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Results

Expression of Hh, Ptch and GIi in uterus and vagina at days
2, 15 and 90

In order to understand the expression profiles of genes
related to HH signaling in the uterus and vagina at days 2,
15 and 90, real-time RT-PCR was performed. The expres-
sion of Shh was dramatically higher in the vagina compared
with the uterus at day 2 and then significantly decreased
in both the uterus and vagina at day 15 (Fig. 1a). In

Fig. 1 mRNA expression a

contrast, the expression of /h# drastically increased only
in the uterus at day 15. The expression of Dhh in the
uterus and vagina was low at day 2 and then significantly
increased at day 15.

At day 2, the expression of Ptchl and Glil, both
target genes of HH signaling, was significantly higher in
the vagina compared with that in the uterus and then
decreased in the vagina but increased in the uterus at
day 15 (Fig. Ib).

The expression of the other receptor, Prch2, was higher in
the vagina compared with the uterus at day 2 and

levels of genes for various 100
Hedgehog types,
transmenibrane receptors and
transcription factors (Shh, Thh,
Dhh, Pichl, Pich2, Glil, Gli2
and Gli3) in the uterus and
vagina at days 2 and 15 (a, b)
were analyzed by real-time
reverse transcription with the
polymerase chain reaction
(RT-PCR). Data are expressed
relative to mRNA expression in
the uterus at day 2; relative
expression=1.0 (2: 2 days, 15:
15 days, Ut: uterus, Vg: vagina;
4P<0.05 compared with the
age-matched uteri, bepc.05
compared with the uteri or
vaginae at day 2). Shh, Thh,
Dhh, Pichl, Pich2, Glii, Gli2
and Gli3 mRNA expression in
the uterine epithelium (UE),
uterine stroma (USB), vaginal
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subsequently decreased in the vagina and increased in the
uterus at day 15 (Fig. 1b). The expression of Gli2 was
significantly lower in the vagina compared with the uterus
at days 2 and 15. In both the uterus and vagina, the expres-
sion of GIi3 was significantly higher at day 2 than at day 15.
At day 90, the expression of genes related to HH signaling
in the vagina was not altered by E2 treatment, except for
Dhh and Pichl, which were decreased (see Supplemental
Figure).

Thus, HH signaling in the vagina was activated during
the neonatal period, whereas in the uterus, if was activated at
day 15.

Localization of Hh, Ptch and Gli in uterus and vagina
at days 2 and 15

The localization of Hh, Pfch and Gli in the uterus and vagina
at days 2 and 15 was analyzed by RT-PCR by using the
epithelial-stromal separation technique, because of failure to
detect those mRNAs by in situ hybridization. In order to
confirm whether the epithelium and stroma were completely
separated, the expression of K78 and vimeniin was deter-
mined by RT-PCR (data not shown). Shh expression was
observed only in the VE at day 2 (Fig. lc, Table 1). At day
2, thh expression was faintly detected in all the tissues but
was mainly localized in the stroma. At day 15, Jhh expres-
sion was observed in the uterus, being mainly localized in the
UE. Dhh expression was not found in the uterus or vagina at
days 2 and 15.

Pichl expression was found in the all tissues, whereas
Pich2 expression was only detected in the US at day 15
(Fig. lc, Table 1). Gli] expression was observed in the US
and VS at days 2 and 15. Gli2 and Gli3 expression was

Table 1 Localization of Hedgehog (Shh, Ihh, Dh), Paiched (Pichi,
Ptch2) and Glioma-associated oncogene homolog (Glil, Gli2, Gli3)
mRNAs in the uterine epithelium (UE), uterine stroma (US), vaginal
epithelium (VE) and vaginal stroma (VS) at days 2 and 15. — negative,
—/+ slightly detectable, + detectable

Gene 2 days 15 days 2 days 15 days
UE Us UE Uus VE Vs VE Vs

Shh - - - - + - - -
Ihh ~/+ —{+ + + —/+ —i+ - -
Dhh - - - - - - - -
Pichi + + + + + + + +
Prch2 - - - + - - - -
Glil - + - + -+ o+ -+
Gli2 + + - + + + + +
Gli3 + + -~ + + + + +

found in all the tissues, except for UE at day 15 but these
genes were mainly localized in the stroma.

Thus, Shh and Ihh were mainly detected in the uterine and
VE, whereas Gli was mainly expressed in the US and VS.

Effects of cyclopamine on HH signaling in organ-cultured
uterus and vagina

In organ-cultured vagina culiured for 2 days, the expression
of Shh and GIil was higher than that in the organ-cultured
uterus, whereas the expression of 14 did not differ between
the uterus and vagina (Fig. 2a). Thus, Shh, I and Glil
expression patterns in the organ-cultured uterus and vagina
were similar to those in vivo at day 2.

To investigate the role of HH signaling in the uterus and
vagina, the HH signaling inhibitor cyclopamine was added to
the medium of the organ-cultured uterus and vagina. Addition
of cyclopamine did not affect the expression of Shi and /hh
but reduced the expression of Glil and Prchl, both being
target genes of HH signaling, in the organ-cultured uterus
and vagina (Fig. 2a). Thus, 10 pM cyclopamine attenuated
HH signaling activation in the organ-cultured uterus and
vagina.

Effects of HH signaling attenuation on cell proliferation,
epithelial differentiation and mRNA expression of growth
factors in organ-cultured uterus and vagina

At2 days of culture, the addition of cyclopamine decreased the
BrdU labeling index in the epithelium of organ-cultured uterus.
At day 5 of culture, afier cyclopamine treatment, the BrdU
labeling index in the epithelium of organ-cultured vagina was
decreased, whereas it was increased in the stroma of organ-
cultured uterus (Fig. 2b). Thus, reduction of HH signaling
altered cell proliferation in the neonatal uterus and vagina,
suggesting that HH signaling stimulated cell proliferation in
the epithelium of organ-cultured uterus and vagina and
mhibited this in the stroma of organ-cultured uterus. Because
some stromal cells died in organ-cultured vagina cultured for 2
days, the BrdU labeling index could not be examined.

In order to investigate the effects of HH signaling attenu-
ation on epithelial differentiation, the protein expression of
TRP63 and KRT 14 was examined immunohistochemically in
organ-cultured uterus and vagina treated with cyclopamine.
Histological analysis of organ-cultured uterus and vagina
cultured for 2 and 5 days showed no effect of cyclopamine
(data not shown). In all organ-cultured uteri, TRP63 and
KRT14 expression was not detected (data not shown).
Cyclopamine did not alter TRP63 and KRT14 expression in
the epithelium of organ-cultured vagina cultured for 2 and 5
days (Fig. 3a-1) and therefore, reduction of HH signaling did
not affect epithelial differentiation.
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Fig. 2 Shh, [hh, Pichl and Glii mRNA expression levels in organ-
cultured uterus and vagina cultured for 2 days in control medium (C) or
medium containing 10 1M cyclopamine (cp) were analyzed by real-
time RT-PCR (a). Data are expressed relative to mRNA expression of
the organ-cultured uterus cultured in control medium; relative
expression=1.0 (Ut: organ-cultured uterus, Vg: organ-cultured vagina;
#P<0.05 compared with medium-matched uteri, *P<0.05 compared
with organ-cultured uteri or vaginae cultured with control mediumy).
The BrdU labeling index in organ-cultured uterine epithelium (UE),
uterine stroma (US), vaginal epithelium (VE) and vaginal stroma (VS)
cultured for 2 days or 5 days in the control medium (C) or in medium
containing 10 uM cyclopamine {(cp) was analyzed by immunohisto-
chemistry (b; ¥P<0.05 compared with BrdU labeling index in organ-
cultured UE, US, VE, or VS with control medium, ND not determined)

The mRNA expression of growth factors regulated by
HH signaling was examined by real-time RT-PCR in organ-

cultured uterus and vagina. At 2 days in culture, the

@ Springer

expression of Tgfl, Bmp4, activin 34~ and SB-subunits,
Fgf7, Fgfl0 and WntSa was not altered by addition of
cyclopamine to the organ-cultured uterus and vagina
(Fig. 3m).

Expression of Shh and /A4 in tissue recombinants at days 5
and 7 post-grafting

In order to investigate the regulation of Skh and Ihh expres-
sion by the stroma, Shh and /hh expression in the uterine
and vaginal tissue recombinants was examined by real-time
RT-PCR. At days 5 and 7 post-grafting, the expression of
Shh in VE+US was significantly higher than that in the
other tissue recombinants, whereas it was low in VE-+
VS (Fig. 4). At day 7 post-grafting, the expression of
Ihh in UB+US was significantly higher than that in UE+VS.
The expression of i/ in tissue recombinanis containing
US was high at day 7 post-grafting, whereas it did not
increase in UE+VS at day 7 post-grafting. The expres-
sion of /4h in VE+VS was higher at day 7 post-grafting
than at day 3.

These results indicated that Shk expression in the epithe-
lium was inhibited by the VS and that /hh expression was
stimulated by the US. '

Discussion

HH signaling regulates epithelial differentiation and cell pro-
liferation through epithelial-stromal signaling in the prostate,
gastrointestinal tract and lung during development (Pepicelli
etal. 1998; Ramatho—Santos et al. 2000; Freestone et al. 2003;
Wang et al. 2003; Berman et al. 2004; Madison et al. 2005;
Doles et al. 2006; White et al. 2006). Our resulis show that
activated HH signaling in the stroma regulates cell
proliferation in the neonatal uterus and vagina (Fig. 3).

