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genes. A Western blot analysis showed that the specific siRNA
reduced the level of VCP protein by >90% at 2—4 days after
the siRNA transfection, whereas it had little effect on the
protein level of actin (Fig. 4).

After the induction of the cells with TNFa, the expression of
the NF«B target genes TNFa, IkBa, and A20 was examined
by guantitative PCR. When the VCP expression was knocked
down by the VCP-gpecific siRNA, the induction of TNFa gene
expression was significantly attenusted (Fig. 4B), comparable
to the result of the vesnarinone treatment (Fig. 1). In addition
to the attenuation of TNFe, the induced expression of the
other NFxB target genes IxBa and A20 mRNA was also
attenuated (Fig. 4, C and D). These results suggest that both
vesnarinone and VCP knockdown attenuate the expression of
NF«B target genes in TNFa-stimulated cells by affecting
NF«B activity. ;

This result, combined with the finding that phosphoryiabed
IxBa ig not degraded in the presence of vesnarinone (Fig. 1D),
prompted us to examine the effect of the proteasome inhibitor
MG132, which is known to inhibit the activation of NF«B
(Hellerbrand et al., 1998). When the cells were treated with
MG132, the activation levels of TNFa, I«Be, and A20 mRNA
induced by TNFa were attenuated (Fig. 4) to the same level
produced by the treatment with VCP siRNA. These results
‘showed that the common effect of vesnarinone treatment and VCP
knockdown are consistent with MG132 treatment, suggesting that
vesnarinone inhibits the function of VCP, which is involved in
arelated proteasome degradation process,

Vesnarinone Treatment Enhances Ubiguitinated IxBa
Accumulation. Due to the result that vesnarinone attenuates
TNF« expression, we hypothesized that ubiquitinated-IxBo wasg

Ves binding
His-FLAG =~ +++
His-FLAG ~ ++
@ His-FLAG -

+

Fig. 8. Vesnarinone binds to the D1 domain of
VCP. (A) Schematic structure of wild-type VCP
and its derivatives used for the mutational study

VCP has an N-terminal polyubiquitin recogni-
tion domain, the D1-domain and the D2-domain.

The results of the vesnarinone-binding. assays
are summarized to the right of the structure. (B)
His«FIAG»tagged‘ VCP deletion mutants were
expressed in 293T cells and purified by using
vesnarinone-immobilized beads. The input (left)
and eluted (right) proteins were immunoblotted
using an anti-FLAG antibody.

+bd

not. degraded but rather accumulated in the presence of
vesnarinone or VCP knockdown. Thus, we examined the effect
of vesnarinone on the accumulation of ubiquitinated IxB protein
by performing a transient transfection of a FLAG-IxBa ex-
pression vector in 293T cells. The cells were incubated with
various concentrations of vesnarinone, followed by FLAG-
immunoprecipitation in a highly stringent buffer to purify and
concentrate the ubiquitinated IxBe, which was detected by

‘immunoblotting using antinbiquitin or anti-IxBa antibodies.

Predictably, the high molecular weight ubiquitinated pro-
tein detected using the antiubiquitin antibodies and the high
molecular weight I«Ba detected using the anti-I«Ba anti-
bodies were both enhanced in a dose-dependent manner by the
treatment with vesnarinone (Fig. 5A, lanes 3-6). In addition,
these signals produced similar pattern to the MG132 treat-
ment (Fig. 5A, lane 7). Thus, we concluded that ubiquitinated
1«Be accumulated after the vesnarinone treatment.

As the knockdown of VCP showed similar effects to vesnarinone,
we examined whether the knockdown of VCP can also cause
the accumulation of polyubiquitinated I«Ba. As determined
by Western blotting, the knockdown of VCP induced the
accumulation of ubiquitinated IxBa (Fig. 5B). These results
suggest that VCP is significant for the degradation of IxBe and

‘the activation of NFxB.

Vesnarinone Prevents the Interaction between VCP
and the 268 Proteasome. Because VCP is known to bind to
ubiquitinated proteins such as IxBa, cyclin E, and hypoxia-
inducible factor (HIF)1« (Dai et al., 1998; Yen et al., 2000; Dai
and Li, 2001; Asai et al,, 2002; Alexandru et al., 2008; Cayli
et al, 2009; ) and contributes to their degradation, we
examined whether vesnarinone inhibits the interaction of
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Fig. 4. VCP knockdown suppresses the TNFa-induced expression of NF«B target genes. (A) Knockdown of VCP expression by siRNA. The 293T cells
transfected with the VCP- or GFP-specific siRNA were incubated for different time periods (0, 20, 25, 30, 60, 90, 120, 180 minutes from left) with 10 ng/ml
TNFa, and the cell lysates were subjected to Western blot analysis using anti-VCP and anti-actin annbodxea {upper panel). Lower panels show each band
intensity of VCP or actin. (B-D) The 2937 cells were transfected with VCP-specific siRNA or mock-transfected; 72 hours later, the cells were treated with
or without TNFe for 30 minutes. The total RNA was prepared and analyzed by reverse transcription Q-PCR. asmg ‘primers specific for the indicated
mRNAs The data represent the average = S.D. of three independent experiments (*P < 0.05; **P < 0.01).

