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Phospholipase C-related but catalytically inactive proteins
PRIP-1 and -2 are inositol-1,4,5-trisphosphate binding proteins
that are encoded by independent genes. Ablation of the Prip
genes in mice impairs female fertility, which is manifested
by fewer pregnancies, a decreased number of pups, and the
decreased and increased secretion of gonadal steroids and
gonadotropins, respectively. We investigated the involvement
of the PRIPs in fertility, focusing on the ovaries of Prip-1 and -2
double-knock-out (DKO) mice. Multiple cystic follicles were
observed in DKO ovaries, and a superovulation assay showed a
markedly decreased number of ovulated oocytes. Cumulus-
oocyte complexes showed normal expansion, and artificial
gonadotropin stimulation regulated the ovulation-related genes
in a normal fashion, suggesting that the ovulation itself was
probably normal. A histological analysis showed atresia in fewer
follicles of the DKO ovaries, particularly in the secondary folli-
cle stages. The expression of luteinizing hormone receptor
(LHR) was aberrantly higher in developing follicles, and the
phosphorylation of extracellular signal-regulated protein kinase,
a downstream target of LH-LHR signaling, was higher in DKO
granulosa cells. This suggests that the up-regulation of LH-LHR
signaling is the cause of impaired follicle development. The
serum estradiol level was lower, but estradiol production was
unchanged in the DKO ovaries. These results suggest that PRIPs
are positively involved in the development of follicles via their
regulation of LH-LHR signaling and estradiol secretion. Female
DKO mice had higher serum levels of insulin, testosterone, and
uncarboxylated osteocalcin, which, together with reduced fertility,
are reminiscent of polycystic ovary syndrome in humans.

The reproductive system is one of the fundamental systems
regulated by hormones in living organisms. Follicle develop-
ment, ovulation, and fertilization are the key events in mamma-
lian female reproduction. The female system is regulated by the
hypothalamic-pituitary-gonadal (HPG)? axis (1) and is sub-
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jected to complex hormonal regulation by gonadotropin-re-
leasing hormone (GnRH), follicle-stimulating hormone (FSH),
luteinizing hormone (LH), estrogen, and progesterone. The
female reproductive system is more vulnerable to dysregulation
of the HPG axis than the male system, and related aberrant
conditions include irregular estrous cycle, precocious puberty,
and polycystic ovary syndrome (PCOS) (2, 3). The etiology of
these conditions is still only partially understood, and the
molecular and cellular mechanisms are largely unknown.

Phospholipase C-related but catalytically inactive proteins
PRIP-1 and -2 were first identified as D-myo-inositol 1,4,5-tris-
phosphate (Ins(1,4,5)P;) binding proteins (4, 5). They were
named because they lacked catalytic activity, despite having a
domain organization that is similar to phospholipase C-81,
which includes a pleckstrin homology (PH) domain, EF-hand
motifs, catalytic X and Y, and C2 domains (6, 7). Several inter-
acting partners have been identified for PRIPs, including
y-aminobutyric acid type A (GABA ,) receptor-associated pro-
tein (8), the B subunit of the GABA , receptor (9), the catalytic
subunits of protein phosphatase 1a and 2A (9, 10), the phos-
phorylated form of Akt (11), and SNARE proteins (12, 13), in
addition to Ins(1,4,5)P; and phosphatidylinositol 4,5-bisphos-
phate (14, 15). The discovery of these binding partners led to
the identification of the involvement of PRIPs in Ins(1,4,5)P,/
Ca®" signaling (14, 16), GABA receptor signaling (17-19),
protein dephosphorylation (20, 21), and exocytosis (12, 13). It
was also found that PRIPs are involved in the regulation of bone
formation (22, 23) and bone resorption (24).

Interestingly, Prip-1 and -2 double-knock-out (DKO) male
and female pairs exhibited decreased fertility and a smaller lit-
ter size, indicating dysfunction of the reproductive system.
Cross-mating experiments with wild-type (WT) and DKO mice
revealed that the defect resides in females (25). We then inves-
tigated the HPG axis in DKO females and found higher serum
levels of LH and FSH, an unclear LH surge, and lower serum
levels of gonadal steroid hormones (25). The isolated anterior
lobes of the pituitary glands from DKO females secreted more
gonadotropins in response to a gonadotropin-releasing-hor-
mone-mimicking peptide in comparison to WT females, sug-
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gesting that the higher secretion of gonadotropin that was
observed does not occur through a feedback loop in the HPG
axis (25). These results and our previous studies suggest that
PRIPs are negatively involved in exocytosis in the pituitary
gland, which leads to the secretion of peptide hormones (12,
13, 25).