In neonatal mice, Sh/ is expressed only in the VE and /A4
is expressed in the UE, US, VE and VS, whereas all G/
genes arc mainly expressed in the stroma. The expression of
Glil and Pichl, target genes of HH signaling, is high in the
vagina at day 2 and therefore, SHH in the VE activates HH
signaling in the VS (Fig. 5). Although /Ah expression in the
uterus at day 2 is low and similar to that in the vagina, the
reduction of HH signaling in the neonatal uterus affects cell
proliferation, indicating that IHRH is also involved in HH
signaling activation in the stroma of the neonatal uterus and
vagina. At day 135, Glil and Pichl expression decrease in
the vagina but increase in the uterus, suggesting that HH
signaling in the vagina is activated by abundant Sh/ only at
the neonatal stage, whereas in the uterus, it is more highly
activated, with growth accompanied by a drastic increase of
Ihh. Indeed, 1hh in the adult UE is highly induced by proges-
terone during the early stages of pregnancy and is critical for
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embryo implantation (Matsumoto et al. 2002; Lee et al. 2006).
Moreover, HH signaling might not be involved with E2 in the
adult vagina, since most genes related to HH signaling in the
adult vagina were not affected by E2 treatment.

In the mammary gland and lung, activated HH signaling
in the stroma stimulates epithelial cell proliferation {van
Tuyl and Post 2000; Fiaschi et al. 2007; Visbal et al.
2011). In this study, the reduction of HH signaling by
cyclopamine decreases the BrdU labeling index in organ-
cultured VE, indicating that HH signaling stimulates epithe-
lial cell proliferation in the neonatal vagina (Fig. 5). High
expression of Shh coincides with the beginning of vaginal
epithelial stratification and therefore, Shh might be impor-
tant for cell proliferation in the epithelial stratification
process.

Fig. 3 Expression (brown) of

In the organ-cultured uterus, the BrdU labeling index in
the epithelium decreases after the reduction of HH signaling
but increases in the stroma, indicating that HH signaling in
cell proliferation acts contrastingly in the epithelium and
stroma of neonatal uterus (Fig. 3). In this study, HH
signaling inhibits stromal cell proliferation in the neonatal
uterus. However, in the adult uterus, IHH stimulates stromal
cell proliferation (Matsumoto et al. 2002; Lee et al. 2006;
Franco et al. 2010b). In the prostate, HH signaling has age-
dependent effects on cell proliferation (Lamm et al. 2002,
Freestone et al. 2003; Wang et al. 2003; Berman et al.
2004). In the uterus, constitutive activation of SMO from
neonatal day S causes an increase in stromal size in adults,
whereas constitutive activation of SMO from embryonic days
causes a decrease in stromal size in the adult (Franco et al.
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Fig. 4 Shh and Ihh mRNA expression levels in tissue recombinants at
days 5 or 7 post-grafting as analyzed by real-time RT-PCR (E: epithe-
lium, S: stroma, U: uterus, V: vagina). Data are expressed relative to
mRNA expression of UE+US at day 5 of post-grafting; relative
expression=1.0 (*P<0.05, *P<0.05 compared with tissue recombinants
at day 5 post-grafting)

201 0a; Migone et al. 2011). Thus, the role of HH signaling in
stromal cell proliferation in the uterus seems to change around
day 5. In addition, constitutive activation of SMO reduces the
number of uterine glands (Franco et al. 2010a; Migone et al.
2011). In the developing prostate and lung, HH signaling
regulates epithelial budding (Podlasek et al. 1999; Lamm et
al. 2002; White et al. 2006). Therefore, HH signaling might be
involved in uterine gland formation through the regulation of
cell proliferation in the UE and US.

In the developing prostate and lung, HH signaling stimu-
lates the expression of several growth factors such as the Tgf
superfamily and Fgf (Pepicelli et al. 1998; Lebeche et al.

1999; Wang et al. 2003; Pu et al. 2004; ). In the uterus, the

constitutive activation of SMO from embryonic days stimu-
lates WntS5a expression at day 24 (Migone et al. 2011). In this
study, the mRNA expression of growth factors is not
altered by the addition of cyclopamine, suggesting that
HH signaling in the neonatal uterus and vagina is not accom-
panied by the expression of these genes. HH signaling in the
neonatal uterus and vagina might have different target
genes from those in adults.

@_ Springer

Reduction of HH signaling does not appear to affect
epithelial differentiation in the uterus and vagina grown in
vitro. The structure of the UE is not altered by conditional
knockout of /hh in the uterus (Lee et al. 2006; Franco et al.
2010b). However, constitutive activation of SMO in the
uterus results in TRP63-positive stratified cells in adults
(Franco et al. 2010a; Migone et al. 2011), suggesting that
HH signaling promotes epithelial differentiation. Thus, the
role of HH signaling in epithelial differentiation of neonatal
uterus and vagina is still controversial.

Our experiments on tissue recombinants have shown that
epithelial Sh4 expression is inhibited by the VS, whereas /hk
expression s stimulated by the US (Fig. 5). At day 15, Shh
expression is decreased in the vagina, whereas /i expres-
sion is increased in the uterus in vivo. Thus, Shh or Ihh
expression might be regulated by the VS or US until day 5.
In the adult uterus, progesterone stimulates epithelial /hk
expression via progesterone receptors (PRs) in the stroma
(Simon et al. 2009). The stromal PR proteins are strongly
expressed from day 15 (Hayashi et al. 2011), supporting our
hypothesis that /hh expression at day 15 is stimulated by the
US through PR signaling.

In conclusion, we have demonstrated the role of HH
signaling in cell proliferation in the neonatal uterus and
vagina (Fig. 5). In neonatal mice, Sh# in the VE and /hh
in the wvterus and vagina activate HH signaling in the
stroma. Activated HH signaling stimulates epithelial cell
proliferation in the uterus and vagina but inhibits stromal
cell proliferation in the uterus. The expression of Shh
and /hh is regulated by the US or VS. In contrast,
attenuated HH signaling does not appear to affect
epithelial differentiation in the uterus and vagina grown
in vifro.
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Fig. 5 Representation of the epithelial-stromal regulation of neonatal
uterine or vaginal cell proliferation by HH signaling
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ssstract Female reproductive organs show organ-specific morphological changes during estrous cycles. Perinatal exposure to natural and
synthetic estrogens including diethylstilbestrol (DES) or estrogenic cheniicals induces estrogen-independent persistent proliferation of
vaginal epithelium in mice. To understand the underlying mechanism of the estrogen-independent persistent vaginal changes induced by
perinatal DES exposure, we examined global gene expressions in the vaginae of ovariectomized adull mice exposed neonatally to DES
using a microarray. The cell cycle-related gene, p2/, a cyclin-dependent kinase inhibitor, showed upregulation in the vagina. and p2!
protein was localized in the basal layer of the vaginal epithelium in mice exposed neonatally to DES and an estrogen receptor o agonist.
propyl pyrazole triol (PPT). The expressions of Noteh receptors and Notch ligands were unchanged; however, the mRNAs of hairy-related
basic helix-loop-helix (bHLH) transcription factor genes, Hes/, Hey! and Heyl were persistently downregulated in the vagina, indicating

estrogen-independent epithelial cell profiferation in mice exposed neonatally to DES and PPT.
xeyworps: diethylstilbestrol, neonatal exposure, p21 and Notch signalings, persistent vaginal changes, vagina.
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Long-term estrogenic stimulation is a known risk factor
for carcinogenesis in laboratory animals and humans {25.
26]. In humans, wansplacental exposure to a synthetic es-
trogen, diethylstilbestrol (DES), induced vaginal clear-cell
adenocarcinoma in voung women [16]. In mice, develop-
miental exposure to estrogens within a critical developmen-
tal period elicits various permanent alternations in female
reproductive tracts [5, 7, 29, 30, 32-35, 47]. For example,
necnatal estrogen administration induces persistent vaginal
epithelial cell proliferation and keratinization even after
ovariectomy, resulting in hyperplastic lesions and vaginal
cancers later in life {8, 27, 481

Previously, we characterized the mRNA expression pat-
terns in the neonatal mouse vagina exposed to DES at differ-
ent ages and the persistently altered vagina resulting from
neonatal DES exposure using a DNA microarray and real-
time quantitative RT-PCR [30, 46]. In the vagina of mice ex-
posed neonatally to DES, expressions of various genes were
modulated, and interleukin-T (IL-1} and insulin-like growth
factor-I (IGF-1) signalings were activated without estrogen

*CORRESPONDENCE  TO: Omta, Y., Department of Veterinary
Medicine, Faculty of Agriculture, Tottori University, Tottori
6808553, Japan.
e-mail: ohta@muses.tottori-v.ac jp

©2012 The Japanese Society of Veterinary Science

stimulation [30]. In particular, IGF-I receptor (1IGF-IR}) and
its downstream factor, Akt, were phosphorylated, which
may lead to persistent cell proliferation and differentiation
in the mouse vagina [29, 30]. The vaginae of mice exposed
to DES at different ages showed that genes related 1o kera-
tinocyte differentiation and cell cycle-related genes, such as
Gaddd5a, 14-3-3 sigma, Spri2f (small proline-rich protein
20, Kift (Kruppel-iike factor 4) and p21, were induced by
DES [46].

p21 {also called WAF1, CAP20, Cipl and Sdil) {6. 10,
38, 56}, a founding member of the Cip/Kip family of CKls
including p27 [41, 32 and p537 [21, 32], can bind and inhibit
a broad range of cyclin/Cdk complexes, with a preference
for those containing Cdk2 [11, 36]. It plays an essential role
in growth arrest after DNA damage [1, 2, 4], and its over-
expression leads to Gy and G, [37] or S-phase {39] arrest.
Moreover, the anti-oncogenic effect of Notch family genes.
one of the fundamental signaling pathways that regulate
metazoan development and adult tissue homeostasis, ap-
pear to be mediated by p21 and by repression of Shh and
Wnt signalings |3, 36. 50]. Wnt signaling is suppressed by
Notchl activation in keratinocytes. showing that Notchl
activation downregulates this pathway by suppressing Wnz-
4 expression [3]. p21 mediates this negative regulation;
Notchl activation increases p21 protein levels, which is
subsequently associated with E2F1 transcription factors at
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the Wnt4 promoter, downregulating Wnt4 expression [3]. On
the other hand, p21 is often responsible for siress-induced
p33-dependent and p33-independent cell cycle arrest, which
permits cells to pause and to repair damage and then to con-
tinue cell division [9], and p21 expression has been shown
to be regulated largely at the transcriptional level by both
pS53-dependent and p33-independent mechanisms [9].