VCP with ubiquitinated IxBa or the 26S proteasome. An
expression vector encoding VCP-His-FLAG was transfected
into 293T cei!s, and a coimmunoprecipitation assay was
performed using an antx-FLAG antibody in the presence of
MG132. As shown in Fig. 64, in the presence of MG132,
208 C2, which is a component. of the 268 proteasome, was
communoprempitated with VCP-His-FLAG (Fig. 6A, lane 4),
whereas 208 C2 was not precapxtated without MG132 (Fig.
6A, lane 3). Interestingly, the quantlty of the mprempxtated
208 C2 was reduced by increasing the amount of vesnarinone,
These results suggesteé that vesnarinone inhibits the in-
teraction between FLAG»tagged VCP and proteasomal 208
C2 (Fig. 6A, lanes 5-7).

When FMG«IxBa-expressmg cells were used far the
coimmunoprecipitation assay, both VCP and 208 C2 were
coprecipitated. In the presence of vesnarinone, the quantity of
208 C2 was reduced in a dose-dependent manner, whereas
the quantity of VCP was unchanged. As the total amount of
ubiquitinated I«B in the assay was almost the same, it can be
concluded that vesnarinone inhibited the interaction between
VCP and the 268 proteasome but not the interaction between
VCP and ubiquitinated I«B.

Although we had tried to analyze the interaction between
VCP and endogenaus 208 C2 by coimmunoprecipitation
using anti-20S C2 antibody, we failed to detect VCP or I«B
with 208 C2, prohably because endogenous proteosomal pro-
teins expression was so abundant, and content of the VCP-
interacted 208 C2 was quite limited in ‘mammalian cells.

While coimmunoprecipitation assay is limited to show the
interaction between VCP and ubiquitinated IxB, these results
suggested that ubxqmtmated IxB could interact with 208 C2
by mediating with VCP and that vesnarinone blocks proteasomal
degradation of the ubiquitinated IxB by inhibiting the interaction
between VCP and 208 C2.

Discussion

In this study, we showed that one of the molecular targets of
vesnarinone is VCP (valasm»contammg protein, also known
as p97 and cdcd8 in yeast), a member of the AAA ATPase
family (Dai and Li, 2001). VCP is known to bind ubiquitinated
proteing; such as IxBa, cyclin E, and hypoxia-inducible fac-
tor (HIF)le and to contribute to the ubiquitin-dependent
proteasome-mediated degradation of proteins (Dai et al,
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1998; Yen et al., 2000; Dai and Li, 2001; Asai et al, 2002;
Alexandru et al., 2008; Cayli et al., 2009). Vesnarinone in-
duced the accumulation of ubiguitinated IxBa by inhibiting
the interaction between VCP and the 26S proteasome, which
was essential for the degradation of IxBa and the activation of
NF«B, implying that vesnarinone inhibited the function of VCP.

It has been reported that ubiquitinated IxBo remained
bound to the p65-containing complexes in cells treated with
a proteasome inhibitor, which also supports our results and
others (Didonato et al., 1996; Roff et al., 1996). These results
suggested that vesnarinone is an NF«B pathway inhibitor
and that vesnarinone suppresses the activation of NF«B and
the expression of TNFa mRNA by inhibiting the interaction of
VCP with the 26S proteasome. As NF«B is an essential
transcription factor for TNFa acizvaﬁmn, it is reasonable that
the failure of NF«B activation by vesnarinone directly affects
TNFa activation. This new findirig can explain our previous
data and other results (Manna and Aggarwal 2000) that
showed that vesnarinone inhibits the TNF« activation in
HL60 and other cell lines. Although it was shown that
vesnarinone inhibited the TNFa expression by inhibiting
NFxB activation in a previous study (Manna and Aggarwal
2000), we could explain this inhibition based on molecular
mechanisms, showing that vesnarinone inhibits the I«B
degradation mediated by VCP, which is a novel molecular
target of vesnarinone. One of the important differences between
the present and previous study is the IxB phosphorylation