In the present study, we histochemically and biochemically
investigated the DKO ovaries and found impaired follicle devel-
opment, which appeared to occur through the up-regulation of
LH-LH receptor (LHR) signaling, and the impaired secretion of
estradiol from granulosa cells. The phenotype partly resembles
PCOS, which is one of the most common endocrinopathies
affecting women of reproductive age worldwide (3, 26, 27).

Results
A decrease in the number of ovulated oocytes in DKO mice

Because a higher serum gonadotropin level is likely to affect
the ovarian function, we first examined the DKO ovaries’
response to gonadotropins. Female mice were subjected to a
standard superovulation assay. After injecting the mice with
pregnant mare serum gonadotropin (PMSG) and human cho-
rionic gonadotropin (hCG), the ovulated oocytes were col-
lected from the oviducts and counted. In 3-week-old DKO
mice, the total number of ovulated oocytes decreased to about
one-fifth of that in age-matched WT females (Fig. 14). DKO
mice at 12 weeks also showed fewer ovulated oocytes. A histo-
logical analysis showed that, whereas each WT ovary showed
several corpora lutea (CLs), the DKO ovaries showed few CLs
and an increased number of developing follicles, such as sec-
ondary or preantral follicles (Fig. 1B).

When the mice were treated with PMSG only, the DKO ova-
ries were similar to the WT ovaries in size and weight. However,
the DKO ovaries appeared cystic, and histological analyses con-
firmed the presence of follicular cysts with hemorrhagic and/
or atretic appearances (Fig. 2, A and B). Similar appearance
was also observed in DKO ovaries untreated with PMSG (Fig. 2,
A and B). The DKO ovaries in mice treated with PMSG con-
tained about four times more cystic follicles than the WT ova-
ries did (Fig. 2B). WT ovaries in mice untreated with PMSG
showed few cystic follicles, probably because of the condition
with various stages of estrous cycle, but several cystic follicles
were clearly observed in DKO ovaries (Fig. 2B). An abnormal
status of luteinizing and hemorrhagic follicles, encompassing
trapped oocytes, was also observed in the DKO ovaries, but not
in the WT ovaries (Fig. 2C). These results indicate that the
PRIP deficiency impairs follicle development and possibly
ovulation itself.

The effect of PRIP deficiency on the ovulation process

To examine the effect of PRIP deficiency on the ovulation
process, Cumulus-oocyte complex (COC) expansion was
examined in vivo in DKO mice. The COC is an important com-
plex in which intercellular communication between the cumu-
lus cells and between the cumulus cells and the oocytes occurs
via an extensive network of gap junctions. The COC expansion
is required for ovulation after the LH surge (28, 29). Expanded
COCs, which had a normal appearance, were obtained from the
oviducts of the DKO mice after treatment with PMSG and hCG
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Figure 1. The superovulation assay. A, the numbers of ovulated oocytes per
mouse. The data are presented as the mean = S.D. The female mice of indi-
cated ages (n = 5 for each genotype) were treated with PMSG and hCG and
the ovulated oocytes were collected and counted. *, p < 0.05, **, p < 0.01. B,
histological analysis of the ovaries from 3-week-old mice after superovula-
tion. Upper panels show H&E-stained histological images of the ovaries. Scale
bar, 200 um. The graph shows the quantification of developing follicles and
CLs after superovulation. H&E-stained sections as shown in upper panels (n =
5 for each genotype; at least four sections of each ovary) were used. Develop-
ing follicles contain secondary, preantral, and antral follicles. The criteria for
evaluation of those follicles are described under “Experimental Procedures.”

(Fig. 3A). This indicates that the whole ovulation process (i.e.
COC expansion, follicle rupture, COC extrusion, and transfer
to the oviduct) occurred normally in DKO mice.