We therefore focused on the p21. p53 and Notch signaling
in order to understand the molecular mechanisms underlying
the persistently altered vagina resulting from neonatal DES
gxposure in mice.

MATERIALS AND METHODS

Reagenis: Diethylstilbestrol (DES) was obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). An estrogen
receptor o (ERa) specific ligand, 4,4°.4%-(4-propyl-|1H]}-
pyrazole~1,3,5-triyDirisphenol  (propyl  pyrazole triol
PPT). and ERP specific ligand, 2,3-bis(4-hydroxyphenyl)-
propionitrile (diarylpropionitrile, DPN), were obtained from
Tocris Bioscience (Ellisville, MO, U.S.A.). Sesame oil and
dimethy! sulfoxide (DMSO) were obtained from Kanto
Chemical (Tokyo. Japan).

Animals and treatments: C57BL/6] mice purchased from
CLEA Japan (Tokyo, Japan) were maintained under a 12 hr
light/12 hr dark cycle at 23--25°C and fed laboratory chow
{CE-2, CLEA) and tap water ad libifum. All procedures and
protocols were approved by the Institutional Animal Care
and Use Committee at the National Institute for Basic Biol-
ogy, National Institutes of Natural Sciences.

The middle part of the vagina, Miillerian duct origin, was
used for the current study. Newborn female mice were given
5 daily subcutaneous (s.c.) injections of 2.5 ug DES/g body
weight (bw) (n=6) dissolved in sesame oil or the oil vehicle
alone (n=6) beginning from day 0 (the day of birth). These
mice were ovaricctomized at 8 weeks of age and sacrificed
at 10 weeks of age (n=6, in each experimental group). These
mice were used for DNA microarray analysis.

Newborn females were given 3 daily s.c. injections of 2.5
ug DES/g bw (n=4), 25 ug/g bw PPT (n=4) or DPN (n=4)
dissolved in 5.6% DMSO or the vehicle alone (n=4) begin-
ping from day 0. These mice. ovariectomized at 13 weeks
of age, were sacrificed at 135 weeks of age, and their vaginae
were used for real-time quantitative RT-PCR and immuno-
histochemistry. Since we have already demonstrated that
there is no age difference in histology and gene expression at
least between 2—4 months of age in neonatally DES-exposed
ovariectomized mice |29, 30, 32, 33], we used preserved
mouse vaginae treated with the abovementioned chemicals
to reduce animal use.

DNA microairay analysis: Total RNA from vaginae ex-
posed neonatally to 2.3 yg DES/g bw or oil vehicle alone
were oxtracted using TRlzol (Invitrogen, Carsbad, CA,
{J.8.A) and purified using an RNeasy mini kit (Qiagen,
Chatsworth, CA, U.8.A.). Quality and guantity of total RNA
were confirmed with an Agilent 2100 Biocanalyzer (Agilent,
Palo Alto, CA, U.S.A.). cRNA probes were prepared from
the purified RNA using an Affymetrix ¢cRNA probe kit (Af-

fymetrix, Santa Clara, CA, U.5.A.) according to the manu-
facturer’s protocol. All preparations met the recommended
criteria of Affymeirix for application to their expression
array. The amplified ¢cRNA was hybridized to high-density
oligonucleotide arrays (Mouse U74A; Affymetrix), and the
scanned data were analyzed with GeneChip software (Af-
fymetrix) and processed as described previously [55]. To
confirm the estrogen-related changes in gene expression
revealed by DNA microarray analysis, we independently re-
peated the same experiment twice. The expression data were
analyzed with GeneSpring software (Agilent) as described
previously [53-55].

Real-time quantitative RT-PCR: Total RNA, isolated with
an RNeasy kit (Qiagen) from vaginae of each group, was
used for real-time quantitative RT-PCR reactions carried out
with SuperScript HI reverse transcriptase (Invitrogen).

Changes in gene expression were confirmed and gquanti-
fied using an ABT Prism 5700 Sequence Detection System
{Applied Biosystems, Foster City, CA. U.S.A.) and SYBR
Green Master Mix (Applied Biosystems) according to the
manufactarer’s instructions. The PCR conditions were as
follows: 30°C for 2 min, 95°C for 10 min, and 36 cycles of
95°C for 15 sec and 60°C for 1 min with a 15 2/ reaction
mixture. Relative RNA equivalents for each sample were
obtained by standardization of ribosomal protein L8 levels.
The sequences of the gene primer sets are given in Supple-
mentary File. More than three pools of samples per group
were run in friplicate to determine sample reproducibility,
and the average relative RNA equivalents per sample were
used for further analysis.

Immunohistochemistry: Tissues were fixed in 10% neutral
buffered formalin, embedded in paraffin and sectioned at 4
#m. Deparaffinized sections were incubated with 0.3% H-0,
in methanol for 15 min to eliminate endogenous peroxidase.
After washing with PBS, the sections were stained with a
Universal LSAR™ 2 kit (Dako, Carpinteria, CA, 1U.S.A.)
according to the manufacturer-supplied protocol. Anti-p21
monoclonal antibody was obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA. U.S.A)). The sections
were incubated at 1:50 dilution in PBS containing 1% BSA
(Sigima) overnight at 4°C. For negative controls, murine
Ig(G2b (Dako) was used at the same dilution.

Statistical analysis: Statistical analyses were performed
using the Student’s ~test or Welch’s r-test followed by the F-
test as appropriate. Differences with P<0.05 were considered
significant.

RESULTS

DNA microarray analysis: The DNA microarray analysis
revealed 11,219 of 22.689 Genechip probes in the vaginae
of 10-week-old control mice or 2.5 ug DES-exposed mice
ovariectomized at § weeks of age. Compared with the con-
frols, 423 probes were upregulated and 351 probes were
downregulated in the vagina exposed neonatally to DES
(data not shown). We further analyzed genes related to the
cell eycle. Compared with the oil controls, 26 genes (31
probes) were upregulated (Table 1) and 8 genes (10 probes)
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Tabie 1. Upregulated cell cycle-related genes in the vagina of ovariectomized 10-week-old mice exposed neona-
tally t0 2.5 ug DES

Gene accession no.

Name

Fold change

Prove set 1D

L

NM_0283%90 Anillin, actin binding protein 39 1433543 _at
NM_027106 Arginine vasopressin-induced 1 46 1423122 at
NM_011497 Aurora kinase A 32 1424511 _at
NM_025415 CDC28 protein kinase regulatory subunit 2 32 1417457 _at
NM_025415 CDC28 protein kinase regulatory subunit 2 31 1417458 s_at
NM_007639 Cell division cycle 2 homolog A (S.Pombe) 37 1448314 at
NM_023223 Cell division cycle 20 homolog (S. cerevisige) 4.2 1416664 _at
NM_023223 Cell division cycle associated 20 homolog (S. cerevisiag) 45 1439377 _x_at
NM_026410 Ceil division cycie associated 5 38 1416802_a at
NM_001164362 Centrosomal protein 55 23 1452242 at
NM_024190 Chromatin modifying protein 1B 2.1 1418816_at
NM_009828 CyclinA2 33 1417910 _at
NM_009828 CyclinA2 3.6 1417911 _at
NM_001111099 Cyclin-dependent kinasc inhibitor 1A (P21) 7.1 1424638 _at
NM_013726 DBF4 homolog (S. cerevisiag) 22 1418334 _at
NM_010288 Gap junction protein, alpha 1 6.3 1415801 _at
NM_001001999 Glycoprotein 1b beta, polypeptide septin 5 4.6 1452357 at
NM_001130443 Harvey rat sarcoma virus oncogene 1 24 1422407 s at
NM_001130443 Harvey rat sarcoma virus oncogene 1 22 1424132 _at
NM_016692 Inner centromere protein 23 1439436_x_at
NM_019499 MAD?2 mitotic arrest deficient-like 1 (yeast) 23 1422460 at
NM_015806 Mitogen-activated protein kinase 6 29 1419169 at
NM_010937 Neuroblastoma ras oncogene Nras 2.0 1422688 a at
NM_152804 Polo-like kinase 2 (Drosophita) 22 1427003 _at
NM_143150 Protein regular of cytokinesis 1 29 1423775 s_at
NM_012025 Rac (GTPase-activating protein 1 27 1421546 _a_at
NM_033144 Septin 8 29 1426801 _at
NM_033144 Septin § 32 1426802 _at
NM_018754 Stratifin 8.3 1448612 _at
NM_026785 Ubiquitin-conjugating enzyme EZ2¢ 7.6 1452954 at
NM_021284 v-ki-ras2 kirsten rat sacrona viral oncogene homolog 20 1451979 _at