L 2
LRI A 3

Fig. B, Vesnarinone and VCP knockdown
enhance IxBa protein accumulation. (a)
Accumulation of polyubiquitinated IxB in
vesnarinone-treated cells. Empty vectors
(mock) or peDNA3.1-FLAG-IxBa were trans-
fected into 2937 cells. The cells were then
incubated with different concentrations
(0-300 uM) of vesnarinone at 48 hours after
the transfection, and the cells were treated
with or without 10 ng/ml TNFo for 30
minutes at 60 hours after the transfection.
The cell lysates were subjected to immuno-
precipitation using an anti-FLAG antibody.
The lysates (input) and immunoprecipitates
were immunoblotted. (B) Accumulation of
polyubiquitinated IxB in VCP knockdown
cells. The cells were transfected with VCP-
specific siRNA; 24 hours later, the cells were
transfected with pcDNA3.1-FLAG-IxBa. After
72 hours, the cells were exposed to 10 ng/ml
TNFa for 30 minutes. The cell Iysates were
subjected immunoprecipitation using an anti-
FLAG antibody. The lysates (input) and immu-
noprecipitates were immi

status following vesnarinone treatment. While the previous
study showed inhibition of IkB phospry’iauon by vesnarinone,
we could observe IxB phosphorylation even after vesnarinone
treatment. The difference may result from the difference in the
cell lines, but our finding revealed another mechanism of NF«B
regulation by vesnarinone.

Vesnarinone is an inotropic agent for the treatment of
congestive heart failure with several known modes of action.
For example, vesnarinone is known to augment sodium-
calcium exchange (Yatani et al., 1989), resulting in enhanced
myocardial contractility; to mhbxt phosphodiesterase 111
(PDES3), resulting in an increase of the cyclic AMP concentra-
tion; to increase intracellular calciiim ions; to alter sodium

‘and potassium channels; and to activate the phosphorylation

of cell adhesion-related molecules. Our results presented here
add a new role for vesnarinone to the above list of effects,

Our study also provides new insight into the regulannn of
NF«B activity. As NF«B is an important transcription factor
in immune responses, inflammation, cell proliferation, and
other important biologic processes, it has been considered an
important target for drug development. Many small mole-
cules have been reported to be inhibitors of NF«B through
their effects on the NF«B activation process.

One group of small molecule inhibitors targets the activity
of NF«B, For example, gallic acid is reported to interfere with
the binding activity of p65 (Choi et al., 2009). Proteasome
inhibitors, such as PS-341 and PS-519, are known to inhibit
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Fig. 6. Vesnarinone inhibits the interaction between VCP and the
proteasome. (A) Empty vector or pHyg-EF2-VCP-His-FLAG was trans-

fected into 293T cells; 48 hours later, the cells were treated with different
concentrations (0~300 uM) of vesnarinone. Twelve hours later, the cells
were treated with 5 pM MG132 for 60 minutes, followed by stimulation
with 10 ng/ml TNFe for 20 minutes. The cell lysates were subjected to
xmmunopmmtanon using an antx»FLAG antibody. The lysates (input)
and coimmunoprecipitates (IP:FLAG) were 3mmunobiotted using either
anti-FLAG or. anti-20S C2. (B) Either an empty vector or pcDNA3.1-
FLAG-IxBa was transfected inte 2937 cells; 48 hours later, the cells were
treated with different concentrations (0-300 uM) of vesnarinone. Twelve
hours later, the cells were treated with or without 10 nginﬂ TNF« for 30
minutes. The cell lysates were subjected to immunoprecipitation using an
anti-FLAG antibody. The lysates (input) and coimmunoprecipitates (IF:

. FLAG) were immunablotted. Oo-lmmunaprempttates were detected using
anti-VCP, anti-FLAG, anti-20S €2, or antiubiquitin antibody.

protease activity directly (Sunwoo et al., 2001). In addition to
the direct inhibition of the proteasome, the protein degrada-
tion pathway prior to proteasome entry is also a target of
many compounds. For example, benzoquinones and herbxmymn
are known inhibitors of kB kinase activity (Ogino et al., 2004)
and sésquiterpene lactones are also hypothesized to mterfere
with the I«¥B kinase. Because vesnarinone is supposed to
inhibit the interaction between VCP and a pmteasnme com-
ponent, it can be placed in a new category, and at present no
chemicals are known have the same activity. Thus, our study
raises the possibility of regulating the NF«B activity by a new
target molecule and VCP can be considered a novel target of
antiinflammatory and immune drugs.

Vesnarinone Inhibits Valosin-Containing Protein 937

Recently, multiple functions of VCP have heen identified
(Meyer et al,, 2012), including autophagy (Ju et al., 2009),
endalysosomal sorting and regulation of proteins (R‘ttz etal,
2011), mitochondrial membrane protein turnover {Braun
et al,, 2006), and genome stability (Meerang et al,, 2011).
Ah:haugh we only suggested the inhibition of the mteracmn
between VCP and the 26S proteasome by vesnarinone in
terms of NF«B inactivation, vesnarinone might affect many
other biologic processes within other cellular contexts. Indeed,
the examination of the function of vesnarinone via VCP
within the context of different cells is an mtngmng avenue of
study. For example, as a. previous study suggests that VCPis
required for the degradation of cyclin E, a cell cycle regulator
(Dai and Li, 2001), vesnarinone may influence the pro-
liferation of cancer cells by regulating the degradation of
cyclm E. In fact, vesnarinone inhibits the growth of several
cancer cell lines (Honma et al,, 1999; - Yokozaki et al., 1999),
raising the posslbﬂaty that vesnarinone might have anntumor
activity by affecting the function of VCP and the degradation
of cyclin E. As VCP is known to have multiple functions, the
refined regulation of VCP may be useful in the development of
drugs that will be used for aspects other than NF«xB-related
processes. ‘