COC expansion was also examined in vitro using COCs iso-
lated from the ovaries of PMSG-treated mice. The expansion
was similarly observed in COCs from DKO and WT at 18 h after
induction by EGF (Fig. 3, Band C). Prostaglandin E, (PGE,) and
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Figure 2. The histological analysis of the preovulatory ovaries. A, gross images under a binocular microscope. The ovaries of mice (age 5-6 weeks) were
dissected at 48 h after PMSG treatment (PMSG+) and also dissected without the treatment (PMSG—). Arrows show the protrusion of preovulatory follicles. In
both A and B, the black and white arrowheads show hemorrhagic cysts and arrested follicular cysts, respectively. Scale bars, 500 um. B, H&E-stained histological
images of the above ovaries. Scale bars, 300 um. The graph shows the average number of cystic follicles per ovary (n = 4 for each genotype). A cystic follicle was
defined as a cyst lined by one to several layers of attenuated granulosa cells surrounded by unclear theca cell layer, and with a faded oocyte. The data are
expressed as the mean = S.D. *, p < 0.05; **, p < 0.01. C, histological images of luteinizing follicles with trapped oocytes indicated by white arrows in DKO
ovaries. Panel ii shows a magnified image of the rectangle in panel i. Panel iii in DKO shows a trapped oocyte surrounded by red blood cells (black arrow). Scale

bars, 50 um.

dibutyryl cyclic AMP (Bt,cAMP), a membrane-permeable
cAMP analog, are also known to trigger this process by initiat-
ing the synthesis and/or secretion of hyaluronan, an essential
constituent of the expanded cumulus matrix. PGE, and
Bt,cAMP elicited expansion similarly in DKO and WT COCs
(Fig. 3, Band C).

The expression of the genes related to the ovulation process,
including the COC expansion step, was examined in a microar-
ray analysis using RNA purified from the ovaries of mice treated
with PMSG alone or with PMSG and hCG. The expression of
multiple genes that are important for ovulation was increased
to a similar extent in DKO and WT ovaries after hCG stimula-
tion (data not shown). To confirm the microarray results, a
quantitative real-time polymerase chain reaction (qPCR) was
performed with the same RNA preparations for a selected set of
ovulation-related genes. It was found that the expression levels
of Ereg (epiregulin, a member of the EGF-like family and a
ligand of the EGF receptor), Tufaip6 (tumor necrosis factor-a-
induced protein 6, a hyaluronan-binding molecule), Has2 (hya-
luronan synthase-2), and Ptgs2 (prostaglandin-endoperoxide
synthase 2) in DKO ovaries were higher than those in WT ova-
ries after PMSG treatment (Fig. 44). However, hCG stimula-
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tion increased the expression of Ereg, Tnfaip6, Has2, Ptgs2, and
Ptx3 (pentraxin 3, a protein involved in the stability of the
cumulus cell matrix) in both WT and DKO ovaries to similar
levels. In contrast, hCG stimulation led to a slight decrease in
the expression of Ptger2 (PGE, receptor), but again the levels in
the WT and DKO ovaries were similar. Thus, both the dynam-
ics and the final levels of expression of the ovulation-related
genes were largely unaffected in the DKO ovaries after hCG
stimulation. Similar results were obtained from the gene
expression analysis using RNA purified from COCs isolated
from the ovaries of mice treated with PMSG alone or along with
hCG, but the expression of Ereg and Tnfaip6 was slightly
decreased in DKO mice with PMSG alone (Fig. 4B). In mice
without any treatment, those gene expressions were similar
between WT and DKO COCs (Fig. 4C).

The effect of PRIP deficiency on follicle development

The above-described results suggest that the decreased num-
ber of ovulated oocytes in DKO female mice was attributable to
defective follicle development rather than ovulation. We then
examined the number of follicles at each developmental stage
in the ovaries at 4 —5 weeks and found that there were increased
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Figure 3. The COC expansion analysis. A, typical images of expanded COCs isolated from the oviducts after superovulation. Scale bars, 100 um. B, images of
COCsinduced to expand in vitro. COCs isolated from the preovulatory follicles 46 h after treatment with PMSG were cultured with EGF (10 ng/ml), PGE, (1.4 um),
or Bt,cAMP (2 mwm) for 18 h and observed. Scale bars, no stimulation or EGF, 100 um; EGF (enlarged), PGE,, and Bt,cAMP, 30 um. C, the quantification of COC
expansion in vitro. The graph shows a ratio of the number of expanded COCs to that of total COCs in the treatment with EGF, PGE2, and Bt,cAMP (dbcAMP),
respectively. Two to five COCs were used for the expansion experiments per a treatment and five mice of each genotype were used. The data are expressed as

the mean = S.D.

numbers of less-developed follicles, such as secondary and pre-
antral follicles, and decreased numbers of preovulatory follicles,
and possibly antral follicles and CLs, in DKO ovaries in com-
parison with WT ovaries after PMSG treatment (Fig. 54). To
investigate the cause of these observations and the presence of
follicular cysts with an atretic appearance (Fig. 2), apoptotic
follicles were observed using a TUNEL assay (Fig. 5B). Follicle
atresia, which affects all stages of follicle development, is
required for the production of mature follicles and depends on
the apoptosis of granulosa cells. The total number of TUNEL-
positive follicles was smaller in DKO ovaries, especially in the
secondary follicle stage (Fig. 5, B and C). These differences
between WT and DKO ovaries were similarly observed in mice
untreated with PMSG (Fig. 5D). These results suggest that the
impairment of follicle development occurs as early as the sec-
ondary follicle stage in DKO ovaries.