Table 2. Downregulated cell cycle-related genes in the vagina of ovariectomized 10-week-0ld mice exposed neonatally t0 2.5 ug DES
Gene accession no. Name Fold change Prove set 1D
NM_007631 CyelinD1 03 1448698 at
NM_007631 CyclinD1 0.4 1417420 _at
NM_001161624 Cyclin-dependent kinase inhibitor 1C (P57) 0.4 1417649 at
NA&_008321 Inhibitor of DNA binding 3 0.3 1416630 _at
NM_01131 KH domain containing. RMA binding, signal transduction associated 2 4.5 1438462 x_at
NM_019946 Microsomal glutathione S-iransferase 1 0.3 1415897 a at
NM_013871 Mitogen-activated protein kinase 12 0.4 1449283 a at
NM_011250 Retinoblastoma-like 2 0.3 1418146 a at
NM_001009935 Thioredoxin interacting protein 0.5 1415996 at
N#_001009935 Thioredoxin interacting protein 0.3 1415997 at

were downregulated (Table 2) in the DES-exposed vagina.
p21 and p53 mRNA expression: Since the expression of
21 was specifically upregulated in the cell cycle-related
genes compared with the controls, we analyzed p27 mRNA
expression in vaginae of 13-week-old ovariectomized mice
exposed neonatally to 23 g DPN, 25 g PPT and 2.5 ug
DES. This was because we previously showed persistent
proliferation and keratinization of epithelial cells in the

vagina exposed neonatally to DES and PPT {33, 34]. The
expression of p27 was very low in the vaginae of confrols
and the ovariectomized mice neonatally exposed to 25 ug
DPN. In contrast, p27 was upregulated in the vaginae of
mice exposed neonatally to 2.5 gg DES and 25 pg PPT (Fig.
13. The mRNA of p33, unilike that of p21, was unaltered in
the DES-, PPT- and DPN-exposed vagina (Fig. 1).

p21 protein localization: We performed immunohisto-
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Fig. 1. Expression of p2/ and p53 mRNA in

vaginae of 15-week-old ovariectomized mice ex-
posed neonatally to 2.5 yg DES (17=4), 25 pg PPT
{n=4), 25 ug DPN (n=4) or the oil vehicle alone
{n=4) for the first 5 days. The expression of each
mRNA in the vagina of the oil-treated controls
was regarded as the basal fevel (1.0). ***P<0.001
vs controls (Student’s t-test or Welch’s ftest fol-
lowed by F-test).

chemistry to investigate the localization of p21. Fifieen-
week-old, ovariectomized mice neonatally exposed t0 2.5 xg
DES or the oil vehicle alone were stained with p21 antibody
(Fig. 2A and 2C) or murine IgG2b as a negative control (Fig.
28 and 2D). p21 was localized in the basal layer of vaginal
epithelial cells in mice exposed neonatally to DES (Fig. 24).
but no p21 staining was observed in the oil-treated controls
(Fig. 2C), indicating that p21 expression-was correlated with
proliferation of the vaginal epithelial cells.

Expression of Notch signaling pathwayv-related genes in

the vagina of mice exposed neonatally to DES, PPT or DPN:
We analyzed the expression of genes related to the Notch
signaling pathway; however, all Notch receptors mRNA
(Noteh 1, Notch 2, Notch 3 and Notch 4) (Fig. 3A) and Notch
ligands mRNA (DIl 1, DIl 4, Jagged | and Jagged 2) (Fig.
3B) were unaltered in the DES-exposed vagina. On the other
hand, the expression of Notch target genes, Hes/, Heyl and
Heyl, was significantly decreased in the vagina exposed
neonatally to DES or PPT compared with the control and

“neonatally DPN-treated mice (Fig. 3C).

DISCUSSION

Estrogens tightly regulate cell proliferation and differen-
tiation in the female reproductive tracts {17, 48]. However,
perinatal exposure to estrogens, including synthetic estrogen,
DES and other estrogenic chemicals, induces persistent an-
ovulation caused by alteration of the hypothalamo-pituitary-
gonadal axis, polyovular follicles, uterine abnormalities
and persistent vaginal changes in mice [3. 7, 16-18, 34, 35,
45-48]. In paticular, transplacental exposure to DES, which
was routinely prescribed to pregnant women for preventing
miscarriages from the 1940s to 1970s, reportedly induced
vaginal clear-cell adenocarcinoma in young women [16]. It
has been hypothesized that in urero DES exposure influences
the incidence of breast cancer, squamous neoplasia of the
cervix and vagina and vaginal clear-cell adenocarcinoma
later in life [13, 15, 16, 40].

DNA microarrays have been successfully used to analyze
estrogen-responsive genes in the mouse vagina and genes
possibly related to persistent vaginal epithelial cell prolifera-
tion induced by neonatal DES exposure {30, 33, 46, 551 In
the present study, we found upregulation of cell cycle-retat-

Fig. 2.

Immunochistochemistry of p21. Vaginae of 15-week-old ovariectomized mice exposed neonatally to 2.5
w2 DES (A, B) or the oil vehicle alone (C, D). p21 was immunostained in the neonatally DES-~exposed vagina
(A) and the age-matched control mouse vagina (C). As negalive controls, sections were incubated with pre-
immune serum instead of the primary antibedy (13, D). Staining of blood vessels in the stroma 1s a nonspecific
reaction. The boundary between the epithelium and stroma is indicated by a dotted line. Bar, 50 gm.
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ed genes in the persistently proliferating vaginal epithelial
cells of mice neonatally exposed to DES. In particular, p2/
mRNA showed persistent upregulation in the vagina with
irreversible proliferation, and p21 was localized in the basal
layer of vaginal epithelial cells. However, the expression of
p33 mRNA did not changed in the DES- and PPT-exposed
mouse vagina. A number of previous studies suggested that
p21 was regulated by p33-independent mechanisms. Nota-
bly, many of these studies suggested that serum and other
growth factors, e.g., epidermal growth factor (EGF), might
be involved in the upregulation of p27 in various cell types
[23, 28]. Moreover. Akt phosphorylated by PI3K leads to
the stabilization of p21 and enhanced tumor cell survival
[22]. Previously, we found the phosphorylation of Akt and
persistent expression of some growth factors in the vagina
neonatally exposed o DES [29, 30} In the present study,
p21 might be regulated by p53-independent mechanisms,
and the expression of p2/ might be involved in the persistent
epithelial proliferation in the mouse vagina exposed neona-
tally to DES or PPT.

Notch family genes are evolutionarily conserved and
participate in a variety of cellular processes. for example,
cell fate decision (including proliferation. differentiation and
apoptosis), cardiovascular development, endocrine develop-
ment and cancer [19, 20. 42, 51]. The anti-oncogenic effect
of Noichl in murine skin appears to be mediated by p21
induction and by repression of Wnt signaling [3]. In the pres-
ent study. the mRNA expressions of Notch receptors (Notch
1, Noich 2, Noich 3 and Notch 4) and Notch ligands (DI/
1, DIl 4, Jagged 1 and Jagged 2) were not changed in the
vagina exposed neonatally to DES and PPT, suggesting that

5
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Fig. 3. Expressions of the mRNAs of Notch-related genes

in vaginae of 15-week-old evaricctomized mice exposed
neonatally to 2.5 g DES (n=4), 25 ug PPT (n=4), 25
#g RPN (n=4) or oil vehicle alone (n=4) for the first §
days. (A) Notch receptor genes (Noich 1, Norch 2. Norch
3 and Noitch 4), (B) Notch ligand genes (DIi 1, DIl 4,
Jagged I and Jagged 2), and (C) HES/HEY family genes
known as Notch target genes (Hes 1, Hey I and Hey
7). The expression of each mRNA in the vagina of the
oil-treated confrol niice was regarded as the basal level
(1.0). #P<0.05 vs controls (Student’s #test or Welch's
t-test followed by F-test).

these signalings are not regulated by p21-dependent mecha-
nisms and not involved in the persistent vaginal changes
induced by neonatal DES or PPT exposure. Further studies
are needed to clarify this phenomenon.

On the other hand, the expressions of other Notch target
genes, i.e.. Hesl [43], Heyl |24} and Heyl, were permanently
downregulated in the vagina neonatally exposed to DES or
PPT. Hes/lley gene dosage is essential not only for genera-
tion of appropriate numbers of hair cells and supporting cells
by controlling cell proliferation but also for hearing ability
by regulating cell migration, cell alignment and polarity
[49]. Moreover, overexpression of HEY-1 inhibits migration
and proliferation, whereas, inhibition of HEY-1 expression
disrupts the processes of alignment and tube formation
and re-establishment of the mature vessel phenotype [14].
Irreversible epithelial proliferation in the vagina exposed
neonatally to DES might be affected by downregulation
of Hesl, Heyl and Heyl. Strom er ¢l [12, 44] have previ-
ously shown that the expression of HES-1 is downregulated
by 17B-estradiol (E,) and that forced expression of HES-1
inhibits an E,-mediated proliferation of breast cancer cells.
Moreover. Miiller er al. [31] have revealed a novel nega-
tive estrogen responsive element (ERE}) associating with the
HES-1 promoter. recruiting nuclear receptor co-regulators to
the ERE in response to E, and then docking in the HES-1
promoter region. In the present study, downregulation of Hes
family genes in the vagina exposed neonatally to DES or
PPT might be responsible, at least in part, for the irreversible
epithelial proliferation caused by permanent activation of
ERuw [29, 30].