In this study, we used a high-performance affinity chroma-
tography protocol developed in our laboratory (Shimizu et al.,
2000) and identified VCP as a vesnarinone-binding protein.
We have previously shown that several drug targets, in-
cluding thalidomide, can be identified efficiently (Ito et al.,
2010) by using this technique. The identification of VCP as
a molecular target of vesnarinone might have been difficult
without this technique.
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Neonatally d:eﬂ}yistt}bestroi {DES) treatment causes hypertmyhy»hyperp!asxa inthe interstitial tissue of
mouse ovaries. To understand the induction mechanism of the hypertrophy, mRNA expression involved
in steroidogenesis in the ovary of neonatally DES-treated mice was exammed. The expression of StAR
and Cyp11al was significantly reduced while Cyp19 and Sf-1 were stimulated in the ovary of neonatally
DES-treated 3-month-old mice. Expression of those genes was not different between DES- and oil-treated
mice after the gonadotropins treatment. Lhb in the pituitary of 3-month-old neonatally DES-treated mice
was sxgmﬁcantly decreased. Finally, ovaries from DES-treated mice transplanted to neonatally oil-treated
hosts had developmg follictes at several stages and corpora lutea, whereas grafted ovaries from neona-
tally oil-treated mice in 3-month-old neonatally DES-treated. hosts showed hpxé accumulation in the
interstitial tissue. Thus, hypertrophy and accumulation of lipid droplets in interstitial cells of neonatally
DES-treated mice is caused by impaired stercidogenesis due tothe a]teramms of gonadotropins levels,

‘©2011 Elsevier Inc. All rights reserved.

1. Introduction

Diethylstilbestrol (DES); a synthetic estrogen, had been pre-
scribed for prevantmg abortion, however, women who were
exposed to DES in utero developed vaginal clear-cell adenocar-
cinoma [1]. In mice, perinatal exposure to natural or synthetic
estrogens, including DES, results ‘in reproductive abnormalities
such as absence of corpora futea L), hypertmphy—hyperpiama of
interstitial tissues, induction of polyovular follicles in the ovary and
persistent vaginal cornification [2-6].

Hypertrophy-hyperplasia of interstitial tissues is already found

in the ovary of 3-manthaold prenatally DES-exposed mice, and

a dramauc increase in lipid droplets in the interstitial tissue as
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determined by Oil Red O stain [3]. In a study of estrogen recep-
tor o knockout («ERKO) mice, it was shown that the induction
of hypertmphy—hyperplasxa of mtersntla! tissues was mediated
by ERa [7]. The absence of CL.in the ovary of neonatally DES-
treated mice is caused by lack of a luteinizing hormone (LH) surge
{8—-10} In addition, plasma fevels of testosterone (T) in neona-
tally DES-treated mice are lower than those in the controls, and
ovariectomy. adrenalectomy or-a combination of both surgeries
shows no effect [11]. These results mggest that alterations in the
hypothaiamxc-pltmtary-gonadal (HPG) axis may affect steroido-
genesis in the interstitial and theca cells of neonatally DES-treated
mouse ovaries.