The expression and the downstream signaling of LHR in DKO
ovaries

The granulosa cells in preovulatory follicles are fully differ-
entiated and express high levels of LHR, whereas those in devel-
oping follicles express high levels of the FSH receptor and low
levels of LHR. To examine the LHR expression in DKO follicles,
ovarian sections from PMSG-treated mice were immunohisto-
chemically examined. In the WT ovaries, granulosa cells in the
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developing follicles of the secondary and preantral stages
expressed very little LHR, whereas the theca cells in the same
follicles and CLs clearly expressed LHR (Fig. 6A4). The expres-
sion of LHR was observed in the granulosa cells of the develop-
ing follicles in the DKO ovaries (Fig. 64). A quantitative analysis
of the immunofluorescence intensity indicated that LHR was
more highly expressed in the granulosa cells of DKO follicles
(Fig. 6B).

Both PRIP-1 and -2 were present in the granulosa cells iso-
lated from the WT ovaries of PMSG-treated mice (Fig. 7A),
suggesting that these proteins may regulate the expression or
downstream signaling of LHR. The expression of PRIP-1 and -2
was confirmed in the cells isolated from WT ovaries of mice
without PMSG treatment (data not shown). We then con-
firmed the higher expression of LHR in DKO granulosa cells,
but no difference was seen with FSHR (Fig. 7B). These expres-
sion patterns of the receptors in WT and DKO cells were sim-
ilarly observed in the cells isolated from younger mice without
PMSG treatment (Fig. 7E). Upon exposure to hCG, the DKO
cells showed a greater and longer phosphorylation of ERK, a
downstream target of the LH-LHR signaling. The basal level of
phosphorylation also appeared to be higher in DKO cells,
although this difference was not statistically significant (Fig.
7C). The phosphorylation of ERK by hCG was blocked by
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Figure 4. The gene expression analysis. A, female mice (age 4 weeks,n = 4
for each genotype) were sacrificed 48 h after PMSG for injection, or 4 h after
hCG injection in addition to the PMSG treatment. RNA was purified from the
ovaries and used for a quantitative PCR. B and C, same analysis as A was
performed using COC. RNA was purified from COCs isolated from the ovaries
of mice treated with PMSG alone or along with hCG respectively (B), and
isolated from the ovaries of mice without any treatment (C). The data are
expressed as the mean = S.D. The relative gene expression was determined
by normalization against Gapdh. Ereg, epiregulin; Tnfaip6, tumor necrosis fac-
tor-a-induced protein 6; Has2, hyaluronan synthase-2; Ptgs2, prostaglandin-
endoperoxide synthase 2; Ptger2, PGE, receptor; Ptx3, pentraxin 3. %, p < 0.05;
** p <0.01;*** p <0.001.