In conclusion, we demonstrated that the expressions of
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both p2] mRNA and p21 protein are permanently upregu-
lated and the Hesl, Heyl and Heyl mRNAs are permanently
downregulated in the vagina exposed neonatally to DES.
Additional elucidation of the molecular mechanism of the ir-
reversible proliferation in vaginal epithelial cells is essential
in the near future.

ACKNOWLEDGMENTS. We thank Dr. Tapas Chakraborty,
Okazaki Institute for Integrative Bioscience, National Insti-
tute for Basic Biology, National Institutes of Natural Sci-
ences, for his critical reading of this manuscript. This work
was supported by Grants-in-Aid from the Ministry of Educa-
tion, Culture, Sports, Science and Technology {S.M., T.S,,
T.JI. Y.0.) and a grant from the Ministry of Health, Labour
and Welfare (T.1.), Japan.

REFERENCES

L.

1L

Brugarolas, J., Chadrasekaran, C., Gordon, .. Beach, ID., Jacks.
T. and Hannon, G. 1995, Radiation-induced cell cycle arrest
compromised by p2l deficiency. Nafure 377: 552-557. [Med-
tine] {CrossRefl

Deng, C., Zhang, P, Harper, J. W, Elledge, S. J. and Leder, P.
1995, Mice lacking p21CIPI/WAF1 undergo normal develop-
ment, but are defective in G checkpoint control. Cell 82
675-684. [Mediine] [CrossRef]

Devgan, V., Mammucari, C., Millar, 8. E., Brisken, C. and Dotto,
G. P 2005 P2IWAF1/Cipl is a negative transcriptional regula-
tor of Wnt4 expression downstream of Notchl activation. Genes
Dev. 191 1485~1495% [Medline] [CrossRef]

Dulic, V.. Kaufiman, W. K., Wilsen, 8. ], Tlsty, T. D, Lees, E,
Harper, J. W., Elledge. S. I. and Reed, S.1. 1994. p33-dependent
inhibition of cyclin-dependent kinase activities in human fibro-
blasts during radiation-induced G1 arrest. Cell 76: 1013-1023.
InMedline] [CrossRef}

Dunn, T. B. and Green, A. W. 1963, Cysts of the epididymis,
cancer of the cervix, granular cell myoblastoma, and other le-
sions after rogen injection in newborn mice. J. Nafl. Cancer Inst.
31: 425-455. [Medline)

el-Deiry, W, 8.9%, Tokino, T., Veleulescu, V., Levy, D., Parsons,
R., Trent, J., Lin, D., Mercer, W. £, Kinzler, K. and Vogelstein,
B. 1993. WAF1, a potential mediator of p533 tumor suppression.
Cell 75: 817-825. [Medhne] [CrossRet]

Forsberg, J. G. 1969. The development of atypical epithelium
in the mouse uterine cervix and vaginal formix after nconatal
oestradiol treatment. Br: J. Exp. Paihol. 50 187-195. [Mediine]
Forsberg, J. G. 1979. Developmental mechanism of estrogen-
induced irreversible changes in the mouse cervicovaginal epi-
thelium. Nail, Cancer Inst. Monogr. 81 41--56. [Medline]
Gartel, A. L. and Tyner, A, L. 1599, Transcriptional regulation
of the p2 I{WAF1/CIP1) gene. Exp. Cell Res. 246: 280-289.
[Medline] [CrossRef]

Harper. J. W., Adami, G., Wei. N., Keyomarsi, K. and Elledge. S.
1993, The p21 cdk-interacting protein Cipl is a potent inhibitor
of G cyclin-dependent kinases. Cell 75: 805--816. [Mediine]
{CrossRef]

Harper, J. W, Elledge. 8. J., Keyomarsi, K., Dynlacht. B.. Tsai,
L., Zhang, P., Dobtowolski, S., Bai, C., Connell-Crowley, L.,
Swindell, E., Fox, M. P and Wei, N. 1995. Inhibition of cyclin
dependent kinases by p21. Mo/, Biol. Cell 6: 387—400. [Medline}
Hartman, 1., Muller, P, Foster, J. S.. Wimalasena, J., Gustafs-

18.

9.

20.

™~
[

son, J. A. and Strom, A. 2004, FES-1 inhibits 17p-estradiol and
heregulin-pi-mediated upregulation of E2F-1. Oncogene 23:
8826-8833. [Medline] [CrossRef}

Hatch, E. E., Herbst, A. L., Hoover, R. N, Noller, K. L., Adani.
E., Kaufman, R. H., Palmer, J. R, Titus-Ernstoff, L., Hyer,
M., Hartge, P. and Robboy. S. J. 2001. Incidence of squamous
neoplasia of the cervix and vagina in women exposed prenatally
to diethylstilbestrol (United States). Cancer Causes Contiol 12:
837-845. [Medline] [CrossRef]

Henderson, A. M., Wang, S. I, Taylor, A. C., Aitkenhead. M.
and Hughes, C. C. 2001. The basic helix-loop-helix transeription
factor HESRY regulates endothelial cell tube formation. J. Biol.
Chem. 276: 6169-6176. [Medline] {CrossRef]

Herbst, A L. 2000. Behavior of estrogen-associated female
genital tract cancer and its relation to neoplasia following in-
trauterine exposure 1o diethylstilbestrot (DES). Gynecol. Oncol.
76 147-156. [Medline} {CrossRef]

Herbst, A. L., Ulfelder, H. and Poskanzer, D. C. 1971, Adenocar-
cinoma of the vagina, Association of materna! stilbestrol therapy
with tumor appearance in young women. N. Engl. J. Med. 284
878-881. [Medline] {CrossRet]

Teuchi, T. 1992. Cellular effects of early exposure to sex hor-
mones and antihormones. nt. Rev. Cytof. 139: 157, {Mediine}
{CrossRefl

lguchi, T, Takasugi, N., Bern, H. A. and Mills, K. T. 1986
Frequent occurrence of polyovular follicles in ovaries of mice
exposed neonatally to diethyistitbestrol. Teratology 341 29--35.
[Medline] [CrossRef]

Kopan, R. and Hagan, M. X. 2009. The canonical Notch sig-
naling pathway: unfolding the activation mechanism. Cell 137
216-233. [Medline] [CrossRef}

Lathia, 1. D, Mattson, M. P. and Cheng, A, 2008. Noteh: from
neural development to neurological disorders. J. Newrochem.
107: 1471-1481. {Medline] {CrossRef]

Lee. M. H., Reynisdottr, I and Massague, G. 1995, Cloning of
pS7KIPZ, a cyclin-dependent kinase inhibitor with unique do-
main structure and tissue distribution. Genes Dev. 9: 6396497
[Medline] {CrossRef]

Li, Y.. Dowbenko, D. and Lasky, L. A 2002. AKT/PKB phos-
phorylation of p21FPWAF! enhances protein stability of p21¢#/
WAT! and promotes cell survival. J. Biol Chem. 277: 11352
11361. [Mediinel [CrossRef]

Macleod, K. F.?°, Sherry, N., Hannon, G., Beach, D.. Tokino. T,
Kinzler, K., Vogelstein. B. and Jacks, T. 1995, p53-dependent
and -independent expression of p21 during cell growth, differ-
entiation, and DNA damage. Genes Dev. 9: 935-944. [Medline]
[CrossRef]

Maier, M. M. and Gessler, M. 2000. Comparative analysis of the
human and mouse Heyl promoter: Hey genes are new Noteh
target genes. Biochem. Biophys. Res. Commun. 2759 632-660.
[Medline} [CrossRef]

Marselos, M. and Tomatis, L. 1992, Diethyistiiboestrot:I, Phar-
macology, toxicology and carcinogenicity in humans, Fur J.
Cancer 284 1182-1189. [Medhine] [CrossRef]

Marselos, M. and Tomatis, L. 1992, DiethylstilboestrolIl,
Pharmacology, toxicology and carcinogenicity in experimental
animals. Ewr J. Cancer 29A: 149-155. {Medline]

MclLachlan, J. A, Newbeld, R. R, and Bullock, B. C 1980
Long-term effects on the female mouse genital wact associated
with prenatal exposure to diethylsulbestrol. Cancer Res. 48
3988-3999. {Medline]

Michieli, P, Chedid, M., Lin, I, Pierce, J.. Mercer, E. and
Givol, D. 1994, Induction of WAF1/CIPL by a p53-independent

- 294 -



29.

[¥5)
(5

36.

38.

41.