Several studies have shown that é;smpt:on of genes involved
in steroidogenesis results in alterations of steroid levels and pro-
gressive increases in lipid deposits with age [1 2-14]. In theca and
interstitial cells, cholesterol obtained from plasma lipoproteins is
transferred by steroidogenic acute regulanng (StAR) protein from
the outer mitochondrial membrane to the inner membrane where
cytochrome P450 side-chain cleavmg enzyme {CY P11A1)islocated
[15, 16} CYP11A1 converts cholesterol to pragnenotoue 15,16}
Ovaries from 8-week-old Star knockout (KO) mice retain afew scat-
tered follicles and are largely composed of vacuolated stromal cells
that stain with Oil Red O[12,13].In addition, ovaries of Cyp11a1 KO
mice treated with daily injections of corticosteroids are similar to
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those of wild-type (WT) mice during the neonatal period, however,
lipid accumulation is increased in interstitial cells around follicles at
13 days of age [ 14]. These results suggest that the failure of steroido-
genesis leads to lipid accumulation in interstitial cells with age.
Pregnenolone is converted to progesterone by 3B-hydroxysteroid
dehydrogenase (33-HSD) and/or dehydroepiandrosterone by C17-
hydroxylase (CYP17A1) and then converted to androstendione by
CYP17A1 andfor 33-HSD, respectively [15,16]. Androstenedione
synthesized in theca cells diffuses to granulosa cells and it is con-
verted to T by 173-hydroxysteroid dehydrogenase (173-HSD) or
‘estrone by aromatase (CYP19) and then 178-estradiol (E2) by 178-
HSD[15,16]. Steroidogenesis is tightly regulated by the HPG axis. In
thecaand interstitial cells, androstenedione is produced fcrsuppiy-
ing androgen for granulosa cells to synthesize E2 in response to LH.
Follicle stimulating hormone (FSH) is required for preantral to later-
stage follicle development [17], FSH also regulates the expression
of CYP19 [18,19] in developing follicles where FSH receptors are
located. The LH surge down-regulates this FSH-induced increase
in Cyp19 expression [20] and triggers ovulatory changes in the pre-
ovulatory follicle, including luteinization of the granulosa and theca
cells and production of progesterone following the expression of
Star and Cyp11al [21,22].

The orphan nuclear receptors SF-1 and LRH-1 regulate crit-
ical genes in the reproductive axis and steroidogenesis [23,24].
In the ovary, SF-1 is localized in theca, interstitial and granulosa
cells [23,25,26] and activates promoters of Star, Cyp11al, Cypiibl
and Cyp21 {27,28), through the consensus T/CAAGGTCA sequence.
LH reduces SF-1 expression in preovulatory granulosa cells {29].
Granulosa-specific KO mice of $f-1 are infertile and show hemor-
rhagic cysts (HC) and the absence of CL in the ovary [30] similar to
the phenotype of «ERKO or Cyp19 KO mice, suggesting that Sf~1KO
mice have the defect in the synthesis of estrogen in the ovary. LRH-
1is mainly localized in granulosa cells and CLs, and regulates Cyp19
{23]. Mice lacking Lrh-1 in granulosa cells are sterile due to anovu-
lation [31]. Lack of Lrh-1 also results in an increase of intrafollicular
E2 levels with elevated Cyp18, and decreases of Star and Cyp1lal
in granulosa cells. These results suggest that SF-1 and LRH-1 have
critical roles in the ovary. Since both SF-1 and LRH-1 are expressed
in granulosa cells and have similar actions {24,32], distinct differ-
ences between the actions of SF-1 and LRH-1 within the ovary are
still unclear {33],

In the present study, we aimed to identify the timing of lipid
'droplets accurnulation in interstitial cells and examined the mRNA
expression involved in steroidogenesis in the ovary of neonatally
DES-treated mice. We hypothesized that the altered HPG axis
caused the lipid accumaulation in the ovary of neonatally DES-
treated mice. Therefore, ovaries from neonatally DES-treated mice
were grafted under the renal capsule of ovariectomized neonatally
oil-treated mice and vice versa was also examined. In addition, the
serum levels of E2 in neonatally oil- and DES-treated mice were
measured to assess steroidogenesis in the ovary and the expres-
sion of gonadotropin-related genes in. the anterior pituitary was
examined.

2. Materials and methods
2.1. Animals and treatments

C57BL{6] mice (CLEA Japan, Tokyo, Japan) were maintained ona 12-h light/12-h
dark cycle (lights off at 2000 h) with controlled temperature (25°C) and mice were
given a commercial diet (MF, Oriental Yeast Co., Tokye, Japan) and fresh tap waterad
fibitum. All animals were maintained in accordance with the NiH guide for the care
and use of laboratary animals. All experiments were approved by the institutional
animal care committee of the Yokohama City University. Female pups were given
daily subcutaneous (s.c.) injections of 3 g DES (Sigma Chemical Co., St. Luis, MO)
dissalved in 0.02 ml sesamne oil or the vehicle alone for 5 days starting on the day
of birth, Female mice were killed by cervical dislocation and weighed at 1, 1.5, 2 or
3 mionths of age. Ovaries were weighed, fixed for histological analysis or frozen for
quantitative real-time RT-PCR analysis.
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Three-month-old (57 BL/6] mice treated neonatally with oil or DES were admin-
istered with 5 U of PMSG intraperitoneally (i.p.) followed by 51U hCG 48 h later.
Ovaries were dissected 8 h after the hCG injection and frozen for quantitative real-
time RT-PCR.

«ERKO mice were obtained by mating mice of a mixed C57BL6[1295v back-
ground that were heterozygous for Era dasmptmn as described previously [34].

- Female pups of wild-type (WT) and «ERKO mice were given daily s.¢. injections

of 3 g DES dissolved in sesame oil or vehicle alone for 5 days starting on the day
of birth, Female mice were killed by cervical dislocation at 4 or 8 months of age.
Ovaries were weighed and fixed for histological analysis.

