromatase-positive staining was

P1 - FIG. 3. Restricted BPA-specific up-regula-
tion of steroidogenic enzyme and sex-
E I determining gene mRNA in UGE and UGM.
emaie The relative mRNA expressions of Cyp79aT
(A), Cyplial (B) o Nrsal ©) e
s , Cyplila , and Nr5a were
% U Control determined for UGE and UGM of the
<? BPA untreated control (open bar), BPA-treated
zZ3 DES UGS (closed bar), and DES-treated UGS
£, (slashed bar) at E17 and P1. *P < 0.01, **P
§~ " < 0.001 vs. control.
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FIG. 4. BPAwspecific increases of aroma-
ase-expressing cells in primary cultured
LGM. A-C) Fluorescence signals were
detected for the CYP19AT (aromatase)
yrotein in primary cultured UGM. The
wiciei were identified by Ran staining. Bar
100 wm, magnification X400. D) The
aumber of aromatase-positive cells was
counted in primary cultured UGM of the
untreated control open bari, BPA-treated
UGS (closed bar), and DES-treated UGS
slashed bar;, and the percentage of aro-
matase-positive cells was calculated from at
least 10 areas. *# < 0L01 vs. control. D

an

Aromatase-positive cells (%)

observed in the cytoplasm of cultured UGM. The rate of
positivity (L.e., the percentage of cells that expressed CYPI9AT1
[aromatase] protein), was approximately 10% in the untreated and
the DES-treated groups, whereas it was as high as approximately
30% in the BPA-treated group (Fig. 4D). No difference in the rate
of positivity of CYPI9A1 (aromatase) was found when
comparing the untreated male UGM to that of the female.

Restricted BPA-Specific Up-Regulation of Esrrg mRNA
in UGE and UGM

In E17 female UGM, the mRNA expression of Esr/ was up-
regulated by both BPA and DES treatment (Fig. 5A). At E17,
however, the mRNA expression of Ar was up-regulated by
both BPA and DES treatment in the male UGS (Fig. 5B). At

FiG. 5
tion ¢

Restricted BPA-specific up-regula-
srrg MRNA in UGE and UGM. The

B
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{1 Control
W 8PA
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‘ Male Female

P1. mRNA expression of Ar was up-regulated by both BPA
and DES treatment in the female UGS (Fig. 5SB). In both the
male and female, the up-regulation of Esrrg mRNA was
observed at E17 and restricted in UGM, but not in UGE, of the
BPA-treated group (Fig. 5C). In both the male and female
UGE, the expression of Esrrg mRNA was quite low and not
up-regulated, even in the BPA-treated group. At E17, no
difference in mRNA expression levels was found when
comparing the untreated male UGS with that of the female.

BPA-Specific Increases of ESRRG-Expressing Cells
in Primary Cultured UGM

In both the male and female, E17 UGM was primary
cultured in vitro. Representative pictures of ESRRG-positive

E17 P1

lative mRNA expressions of Esr1 (A}, Ar
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ESRRG

FSRRG-positive cells {%)

Female

Male

cells are shown in Figure 6, A-C. The ESRRG-positive
staining was observed in both the nucleus and the cytoplasm of
cultured UGM. The number of ESRRG-positive UGM was
significantly increased only in the BPA-treated group and
showed a 2.2-fold increase in males and a 1.6-fold increase in
females (Fig. 6D). No difference was found in the rate of
positivity of ESRRG when comparing the untreated male
UGM with that of the female.