GENE EXPRESSION IN THE DES-EXPOSED VAGINA 7

Pathway. Cancer Res. 54: 33913305, [Medlne]

Miyagawa, S., Katsu, Y., Watanabe, H. and Iguchi, T. 2004
Estrogen-independent activation of ErbBs signaling and estro-
gen receptor ¢ in the mouse vaging exposed neonatally to dieth-
ylstilbestrol. Oncogene 23: 340-349. {Medline] [CrossRef]
Miyagawa, 8., Suzuki, A., Katsu, Y., Kobayashi, M., Goto, M.,
Handa, H., Watanabe. H. and lguchi, T. 2004. Persistent gene
expression in mouse vagina exposed neonatally to diethylstilbes-
trol. J. Mol. Endocrinol. 32: 663-677. [Medline] [CrossRef]

. Muller, P, Merrell, K. W, Crofts, J. D.. Ronniund, C., Lin, C.

Y., Gustafsson, J. A. and Strém, A. 2009. Estrogen-dependent
downregulation of hairy and enhancer of split homolog-1 gene
expression in breast cancer cells is mediated via a 37 distal ele-
ment. J. Endocrinol. 260: 311-319. [Medline] [CrossRef]
Nakamura, T., Katsu, Y., Watanabe, H. and Iguchi, T. 2008.
Estrogen receptor subtypes selectively mediate female mouse
reproductive abnormalities induced by neonatal exposure to
estrogenic chemicals. Zoxicology 253. 117-124. {Medline]
{CrossRef]

Nakamura, T., Mivagaws, 8., Katsu, Y., Watanabe, H., Mizutani.

T., Sato, T.. Ken-Ichirou Morohashi, K.1., Takeuchi, T, Iguchi, -

T. and Ohta, Y. 2012. WNT family genes and their modulation
in the ovary-independent and persistent vaginal epithelial cell
proliferation and keratinization induced by neonatal dicthyl-
stilbestrol exposure in mice. Toxicology 296: 13-19. [Medling}
[CrossRef]

Newbold, R. R. and McLachlan, J. A. 1982, Vaginal adenosis
and adenocarcinoma in mice exposed prenatally or neonatally to
diethylstilbestrol. Cancer Res. 42: 2003-2011. {Medline]
Newbold, R. R, Bullock, B. C. and MclLachlan, J. A. 1985, Pro-
gressive proliferative changes in the oviduct of mice following
developmental exposure (o diethylstilbestrol. Teratog. Carcinog.
Muiagen. 3: 473480, IMedline] [CrossRef]

Nicolas, M., Wolfer, A., Raj. K., Kummer, J. A Mill, P, van-
Neort, M., Hui, C. €., Clevers, I., Dotto, G. P. and Radtke, F.
2003. Notch functions as a tumor suppressor in mouse skin. Naz,
Genet. 33: 416421, [Medline] {CrossRef]

Niculescu, A. B.%, Chen, X, Smeets, M., Hengst, L.. Prives, C.
and Reed, S. [. 1998. Effects of p2 [(Cipl/Wafl) at both the G1/8
and the G2/M cell cycle transitions: pRb is a critical determinant
is blocking DNA replication and in preventing endoreduplica-
tion. Mol. Cell. Biol. 18: 629-643. [Mediine]

Noda. A., Ning. Y.. Venable, S. F., Pereira-Smith, O. M. and
Smith, J. R. 1994, Cloning of senescent cell-derived inhibitors of
DNA synthesis using an expression screen. £xp. Cefl Res. 211:
90-98. iMedline] [CrossRef]

Ogryzko, V. V., Wong, P. and Howard, B. H. 1997 WAF1 retards
S-phase progression primarily by inhibition of cyclin-dependent
kinases. Mof. Cell. Biol. 17: 4877-4882% [Medline}

Palmer, J. R., Harch, E. E. Rosenberg, C. L., Hartge, P,
Kaufman, R. H., Titus-Erastoff, L., Noller, K. L., Herbst, A. L,
Rao, R. S., Troist, R, Colton, T. and Hoover, R. N, 2002, Risk
of breast cancer in women exposed to diethylstilbestrol in wero:
preliminary results (United States). Cancer Causes Control 13:
753-758. [Medline] [CrossRef]

Polyak® K., Kato, J. Y., Solomon, M. I, Sherr. C. J., Massague,
J.. Roberts, J. M. and Koff, A. 1994, p27kip1, a eyclin-Cddk in-

45.

46.

47.

48.

49,

50.

Uy
i~

U
()

- 295 -

hibitor, links transforming growth factor-f and contact inhibition
to cell cycle arrest. Genes Dev. 8: 9-22. {Medline] [CrossRef]
Radtke, F., Fasnachi, N. and Macdonald. H. R. 2010. Notch
signaling in the immune system. Imnmmity 32: 14-27. [Mediine]
[CrossRef]

Sasai; Y., Kageyama, R., Tagawa, Y., Shigemoto, R. and Nakani-
shi, S. 1992, Two mammalian helix-loop-helix factors structur-
ally related to Drosophila hairy and Enhancer of split. Genes
Dev. 6: 26202634, {Medline] [CrossRef}

Strom, A., Arai, N, Leers, J. and Gustafsson, J. A, 2000, The
hairy and enhancer of split homologue-1 (HES-1) mediates the
proliferative eifect of 17f-estradiol on breast cancer cell lines.
Oncogene 19: 39515953, {Meadline} [CrossRef]

Suzuki: A, Sugihara, A, Uchida, K., Sato, T.. Ohta, Y. Kaisu,
Y., Watanabe, H. and Iguchi, T. 2002. Developmentat effects of
perinatal exposure to bisphenol-A and diethylstiibestrol on re-
productive organs in female mice. Reprod. Toxicol. 16: 107-116.
[Medline] {CrossRef]

Suzuki, A, Watanabe, 1., Mizutani, 1., Sato, T, Ohta, Y. and
Teuchi, T 2006. Global gene expression in mouse vaginae
exposed to diethylstilbestrol at different ages. Exp. Biol Med.
(Maywood)?* 231: 632-640. iMedline]

Takasugi, N. and Bern, H. A. 1964. Tissue changes in mice with
persistent vaginal comification induced by early postnatal treat-
ment with estrogen. J. Nail. Cancer Inst. 33: 855863, |Medline!
Takasugi, N., Bemn, H. A, and DeOme, K. B. 1962, Persistent
vaginal cornification in mice. Science 138 438-439. [Medlmel
[CrossRef)

Tateya, T., Imayoshi, 1., Tateya, 1, lto, J. and Kageyama, R.
2011, Coorperative functions of Hes/Hey genes in auditory hair
cell and supporting cell development. Dev Biol. 382: 329-340.
[Medline} {CrossRet]

Thelu, J., Rossio, P. and Favier, B. 2002. Noteh signaling is
linked to epidermal cell differentiation level in basal cell car-
cinoma, psoriasis and wound healing. BMC Dermaiol. 2. 7.
[Mediine} [CrossRef]

Tien, A. C.. Rajan, A. and Bellen, H. 1. 2009. A Notch update. /.
Cell Biol. 184: 621-629. [Medline] {CrossRef}

Toyoshima, H. and Hunter, T 1994 p27. a novel inhibition of
G1 eyclin/edk protein kinase activity, is relayted 1o p21. Cell 78:
67-74. [Medline] [CrossRef]

Watanabe, H., Suzuki, A, Mizutani, T.. Khono, S, Lubahn. D.
B., Handa, H. and fguchi. T. 2002, Genome-wide analysis of
changes in early genc expression induced by vestrogen. Genes
Cells 7 497-507. {Medline] {CrossRet}

‘Watanabe, H., Suzuki, A., Kobayash, M., Lubahn, D. B.. Handa,
H. and lguchi, T 2003. Similarities and differences in uterine
gene expression patterns caused by treatment with physiologi-
cal and non-physiological estrogens. J. Mol Endociinol. 31:
487-497. IMediine] [CrossRef

Watanabe, H., Suzuki, A., Goto, M., Lubahn, I. B., Handa,
H. and Iguchi, T. 2004. Tissue-specific estrogenic and non-
estrogenic effects of a xenoestrogen. nonviphenol. J. Mol Endo-
crinol. 33: 243-252. [Medhine] [CrossRefd

Xiong, Y., Hannon, G.. Zhang, H.. Casso, D., Kobavashi. R, and
Beach, D, 1993, p21 is a universal inhibitor of cyclin kinases.
Neture 366: 701-704. {Medline] [CrossRef]



p219 and Notch Signalings in the Persistently Altered Vagina Induced
by Neonatal Diethylstilbestrol Exposure in Mice

Comments

[Q1] P21 —p21

[Q2] Corrected. 1485 — 1495
[Q3] W.— W. S,

[Q4] 650-652 — 639649
[G5] K.—~K.F.

[Q6] 28 =275

[Q7] A.R.— A.B.