2.2. Hisrological analysis

Left ovaries were fixed in Bouin's solution overnight, dehydrated through a
graded series of ethanol, embedded in paraffin and serially sectioned at 8 um. Sec-
tions were deparaffinized, hydrated through a graded series of ethanol and stained
with hematoxylin and eosin (HE). Right ovaries were fixed in 10% formalin neu-
tral buffer solution (Wako Pure Chemical Industries, Osaka, Japan) overnight, then
immersed in 8% sucrose in phosphate buffered saline {PBS, pH 7.4). Frozen séctions
(6 wm thickness) were washed in purified water, rinsed with 60% isopmpy! alco-
hal (Wako), stained with a freshly prepared Oil Red O (MERCK KGaA, Darmstadt,
Germany) working solution at 37 °C for 15 min. Sections were rinsed with 60% iso-
propyf alcohol, washed in purified water and counterstained with hematoxylin, Four
to 8 mice were examined in each group for histological analysis.

2.3. Immunphistochemistry

Left ovaries from oil- or DES-exposed mice were fixed in 4% paraformaldehyde
(MERCK KGaA) in PBS at 4 overnight, embedded in paraffin and serially sectioned
at 5jum for CYP11A1, SF-1 and estrogen receptor B (ERB) immunohistochemistry,
Sections were mounted on silane (3-aminopropyl triethoxy-silane, Sigma)-coated
glass slides, deparaffinized and hydrated through a graded series of ethanol. After
washing in purified water, slides were microwaved for 5 min for SF-1 and 8 min for
ER staining in 10 mM sodium citrate buffer (pH 6.0} for antigen retrieval. Endoge-
nous peroxidase activity was blocked by 1% H,0; injon-exchanged water for 10 min.
Then sections were washed in PBS and incubated with normal blocking serum (VEC-
TASTAIN Elite ABC kit, Vecter Laboratories, Inc., Burlingame, CA) for CYP11AT and
ERB staining and 5% bovine serum albumin (Sigma) in PBS for SF-1 staining for
30min. After washing in PBS, sections were incubated with rabbit polyclonal anti-
body against rat CYP11A1 (1:5000 dilution, Chemicon International, Inc., Temecula,
CA), rabbit polyclonal antibody against bovine SF-1(1: 10000 dilution; a gift from Dr.
¥.lkeda, School of Mecidine, Yokohama City University), rabbit polyclonal antibody

‘against mouse ERB{1:250 dilution, Zymed Laboratories, San Francisco, CA), or rabbit

immunoglobulin fraction (Dako Cytomation, Glostrup, Denmark) as a negative con-
trol at 4°C overnight. For SF-1 and ERP staining, sections were washed in PBS and
incubated with biotinylated secondary antibody {(Vector Laboratories) for 30-min.
After washing in PBS, sections were incubated with avidin-biotin complex (ABC)
reagents (Vector Laboratories) for 30 min according to the manufacturer's protocol.
For CYP11A1 staining, sections were washed in PBS and incubated with histofine
simple stain PO (R) {Nichirei Co., Tokyo, Japan) for 45 mia. Reaction products were
visualized using 1 mg/ml 3,3'-diaminobenzidine (DAB, Sigma) in PBS containing 1%
H»0; and sections were counterstained with hematoxylin. Five mice were examined
in each group for immunohistochemical analysis.

24, Quantitative real-time RT-PCR

Ovaries from 1.5- and 3-month-old mice treated neonatally with vil or DES,
and anterior pituitaries from 3-month-old mice treated neonatally with oil or DES
were homogenized in TRizo! (Invitrogen Co., Catlsbad, CA). Total RNA isolated from
ovaries and pituitaries was purified by DNase 1 (Roche, Penzberg, Germany) to
remove genomic DNA, cleaned up with an RNeasy total RNA kit (Qiagen, Chatswoth,
CA} and reverse transcribed into cDNA by SuperScript I} reverse transcriptase
{Invitrogen)} using oligo dT primer (lnvitrogen). Real-time PCR was carried out
with a Smart Cycler it System (Takara Bio Inc., Otsu, Japan) with SYBR Premix Ex
Taq™ (Takara). Relative mRNA expression of Star, Cyp11al, Cyp19, Hsd3b1, Hsd3b1,
Hsd3b6, Hsd17b1, Hsd17b3, 5f-1, Lrh-1, Cga, Fshb, Lhb and peptidylprolyl isomerase
A (Ppia) was determined by the standard curve method, Primer sequences are
indicated in Supplemental Table 1. Ppia was chosen as an internal standard
to control for variability in amplification due te differences in starting mRNA
concentration: One ovary or anterior pituitary per mouse was examined in each
group and 3 (ovary) or 5 (pituitary) independent experiments were camed out for
quantitative real-time RT-PCR analysis.