U0126, an inhibitor of MAPK kinases, in both genotype cells
(Fig. 7C). Greater ERK phosphorylation was observed in the
ovaries of DKO mice that were only treated with PMSG; how-
ever, no significant difference was observed between the two
genotypes after stimulation with hCG (Fig. 7D). The elevated
level of ERK phosphorylation was also observed in DKO gran-
ulosa cells and whole ovaries isolated from younger mice with-
out any treatment (Fig. 7E). These results suggest that the
excessive downstream signaling activity of LHR in DKO mice
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Figure 5. The developmental stages of the follicles. A, the total follicle
numbers (left panel) and the numbers of follicles at various stages (right panel)
determined in ovary sections. The ovaries of the mice (age, 4-5 weeks; n = 5
for each genotype) were dissected at 48 h after PMSG treatment. At least four
H&E-stained sections of each ovary were used to count follicles in each devel-
oping stage, according to the histological criteria of follicle stages described
under “Experimental Procedures.” B, the TUNEL assay for the detection of
atretic follicles. The follicles containing TUNEL-positive cells (colored brown)
indicate the atretic ones. Sections were counterstained with methyl green.
The areas outlined with rectangles are enlarged in the right-hand panels. Scale
bars, 200 um. C, the total numbers of TUNEL-positive follicles (left panel) and
the numbers of TUNEL-positive follicles at various stages (right panel). TUNEL-
positive follicles in various stages were also counted using at least four sec-
tions per ovary as well as the counting in H&E sections. D, the analyses
described above were also performed using the ovaries of the mice (age, 6
weeks; n = 5 for each genotype) without PMSG treatment. The data were
obtained from at least four sections per ovary. The data are expressed as the
mean * S.D.*, p < 0.05; **, p < 0.01.
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Figure 6. The expression of LHR in the follicles. A, typical images of immu-
nohistochemical staining of LHR. Cryosections of the ovaries were immuno-
stained with anti-LHR antibodies. Arrows show the secondary and preantral
follicles. The zona pellucida shows nonspecific staining. B, the quantification
of LHR in the secondary and preantral follicles. The relative immunostaining
intensities are expressed as the mean = S.D. of 4-5 mice each. *, p < 0.05; **,
p < 0.01. Scale bars, 50 um.

might have been caused, at least in part, by the higher levels of
LH and LHR.

Hormone levels in DKO mice

17B-estradiol (E2) is one of the most important hormones in
follicle development, and androgen is also important for follicle
growth. Using serum samples collected at various stages of the
estrous cycle, we previously reported that the serum E2 level
tends to be lower in DKO mice (25). In the present study, we
measured the levels of E2 and testosterone in serum samples
from mice that were primed with PMSG. The serum E2 level
was markedly lower in DKO samples taken at 24 and 48 h after
the injection of PMSG (Fig. 84); however, the serum testoster-
one level was higher in DKO mice (Fig. 8B8). We also measured
the E2 content in DKO ovaries; it was higher in DKO ovaries,
indicating that the production of E2 in DKO ovaries is not
impaired (Fig. 84).

In the course of the above studies, we realized that the results
obtained from DKO mice, including increased numbers of
developing follicles and follicular cysts, the marked reduction in
the number of ovulated oocytes, the decreased serum E2 level,
and the increased serum testosterone and LH levels (25), are
reminiscent of PCOS. Because hyperinsulinemia is another
major pathological feature of PCOS, we measured the serum
insulin level of DKO mice. Both fasted and fed female DKO
mice exhibited higher serum insulin levels than female WT
mice (Fig. 8C). The serum level of osteocalcin (OC), a bone-
derived hormone that has been recently implicated in the
pathogenesis of PCOS, was also measured. Female DKO mice
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exhibited a higher level of uncarboxylated OC (Fig. 8D), simi-
larly to lean women with PCOS (30). Intriguingly, the mining of
the Gene Expression Omnibus (GEO) data (ID: GDS3841)
showed decreased mRNA levels of both PRIP-1 and -2 in the
cumulus cells from lean women with PCOS (Fig. 8E).

Discussion

The present study provides evidence that PRIPs are involved
in the regulation of follicle development, which explains the
reduced female fertility (25) and the marked decrease in the
number of ovulated oocytes (Fig. 1) in Prip-1 and -2 DKO mice.
We also found, in addition to the higher serum level of LH (25),
the higher expression of LHR in DKO granulosa cells (Figs. 6
and 7), which was not so evident in the whole ovaries in a pre-
vious study (25). In contrast, the expression level of FSHR in
DKO cells was not significantly different from that in WT cells.
Although granulosa cells normally start to express LHR at
about the antral follicle stage (31, 32), those in DKO mice
express LHR as early as the secondary follicle stage. Thus, not
only the expression level, but also the temporal regulation of
LHR is affected in DKO mice. This appears to lead to the
increased phosphorylation of ERK1/2, a downstream factor
of the LH-LHR signaling pathway, in DKO granulosa cells
before and after hCG stimulation (Fig. 7C). Increased
ERK1/2 phosphorylation in the basal state also occurs in
DKO mice (Fig. 7D). The elevated LH-LHR signaling in gran-
ulosa cells may impair follicle development, which could
result in an increased number of developing follicles, a
decreased number of TUNEL-positive follicles, premature
luteinization, and an increased number of cysts with or with-
out hemorrhage (Figs. 2 and 5).