[Q8] 4822 — 4882

[Q9] Polyyak — Polyyak
[Q10] Exp. Biol. Med.--> Exp. Biol. Med. (Maywood)
[Q11] Watababe — Watanabe

- 296 —



in vivo 26: 899-906 (2012)

Sequential Changes in the Expression of Wnt- and
Notch-related Genes in the Vagina and Uterus
of Ovariectomized Mice after Estrogen Exposure

TAKESHI NAKAMURA 2, SHINICHI MIYAGAWAZ, YOSHINAO KATSU?3,
TOMOMI SATO*, TAISEN IGUCHI? and YASUHIKO OHTAS

"Department of Material and Biological Chemistry. Faculty of Science,
Yamagaia University, Kojirakawa-machi, Yamagara, Japan;
*Department of Basic Biology, Faculty of Life Science, The Graduate School for Advanced Studies (SOKENDAI),
and Ckazaki Institute for Integrative Bioscience, National Instituie for Basic Biology,
National Institutes of Narural Sciences, Myodaiji, Okazaki, Japan;
3Graduate School of Life Science and Department of Biological Sciences, Hokkaido University, Sapporo, Japan;
YInternational Graduate School of Arts and Sciences, Yokohama City University, Yokohama, Japan;
SDepartment of Veterinary Medicine, Faculty of Agriculture, Tottori University, Totrori, Japan

Abstract. Estrogen regulares morphological changes in
reproductive organs, such as the vagina and uterus, during
the estrous cycles in mice. Estrogen depletion by ovariectomy
in adults results in atrophy accompanied by apoptosis in
vaginal and uterine cells, while estrogen trearment following
ovariecromy elicits cell proliferation in both organs.
Sequential changes in mRNA expression of wingless-related
MMTV integration site (Wnt) and Notch signaling genes
were unalyzed in the vagina and uterus of ovariectomized
adult mice after a single injection of 17f-estradiol to provide
understanding over the molecular basis of differences in
response 1o estrogen in these organs. We found estrogen-
dependent up-regulation of Wntd, WniSa and p21 and down-
regulation of Wntll, hairylenhancer-of-split related with
YRPW morif-1 (Heyl} and delia-like 4 (DIl4) in the vagina,
and up-regulation of Wat4, Wnt5a, Heyl, Heyl, DI, p21 and
P33 and down-regulation of Wntll, Hey2 and DIi4 in the
uterus. The expression of Wntd, Heyl, Hey2, Heyl, DIl and
p53 showed different patterns after the estrogen injection.
Expression patterns for Wntsa, Watll, Dil4 and p21 in the
vagina and uterus were similar, suggesting that these genes
are involved in the proliferation of cells in both those organs
in mice.
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The rodent vaginal epithelinm exhibits cyclical changes in
response to cyclical ovarian secretions of sex hormones,
displaying an alternating pattern of keratinization and
mucification (1}. The mouse vagina is a good model to
study epithelial cell proliferation and keratinization. In
ovariectomiced mice, estrogens induce proliferation of the
vaginal epithelial cells together with superficial
keratinization. In response to estrogens, basal epithelial cells
proliferate rapidly, leading to the formation of a highly
stratified  epithelium  (2-4). Estrogens alter cellular
physiology by modulating the transcriptional activity of
specific nuclear estrogen receptors (ERs) (5), which are
believed to stimulate primary response genes. initiating a
cascade of transcriptional events. the products of which
participate in physiological responses known to be estrogen-
dependent events in the target organs in vivo (6). However,
the regulation of vaginal gene expression by estrogens and
the molecular mechanisms underlying estrogen-mediated cell
proliferation remain unclear.

Previously, we reported on expression patterns of mRNAs
in the persistently-altered vagina of neonatal mice exposed to
diethylstilbestrol (DES) using DNA microarrays and real-time
quantitative reverse transcription-polymerase chain reaction
(RT-PCR) (7-12). In the vagina exposed neonatally to DES,
we found that wingless-related MMTYV integration site-4
(Wnt4) was ap-regulated without estrogen stimulation and
was correlated to the keratinization of the vaginal epithelium
(11). Moreover, we identified up-regulation of p2/ (also
called Wafl, Cap20, Cipl and Sdil} and down-reguiation of
hairy and enhancer of split-1 (Hes/), hairy/enhancer-of-split
related with YRPW motif-1 (Heyl) and Heyl, which are targe
genes of Notch signaling pathway (12) in the neonatally
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DES-exposed miouse vagina. These genes likely lead to
persistent cell proliferation and differentiation in the murine
vagina due to nconatal DES cxposure.

The estrogen-responsive genes mentioned above in the
vagina, identified by gene profiling, provide an important
foundation for understanding the functional mechanisms of
estrogen regulating morphogenesis and maintenance of the
reproductive organs. However, no comprehensive studies have
been conducted on mRNA expression of these genes in the
vagina and wterus in mice after estrogen exposure. In the present
study, we analyzed sequential changes of these gene expressions
in the vagina, in comparison to the uterus, of ovariectomized
mice given a single injection of 17B-estradiol (E,).

Materials and Methods

Reagents. B, and sesame oil were obtained from Sigma Chemical
Co. (St. Lounis, MO, USA) and Kanto Chemical (Tokyo, Japan),
respectively.

Animals and trearments. C57TBL/6) mice purchased from CLEA
Japan (Tokyo, Japan) were maintained under 12 h light/12 h dark at
23-25°C and fed laboratory chow {CE-2; CLEAJapan) and tap water
ad libitum. All procedures and protocols were approved by the
Institutional Animal Care and Use Committee at the National
Institute for Basic Biology. National Institutes of Natural Sciences.
C57BL female mice, ovariectomized at 8 weeks of age, were given
a single abdominal injection of 50 ng E,/g body weight (bw)
dissolved in sesame oil at 10 weeks of age, and sacrificed at 3,6, 9,
12, 18, 24, 36 or 48 h after the injection, or just before injection (0}.
Vaginae and uteri of these mice were used for real-time quantitative
RT-PCR. Three mice were used for each time point.

In addition, C57BL mice ovariectomized at 8 weeks were given
a single abdominal injection of 50 ng Eo/g bw (n=3) or the oil
vehicle-alone (n=3) at 10 weeks of age. These mice were given a
single injection of 50 ug of bromodeoxyuridine (BrdU)/g bw 22
or 46 h after the E, injection, and were then sacrificed 2 h after
the BrdU injection. These mice were used for histology and
immunohistochemistry.

BrdU immunostaining. Tissues embedded in paraffin were sectioned
at 8 pum and stained with hematoxylin and cosin. In addition, de-
paraffinized sections were incubated in 0.3% H,0, in methanol for
30 misn, then immersed in 2 N HC! for 20 min in order to denature
the genomic DNA. After washing with phosphaie-buffered saline
(PBS) in 0.5% Tween, the sections were incubated with anti-BrdU
antibody (Boehringer Mannheim, Mannheim. Germany) diluted at
1:20 in PBS containing 1% bovine serum albumin (BSA)
(SigmaChemical, Co.) overnight at 4°C. The sections were
subsequently incubated with 3,3-diaminobenzidine tetrahydrochloride
containing hydrogen peroxide. BrdU-labeling index (percentage) was
estimated by counting the number of BrdU-incorporated cells per h
in the basal layer of vaginal epithelium as described previousty (7, 8).

Real-time quanritarive RT-PCR. Total RNA, isolated with RNeasy kit
{Qiagen, Chatsworth, CA, USA) from each group of vaginae, was
used for real-time quantitative RT-PCR reactions carried-out with
SuperScript [ reverse transcriptase (Invitrogen, Carlsbad, CA, USA).

900

Changes in gene expression were confirmed and quantified using
the ABI Prism 5700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) and SYBR Green Master Mix
(Applied Biosystems), according to the manufacturer’s instructions.
PCR conditions were as follows: 50°C for 2 min, 95°C for 10 min,
and 36 cycles of 95°C for 15 s and 60°C for | min in 15 ! volumes.
Relative RNA equivalents for each sample were obtained by
standardization of L8 ribosomal protein levels. Sequences of gene
primer sets are given in Table 1. Three pools of samples per group
were run in triplicate to determine sample reproducibility, and the
average relative RNA equivalents per sample were used for further
analysis. Error bars represent the standard error, with all values
represented as fold-change compared (o the control treatment group
normalized to an average of 1.0,

Immunohistochemistry. Tissues were fixed in 10% neutral-buffered
formalin, embedded in paraffin and sectioned at 4 pm. The sections
were de-paraffinized and incubated with 0.3% H,0, in methanol for
15 min to eliminate endogenous peroxidase. After washing with
PBS, the sections were stained with LSAB™ 2 kit, Universal (Dako,
Carpinteria, CA, USA), according to the manufacturer-supplied
protocol. Polyclonal antibody against Wnt4 was obtained from R&D
Systems. Inc. (Minneapolis, MN, USA). The tissue sections were
incubated at 1:200 dilution in PBS, containing 1% BSA overnight at
4°C. For negative controls, a normal goat immunoglobulin (1gG)
fraction {Dako) was used at the same dilution. Monoclonal antibody
against p21 was obtained from Santa Cruz. Inc. (Minneapolis. MN,
USA). The sections were incubated at 1:50 diluiion in PBS
containing 1% BSA, overnight at 4°C. For negative conivols, murine
TgG2b (Dako) was used at the same dilution,

Staristical analysis. Statistical analyses were performed using one-
way analysis of variance (ANOVA). Differences of p<0.03 were
considered significant.

Results

Morphological changes and differential expression of cell
cycle-related genes in vaginae of ovariectomized mice given a
single injection of E,. Histological changes in the vagina
following E, injection are shown in Figures 1A-C. The
epithelium exhibited proliferation at 24 h (Figure 1B). and
underwent stratification with superficial keratinization at 48 h
after the injection (Figure 1C). The basal cells of vaginal
epithelium at 24 h after the injection exhibited a high
proliferative  activity (10.2%), confirmed by BrdU
immunostaining (Figure 1D). At 48 h after the injection,
proliferative activity declined to 4.0% (Figure 1D).