2.5, Radisimmunoassay

Neonatally oil- or DES-treated 1.5- and 3-month-old mice were anaesthetized
with diethyl ether (Wako) and blood was collected via the ascending jugular vein
into tubes. The serum was isolated by centrifugation at 3000 rpm for 15 min and
stored at 80 °C before use. The serum E2 level was estimated by DPC '?*| radioim-
munoassay kit E2 double antibody, KE2D1 (Siemens Healthcare Diagnostics Inc., Los
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Fig. 1. Experimental design. White mice indicate neonatally oil-treated mice and black mice indicate neonatally DES-treated mice, respectively. Ovaries from S5-day-old oil-
(A} or DES-treated mice (B) were transplanted under the renal caasule of the same ‘ovariectomized adult mice (group 1), ovaries from 5-day-old oil-treated mice (A) were
transplanted under the renal capsule of ovariectomized adult mice {group 2), ovaries from S»daymld DES-treated mice (B) were transpianted under the renal capsule of
ovariectomized adult mice (group 3), ovaries from 3~manth~nid mice treated neonatally with DES (D) were transplanted under the renal capsule ovariectomized adult mice
(group 4), ovaries from 5-day-old oil-treated mice (A} were' transplanted under the renal capsule of 3-month-old neonatally DES-treated adult mice (group 5), ovaries from
3-month-old cil-treated mice (C) were transplanted under the renal capsule of negnatally DES-treated 3-month-old mice (gmup 6), respectively. Ovx; ovariectomized mice.

Angeles, CA). The serum from each mouse was pooled upto 200l and 6-9 points
were examined in each group for radioimmunoassay.

2.6. Tissue grafting

Six dxfferent groups of tissue grafting were shown in Fig. 1; ovaries from 5-
day-olé oil- or DES-treated mice were transplanted under the renal capsule of the
same ovariectomized adult mice (group 1), ovaries from 5-day-old oil-treated miice
were transplanted under the renal capsule of ovariectomized adult mice (group 2)
ovaries from 5-day-old DES-treated mice were transplanted under the renal capsule
of ovariectomized adult mice (group 3). ovaries from 3-month-old mice treated
neonatally with DES were transplanted under the renal capsule ovariectomized
adult mice (group 4), ovaries from 5-day-old oil-treated mice were transplanted
under the renal capsule of neonatally DES-treated adult mice (group 5), and ovaries
from 3-month-old oil-treated mice were transplanted under the renal capsule of
neonatally st-u'eamd adult mice (group 6). At the end of the 3-month growth
period, grafted ovaries were fixed in Bouin's solution or 10% formalin neutral buffer
solution for hlstoioglcai analysis. Four to 9 host mice and 8-18 grafted oyaries were
examined in each group for tustciogxcat analysis.

2.7, Statistical analysis

Data are expressed as the mean:tstandard error. For muitiple comparisons,
tréatment groups were compared using aualys:s of variance (ANOVA) followed by
Dunnett’s post hoc test. Two-tailed Student's t-test was used for single comparison.
Fisher's exact ymbabmty test was used to examine the significance of the associ-
ation between the two kxnds of classification. A statistically significant difference
was defined as p<0.05.

3. Results
3.1. Lipid accumulation in the ovary and involvement of ERu

Qvaries. from 1-month-old neonatally oil- or DES-treated mice
did not stain with Oil Red O (data not shown) CL in the ovaries
of oil-treated mice were weakly stained with Oil Red O at 1.5 and
3 months of age (Fig. 2A and B). The interstitial and theca cells in
the ovaries of neaaataliy DES-treated 1.5- and 3-month-old mice
(Fig. 2A and B) stained. ‘with Oil Red O. In addition, the intersti-
tial tissues of 3-month-old neonataily. DES-treated mice showed
medullary tubule-like structures. No CL was found'in the ovary of
3-month-old neonatally DES-treated mice (th 2A.and B).

To examine the ‘involvement of ERe in lipid accumulation,
ovaries from 4- and 8-monith-old neonatally oil- or DES-treated WT
and «ERKO mice were stamed with Oil Red O. The interstitial tis-
sue and CLin the ovaries of 4-month-old neonatally oil-treated WT
mice slightly stained with Oil RedO (F;g, 2C). The interstitial regions
of neonatally DES»treated WT mice showed medullary tubule-like
structures, The mterstxtxal and theca cellsof neonatally DES-treated
WT mice showed stmng Oil Red O staining both in 4 and 8 months
of age (Fig. 2D and H) and the stamed area was increased in the
ovaries of 8-month-old neonatally oil-treated WT mice (Fig. 2H).
Qvaries from neonatally oil- or DES—treateﬁ «ERKO mice showed
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Fig. 2. Oil Red O staining in the ovary of neonatally oil- (A, C, E, G and 1) or DES-treated (B, D, F, H and ) C56BL/6] (A and B), wild type (WT) (C, D, G and H) or ERx
knockout («ERKO} mice (E, F, | and J), respectively. Ovaries from 3-month-old (A and B), 4-month-old (C-F) and. 8-month-old (G-J) mice, respectively. CL; corpus luteum,

HF; hemorrhagic follicle, Bar =200 pm.

similar staining in the interstitial tissues with Oil Red O (Fig. 2E, F,
and }), but the stained area of the interstitial tissues was increased
at 8 months of age both in the ovaries of neonatally cil- and DES
treated «ERKO mice (Fig. 21 and J).