BPA-Specific Up-Regulation of Esrrg and Steroidogenic
Enzyme mRNA in Sex Hormone-Related Organs

To investigate the BPA-specific up-regulation of in situ
steroidogenesis in other organs, we first examined the changes
i Esrrg mRNA expression in sex hormone-related organs,
such as the cerebellum. heart, kidney, ovary, and testis. At P1,
the mRNA expression of Esr/ in the cerebellum, heart, kidney,
and ovary. but not in the testis, was up-regulated by both BPA
and DES treatment (Fig. 7A). However, no significant
difference in A mRNA expression was observed in all organs
examined (Fig. 7B). In the untreated group, the mRNA
expression of Esrrg was not detected in the testis at E17 and P1
{Fig. 7C). The up-regulation of Esrrg mRNA was observed at
E17 and restricted to the cerebellum, heart, kidney, and ovary
(Fig. 7C). The BPA-specific up-regulation of Cypl9al,
Cyplilal, and Nrial mRNA was observed only at Pl in the
cerebellum, heart. kidney, and ovary, but not in the testis (Fig.
8).

DISCUSSION

Concern about the effects of EDCs such as BPA on human
health has been increasing [24]. Although the majority of
EDCs have the potential to alter functioning of the reproductive
and endocrine system, the actual mechanism responsible for
such alterations has not been identified thoroughly. BPA is of
concern because its chemical structure resembles that of DES.
Several studies have reported that BPA can mimic estrogen
action, such as induction of vaginal comification, uterine
vascular permeability, growth and differentiation of the
mammary gland. and synaptic plasticity in the hippocampus
{25-281. In the prostate. alterations in normal development can
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FIG. 6. BPA-specific increases of ESRRG-
expressing cells in primary cultured UGM,
A-C) Fluorescence signals were detected for
the ESRRG protein in primary cultured
UGM. The nuclei were identified by Ran
staining. Bar = 100 pum, magnification
X400. D} The number of ESRRG-positive
cells was counted in primary cultured UGM
of the untreated control (open bar), BPA-
treated UGS (closed bar), and DES-treated
UGS {slashed barj, and the percentage of
ESRRG-positive celis was calculated from at
least 10 areas. *P < 0.01 vs. control.

Merge

produce permanent changes that persist throughout adulthood
and may increase the risk of discase in later life [9]. Thus, our
objective was to investigate the biological effects of low-dose
BPA on the initial development of primary ducts in the fetal
prostate.

During prostatic development, alteration of sex steroid
hormone synthesis may be responsible for prostatic anomalies
associated with fetal exposure to EDCs. In the present study.
fetal exposure to low-dose BPA increased E, levels in P1 UGS
of both the male and female, whercas DES-induced changes
were not detected. This alteration was also correlated with
mcreased activity of CYPI9A1 (aromatase) in UGS at Pl,
suggesting the unique action of BPA for in situ steroidogenesis
in UGS. The BPA-specific increase of E, levels in UGS at P1
was correlated with the following: mRNA up-regulation of
steroidogenic enzymes. such as Cypl9al and Cypllal. and an
increased number of aromatase-expressing UGM. The enzyme
CYPI9AT (aromatase) is responsible for in situ E, production
and the crucial testosterone/E, balance necessary for normal
embryonic and fetal development, even in males. The data
presented here shows that the up-regulation of Cypl9al
mRNA in BPA-treated UGM was comparable to changes in
both in situ E, production and CYP19A1 (aromatase) activity.

In the present study, we demonstrated that the BPA-specific
increase in steroidogenic enzyme mRNA and  aromatase-
expressing cell number were observed in both the male and
female UGM. During embryonic development, the mesenchy-
mal component is involved in the induction and organogenesis
of various organs, including the prostate, mammary gland,
lung. kidney, and pancreas. It has been well established that
subpopulations of the mesenchymal component are a source of
potent molecules that regulate epithelial growth and differen-
tiation [29]. In the prostate. androgen-responsive signals
derived from UGM permissively and instructively induce
UGE to form primary ducts of the prostate [30].

Comparison between the neonatal male and female UGS
shows a similarity in the condensed mesenchyme of the ventral
areas—that is, the ventral prostate mesenchyme (VPM) in the
male and the ventral mesenchymal pad (VMP) in the female
[31]. In the male, a defined VPM is specifically associated with
ductal branching morphogenesis and cytodifferentiation of the
ventral prostate. Females do not usually form a prostate, In a
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