Since cyclin A2 is expressed from S phase to M phase
during cell division, sequential changes in gene expression
levels of cyclin A2 in addition to keratin 1 were examined
after B, treatment. The gene expression of cyclin A2 was
increased 18-24 h after E, treatment (Figure 24). and that
of keratin | had a similar pattern to that of cyclin A2
(Figure 2B). Up-regulation of cyclin A2 and keratin | was
correlated with epithelial stratification and keratinization in
the vagina,
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Table 1. Sequences of gene primer sets for real-time quantitative RT-PCR.

Gene Primer (57-3%) Product size (bp) Gene accession no.

Cyelin A2 F: ACAGAGCTGGCCTGAGTCAT 119 NM_009828
R: TTGACTGTTGGGCCATGTTGT

Keratin 1 F: AAGAGGACCAACGCAGAGAA 87 NM_008473
R: TTGGCCTGAAGCTCAACTTT

Wnid F: CATCGAGGAGTGCCAATACCA 70 NM_009523
R: GACAGGGAGGGAGTCCAGTGT

WniSa F: GCOTGGCTATGACCAGTTTAAGA 75 NM_009524
R: TTGACATAGCAGCACCAGTGAA

Wnrl] F: ATGTGCGGACAACCTCAGCTA 100 NM_009519
R: CGCATCAGTTTATTGGCTTGG

DIy F: CTGGGTGTCGACTCCTTCAG 124 NM_007865
R: GGAGGGCTTCAATGATCAGA

Dii4 F: AGGTGCCACTTCGGTTACAC 72 NM_019454
R: TAGAGTCCCTGGGAGAGCAA

Heyl F: TTTTCCTTCAGCTCCTTCCA 92 NM_010423
R: ATCTCTGTCCCCCAAGGTCT

Hey2 F: CAGTCCTCAGCAGACAAGAC 73 NM_013904
R: GGTTGGGCATGTAAGTGTAGTTGT

Heyl F: GGTCGACTTCCACCCAGAGAG 99 NM_013903
R: GGGATTGGGACTATGCTCCT

pl F: GTACTTCCTCTGCCCTGCTG 70 NM_00T111099
R: AGAGTGCAAGACAGCGACAA

P33 F: AAAGGATGCCCATGCTACAG 92 NM_011640

R: TATGGCGGGAAGTAGACTGG

F, Forward; R, reverse; Wnt, wingless-retated MMTV integration site; DIl delta-like: Hey, hairy/enhancer-of-split related with YRPW motif.

Localization of Wnt4 and p21 proteins in the mouse vagina.
The localization of Wnt4 and p21 protein in the proliferating
epithelial cells of vaginae was cxamined by fmmuno-
histochemistry (IHC). Wntd staining was observed in the basal
and middle layers of vaginal epithelium 24 h after the E,
injection (Figore 3A). p21 was localized in the basal layer of
vaginal epithelium in E,-treated mice (Figure 3C). No response
was visible in the vaginal epithelium stained with normal goat
immunoglobulin (IgG) as a negative control (Figure 3B and D).
Hence, th Watd and p2l proteins were evident in the
proliferating vaginal epithelial cells.

Differential expression of Wrr genes and Notch signal pathway-
relared genes in the vagina and wterus of ovariectomized mice
given « single injection of E,. On the basis of the
morphological findings in the vagina of ovariectomized mice
given E,, we compared the expression patterns of Wnt genes
and Notch signal pathway-related genes in the vagina and
uterus after treatment with E,. In the vagina, expression of
Whnrd was increased at 18 and 24 h after the E, injection, while
in the uterus, the expression was transiently increased only at 3
I (Figure 4A). Expression of WnrSa was increased at 12 and
24 h after E, injection in the vagina and at 18, 24 and 36 h in
the uterus, respectively (Figure 4B). Expression of Wnr/] was

decreased at 6-36 h after E, administration in the vagina and
at 9-24 h in the uterus, respectively (Figure 4C). The
expression of Wnrd was different between the vagina and
uterus, while the pattern for Wnrda and Wntl/ revealed a
similar trend in both organs.

The expression of Heyl was decreased at 3-24 h after the
E, injection in the vagina. On the other hand, the expression
increased transiently 3 h in the uterus (Figure 4D).
Expression of Hey2 was decreased at 12, 24 and 36 h in the
uterus, while in the vagina, the expression was decreased at
6, 36 and 48 h (Figure 4E). Expression of Heyl was
increased 6-12 h after the administration only in the uterus
(Figure 4E and F). However, the expression showed no
change in the vagina after E, injection (Figure 4F). The
expression of DIl was increased in the uterus 6 h after
administration, while the expression remained unchanged in
the vagina (Figure 4G). The expression of D4 was
decreased in the vagina at 3. 9, 18-48 h after B,
administration and in the uterus at 3-24 h (Figure 4H).

The expression of p2/ and p53 was increased at 6-12 h
after E, administration in the uterus (Figure 41 and ). In
the vagina. however, E, injection only increased p2/
expression at 12 h, with no effect on the expression of p33
(Figure 41 and I).
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Figure |, Histology of vagina of a 10-week-old mouse, ovariectomized ar § weeks of age, and killed just before (A) or 24 it (B) and 48 h (C) after
@ single abdominal injection of 50 ng 17f-estradiol (Fy)/g bw dissolved in sesame 0il ar 10 weeks of the injection. Bar=30 ym. Incidence (%) of
BrdU-incorporated basal cells in the vaginal epithelinm of mice sacvificed before injection, and 24 and 48 h after a single Ey injection (D). Dara
are the meanszstandard ervor (n=3). ***p<0.001 vs. controls (one-way ANOVA).

Discussion
BEstrogens induce epithelial cell proliferation and

differentiation, whereas estrogen depletion results in atrophy
accompanied by apoptosis in adult female mouse reproductive
organs, such as the vagina and uterus (2-4). In order to
understand the underlying mechanisms of estrogen functions
in reproductive organs in mice, we have analyzed estrogen-
responsive genes in reproductive organs, and found that
expression patterns of genes are different between the vagina
and uterus (9, 13, 14). Previously, we reported on the
expression of Wat- and Notch-related genes in the vagina and
uterus exposed-neonatally to DES (9-12), and the localization
of Wnt4 or p21 proteins and quantitation of BrdU-positive
cells after E, administration in the ovariectomized mouse
uterus (15, 16). Regarding the vagina, however. detailed
information has not been reported. Therefore, we investigated
gene expression of Wnt- and Notch-related genes in the
vagina and uterus after a single injection of E, in mice.

902

Sassoon’s group (13, 17. 18) reported that Wnrd, War7a,
and WntSa are required for Millerian duct formation,
subsequent differentiation, and posterior growth, respectively,
and the expression of these genes in the uterus changes
during the estrous cycle (17). These findings suggest
important roles of Wnt family genes in various reproductive
physiologies. In the present study. Wni4, but not Wntla and
Watl]. showed different expression pattern in the vagina and
uterus.

Cyclin A2 is expressed from S phase to M phase, so the
cell cycle phase after E, treatment can be determined by
analyzing changes in cyclin expression (19). In the present
study, expression of cyclin A2 and keratin | was increased 24
h after a single injection of E, in the vagina, similarly to the
BrdU iabeling index and the expression of Wnrd. These
results suggest that Wntd might act on epithelial stratification
and keratinization in the vagina. In the uterus, Wnt4
transiently increased 3 h after B, treatment: Wnz4 is expressed
in the uterine epithelium at pro-estrus at the time of highest
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Figure 2. Fold expression of cyclin A2 (A} and keratin 1 (B} afrer a single injecrion of 50 ng 17F-estradiol (Esiig bw. Expression of these
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Figure 3. Immunohisiochemistry by wingless-related MMTV integration site-4 (Wnid) {A) and p21 (C). Veginae J8-week-old. ovarieciomized mice
were killed 24 h after a single injection of 175-estradiol (E5). For negaiive controls, sections were incubated with pre-imymune serwn instead of
primary antibody (B, D). Bar=30 pn. The boundary benveen the epithelium and the swoma is indicated by a dotred line.

estrogen levels (17, 20), suggesting that estrogen regulates
Wnt4 expression in the uterus. On the other hand, Wnt5a and
Wnt!l had similar expression patterns in the vagina and
uterus. WrsSa expression has been reported to change in both
organs during the estrous cycle (17), and it is expressed at
higher levels at pro-estrus in the vaginal epithelium and

stroma (17), suggesting involvement in cell proliferation and
keratinization in the vagina. We confirmed the similarity of
the expression patterns among WntSa. cyclin A2 and keratin
1 in the vagina in the present study. In the uterus. WnsSa has
been detected in both the epithclium and the stroma at estrus,
but only in the uterine stroma at pro-estrous (17). Zhu er al.
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(21) reported that the expression of Wnr/] is inhibited by
androgens. The present data indicate that Wazl/ is down-
regulated in both organs by E, treatment, showing negative
correlation with cell proliferation in both organs, as in the
vagina of neonatally DES-exposed mice (11).

Previously, we reported that Hey/ and Hey/, Notch target
genes, are persistently down-regulated in the vagina
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Figure 4. Continued

exhibiting estrogen-independent epithelial cell proliferation
in the neonatally DES-exposed mice (12). In this study,
Hevl, Hey2 and Heyl had differential expression patterns
between vagina and uterus in response to E, stimulation.
Heyl was down-regulated at 3-24 h after E, treatment in the
vagina. suggesting the opposite behavior in proliferation of
vaginal cells to that of uterine cells. Hey! and Hevl may have
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