3.2. Expression of genes involved in ovarian steroidogenesis

To examine the expression of genes involved in ovarian
steroidogenesis in ovaries of oil- or DES-treated mice, real-time RT-
PCRwas performed. In 1.5-month-old neonatally DES-treated mice,
the expression of Star was significantly decreased and the expres-
sion of Lrh-1 was significantly increased compared with those in
oil-treated mice (Fig. 3A). In 3-month-old neonatally DES-treated
mice, the expression of Star and Cypllal was significantly
decreased and the expression of Cyp19 and Sf-1 was significantly
increased compared with those in oil-treated mice (Fig. 3A). The
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expression of Hsd3bl, Hsd3b6, Hsd17b1 and Hsd17b3 was not

changed in neonatally DES-treated mice (Fig. 3B).

3.3. Localization of CYP11A1 and SF-1

CYP11A1 immunoreactivity localized in the cytoplasm of the
interstitial and theca cells of both neonatally oil~ and DES-treated
mice at 1.5 and 3 months of age (Fig. 4A~D). The expression of
CYP11A1 in the interstitial cells of 3-month-old neonatally DES-
treated mice was slightly weaker than that in oil-treated mice
(Fig. 4C and D). CL in the ovary of neonatally oil-treated 1.5- and
3-month-old mice also showed the expression of CYP11A1.

SF-1 immunoreactivity localized in the nuclei of the interstitial
and theca cells of both 3-month-old oil- and DES-treated mice and
the staining intensity was not changed in DES-treated mice (Fig. 4E
and F). )
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Fig. 3. Changes in the mRNA expression involved in ovarian steroidogenesis in the

avary of 1.5~ and 3-month-old neonatally oi)- or DES-treated C56BLJ6} mice (A, B).

C: neonatally oil-treated mice, D: neonatally DES-treated mice.*; p<0.05, compared
with age-matched oil-treated mice.

34. Expression of Eree and Er8 mRNAs and ERS protein

The expression of Ery mRNA in 1.5- and 3-month-old neonataily
DES-treated mice was significantly increased compared with that
inoil-treated mice, whereas Era mRNA expression was not changed
(Fig. 5B). The ERP protein was found in the nuclei of granulosa cells
both in oil- and DES-treated mice (Fig. 5C).

3.5. Effects of, ‘gonadotropin treatments on the expression of genes
involved in ovarian steroidogenesis

Since genes involved in ovarian steroidogenesis are highly reg-
ulated by gonadotropins, and neonatally DES-treated mice showed
reduced FSH levels [35], the effects of PMSG and hCG treatments on
sterq;dogenesxs in DES-treated mice were examined. The expres-

sion of Star was increased and Cyp19, Sf-1 and Erf expression

was decreased by PMSG and hCG treatments both in 3-month-
old neonatally oil- and DES-treated mice (Fig. GA) The expression
of Cypllal was increased only in ‘3-month-old neonatally DES-
treated mice with PMSG and hCG treatments and there was similar
expression in oil-treated mice.

3.6, Serum 1?]3 -estradiol levels and expression of
gonadetmpm—refated genes in the anterior pituitary

The serum E2 levels were not changed in neonatally DES-
treated mice at 1.5 and 3months of age compared with those
in oﬂm'eated ‘mice. (Fig. 6B). To examine the expression of
genes involved in gonadotropins in pitvitaries of oil- or DES-
treated mice, real-time RT-PCR was performed. The expression

of Lhb mRNA in 3-month-old neonatally DES-treated mice was

Neonatally cil-treated ~ Neonatally DES-treated

1.5 months old

3 months old

3 months old

Fig. 4. Immunochistochemistry for CYP11A1 in the ovaries of 1. S-month-old ntona:aﬁy woil-tréated mice (A), 1 5~momh—o§d peonatally DES-treated mice (B), 3-month-old
neonatally oil control mice (C) and 3-month-old neonatally DES-treated mice (D). lmmunohxstochemxstry for SF-1in the ovary of 3-month-old neonatally oil-treated mice
(E) and 3-month-old neonatally DES-treated mice (F). Bar=50 um. CL: ‘corpus luteum.
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