A recent study suggested that chronic LH stimulation
impairs the FSH-induced follicle development during the pre-
antral-antral transition in rat follicle culture (33). DKO ovaries
showed similar phenotypes such as the increased number of
secondary and preantral follicles (Fig. 5). The elevated LH-LHR
signaling in granulosa cells at an earlier stage may also lead to
the premature terminal differentiation of follicles in DKO mice,
resulting in the down-regulation of follicle atresia, prema-
ture luteinization, and an increased number of aberrant
cysts. A recent study showed that human LHR appears in the
granulosa cells of early antral follicles and increases with
follicle development (34). A greater than normal increase in
human LHR expression leads to oocyte malfunction, which
reduces the capacity of fertilization (32, 35). Furthermore,
the overexpression of human LHR mRNA has been observed
in granulosa cells from polycystic ovary patients (36). The
level and stage of LHR expression might be essential for fol-
licle development.

Consistent with the elevated LH-LHR signaling in the basal
state, the serum E2 level is lower in DKO mice (Fig. 8). This may
be another cause of impaired follicle development and a reduc-
tion in the number of ovulated oocytes. Because DKO mice
showed a higher serum testosterone level (Fig. 8), the functional
level of sex hormone-binding globulin (SHBG), a transporter of
and reservoir for E2 and testosterone (37), is probably unaf-
fected. Furthermore, the production of E2 in the granulosa cells
appears to be unaffected (Fig. 8). We therefore hypothesize that
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Figure 7. The expression of PRIPs, LHR and FSHR, and the phosphorylation of ERK1/2. A,immunoblotting of PRIP-1 and -2 in isolated granulosa cells. The
cells were prepared from the ovaries of mice (age 3-4 weeks) at 47 h after PMSG treatment. B,immunoblotting analysis of LHR and FSHR in granulosa cells. Four
mice of each genotype were used for quantification. C, the time course of ERK1/2 phosphorylation in granulosa cells after hCG stimulation. Left panel shows the
time course of ERK1/2 phosphorylation and right panel shows the inhibition by MAPK kinase inhibitor (U0126, 5 um). The level of phosphorylation was
normalized by the total amount of ERK and is shown in the graphs, respectively. Immunoblotting was performed using anti-phospho-ERK, anti-ERK, and
anti-B-actin antibodies. Four mice of each genotype were used for quantification. D, ERK1/2 phosphorylation in the whole ovaries. Lysates were prepared from
the ovaries of mice (n = 5) at 48 h after PMSG treatment or at 4 h after additional hCG treatment and immunoblotting was performed. The level of phosphor-
ylation was normalized by the total amount of ERK and is shown in the graph. E, immunoblotting analyses of LHR, FSHR and the time course of ERK1/2
phosphorylation in granulosa cells, and ERK1/2 phosphorylation in the whole ovaries. These analyses were performed as described above, using whole ovaries
or granulosa cells isolated from the ovaries of mice (age 2-3 weeks) without any treatment. Lanes 1 and 2 in the right panel show the samples derived from
individual mouse. The results are shown as the mean = S.D. *, p < 0.05; ***, p < 0.001.

0

Healthy aging women start to exhibit the hypersecretion
of gonadotropins, including LH, around menopause, which
causes the malfunction of the reproductive cycle and failure in
follicle development. In women of reproductive age, a high LH

the secretion process is impaired. It is thought that E2 diffuses
into the extracellular space through the plasma membrane, but
the precise secretory mechanism is unknown. PRIPs may be
positively involved in the regulation of E2 secretion from ovary.

Decreased serum level of E2 would induce gonadotropins
secretion by a feedback loop to lead to increased LHR expres-
sion and/or the downstream signaling. In addition, as described
in the Introduction, PRIP deficiency itself promoted the secre-
tion of LH from the pituitary gland (25).

SASBMB

level and the subsequent up-regulation of LH-LHR signaling
triggers premature menopause, PCOS, and other types of
gynopathy. Our present and previous results (25, 38) show that
DKO mice exhibit a phenotype that partly resembles PCOS,
which is a common, highly heritable, and complex disorder in
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with PCOS. The graphs show the results of statistical analysis of publicly available microarray data (GEO data; ID: GDS3841). The numbers of individuals studied
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without PCOS was set at 1. nonP, non PCOS (control). The data are expressed as the mean =+ S.D. *, p < 0.05; ***, p < 0.001.

women of reproductive age that is characterized by reduced
fertility with various clinical and laboratory features, including
chronic oligo-ovulation or anovulation, an irregular estrous
cycle, increased serum LH, increased LHR, impaired follicle
development, and an increased serum level of testoster-
one (39-42, 44). Despite its prevalence and health impact, the
pathogenesis of PCOS remains unclear. The impaired follicle
development in PCOS appears as follicular cysts, hemorrhagic
follicles, premature luteinization (45), and increased and
decreased numbers of developing and atretic follicles, respec-
tively (46). All of these findings are observed in our DKO mice.
However, although FSH and hCG treatment can induce
the development of preovulatory follicles in PCOS patients,
these hormones are not so effective in DKO mice. This differ-
ence suggests that DKO mice may have additional defects,
which may be independent of gonadotropin signaling. PRIPs
might regulate signaling pathways in addition to LH-LHR
signaling which is mediated mainly via the Gs-protein/ad-
enylyl cyclase/cAMP system and also could induce phospho-
lipase C/Ins(1,4,5)P; via Gq/11 system (47) and phosphatidyli-
nositol 3-kinase/Akt pathway directly and/or via EGF receptor
pathway (48). We have reported that PRIP is involved in the
regulation of phosphorylation of signaling molecules by regu-
lating protein phosphatase 1o and 2A (9, 10), and Akt activity
(11), and furthermore in the regulation of intracellular Ca>"
concentration via Ins(1,4,5)P, binding (14, 16). However, it is
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currently unknown whether the additional specific signaling
pathway(s) other than LH-LHR signaling and/or molecule(s)
involved in the process of follicle development are affected by
PRIP deficiency.

Women with PCOS often exhibit metabolic abnormalities
such as obesity, hyperinsulinemia, insulin resistance, dyslipi-
demia, and type 2 diabetes (49). We observe hyperinsulinemia
in female DKO mice (Fig. 8), consistent with our previous study
in male Prip-1 KO mice (38). Furthermore, the pancreatic islets
from DKO mice and an MING6 beta cell line with Prip-1 and -2
double knockdown secrete more insulin in response to high
glucose stimulation (50). PRIPs might be involved in the regu-
lation of LH-LHR signaling through insulin secretion because
insulin can stimulate the FSH-induced expression of LHR or
the LHR function (51, 52). We previously showed that uncar-
boxylated OC increases the secretion of insulin indirectly by
promoting the secretion of incretin (53). It was recently
reported that the serum uncarboxylated OC level is signifi-
cantly higher in lean PCOS patients (but not in obese PCOS
patients) in comparison to healthy controls (30). These findings
are consistent with our observations in female DKO mice (ele-
vated uncarboxylated OC) (Fig. 8) and male DKO mice
(decreased body fat mass) (54). Furthermore, our mining of the
GEO database reveals the decreased mRNA levels of both
PRIP-1 and -2 in the cumulus cells of lean women with PCOS
(Fig. 8). Some DKO phenotypes such as elevated serum gonad-
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otropins (25) appear to be similar to that of premature ovarian
failure (POF) which is a heterogeneous disorder leading to
amenorrhea and ovarian failure before the age of 40 (43). But
DKO mice did not exhibit amenorrhea or depletion of follicles,
main phenotype of premature ovarian failure.

In summary, this study showed that PRIPs positively regulate
follicle development through LH-LHR signaling by changing
the secretion of LH and the expression of LHR, and through the
secretion of insulin and E2. PRIP deficiency causes a PCOS-like
phenotype, including an irregular estrous cycle, decreased
number of ovulated oocytes, increased numbers of follicular
cysts and developing follicles. PRIP-deficient mice may provide
an animal model for studying the defects in follicle develop-
ment that are associated with a chronic increase in gonadotro-
pin secretion. Because Prips are expressed in all of the female
tissues of the HPG axis, further studies will be needed to reveal
the primary site of the DKO phenotype and the precise role of
PRIPs in female reproduction.

Experimental procedures
Animals

Prip-1 and -2 DKO mice of a C57BL/6] (The Jackson Labo-
ratory, Bar Harbor, ME) background were generated as de-
scribed previously (9). The animals were maintained under a
12-h light to12-h dark cycle. The handling of mice and all of the
procedures were approved by the Institutional Animal Care
and Use Committee of Kyushu University and performed
according to the Guidelines for Proper Conduct of Animal
Experiments of the Science Council of Japan.

Superovulation assay

Female mice were intraperitoneally injected with 5 IU of
PMSG (Asuka Pharmaceutical, Tokyo, Japan) and, 48 h later,
with 5 IU of hCG (Asuka Pharmaceutical). The ovulated
oocytes were isolated from the ampulla of the oviducts after a
further 18 h.

H&E staining

The ovaries were dissected and fixed in 4% paraformalde-
hyde. The samples were embedded in paraffin, sectioned at 5 or
6 pum, deparaffinized, and stained with Mayer’s hematoxylin
and eosin (Muto Pure Chemicals, Tokyo, Japan).

The analysis of COC expansion

Female mice (age 3—4 weeks) were primed with 5 IU of
PMSG. 46 h later, COCs were isolated from the ovaries by
puncturing each follicular apex with a 27-gauge needle. The
isolated COCs were then cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Gibco-Invitrogen, Carlsbad,
CA), supplemented with 4% fetal bovine serum (FBS) (Gibco-
Invitrogen) and 100 units of penicillin-streptomycin (Gibco-
Invitrogen), and stimulated with either 10 ng/ml EGF (Sigma-
Aldrich), 1.4 um PGE, (Cayman Chemical Company, Ann
Arbor, MI), or 2 mMm Bt,cAMP (Enzo Life Sciences, Exeter, UK)
at 37 °C under 5% CO,, for 16 —20 h. The extent of in vitro COC
expansion was evaluated morphologically using an inverted
microscope (IX71, Olympus, Tokyo, Japan). In vivo COC
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expansion was assessed by morphological observation of the
postovulatory COCs, which were picked up from the ampulla of
the oviducts of 18 h after hCG treatment.

The isolation of RNA and the analysis of gene expression

Total RNA was prepared from whole ovaries or COCs from
ovaries of female mice 48 h after injection with 5 IU of PMSG,
those 4 h after injection with an additional 5 IU of hCG or
without any treatment. An RNeasy Mini Kit (Qiagen, Valencia,
CA) was used according to the manufacturer’s protocol. The
total RNA was reverse transcribed to synthesize cDNA, and a
qPCR was performed in a 20-ul mixture containing 2 ul of the
obtained ¢cDNA, 10 nm each primer, and KOD SYBR qPCR
Mix (Toyobo, Tokyo, Japan) according to the manufacturer’s
instructions. The thermal cycling conditions were as follows: 35
cycles of denaturing at 95 °C for 15 s, annealing at 60 °C for 30s,
and extension at 72 °C for 30 s. The transcript level of each
target gene was normalized against that of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). A qPCR analysis was per-
formed with Multiplate RQ (version 5, TaKaRa, Shiga, Japan)
on a Thermal Cycler Dice Real Time System II (TaKaRa). The
primer pairs were as follows: Ereg fwd: 5'-ACACTGGTCTGC-
GATGTGAG-3’" and rev: 5'-TCCGTAACTTGATGGCA-
CTG-3'; Tnfaip6 twd: 5'-TTCCATGTCTGTGCTGCTGG-3'
and rev: 5'-AGCCTGGATCATGTTCAAGG-3'; Has2 fwd: 5'-
TGCATCGCTGCGTACCAAG-3' and rev: 5'-ACTTCGCT-
GAATATGTCCATC-3'; Ptgs2 fwd: 5'-GTACAAGCAGTGG-
CAAAGG-3' and rev: 5'-CCCCAAAGATAGCATCTGG-3;
Ptger2 fwd: 5'-GCTAATGGAGGACTGCAAG-3" and rev: 5'-
GCAGGTTCCCAGCAGGTC-3'; Ptx3 fwd: 5'-TGGGTGGA-
AAGGAGAACAAG-3' and rev: 5'-GGCCAATCTGTAG-
GAGTCC-3'.

The histological assessment of the follicles

The stages of follicle development were assessed using the
following criteria in H&E- or TUNEL-stained ovaries. A sec-
ondary follicle was defined as a follicle composed of an oocyte
surrounded by more than two layers of granulosa cells with no
antrum. A preantral follicle was defined as a follicle composed
of an oocyte surrounded by a multilayer of granulosa cells with
asmall antrum. An antral follicle was distinguished by the pres-
ence of a medium-sized antrum or more than two antra within
the granulosa cell layers. A preovulatory follicle was defined as
a follicle with a large antrum or with the presence of follicular
fluid within the multiple granulosa cell layers. CL was defined as
a large structure after ovulation, equivalent to the size of pre-
ovulatory follicles and filled with luteal cells. The number of
follicles in each ovary was counted and is represented as the
average per ovary section. Luteinizing follicles are those with
large size, gradually filled with cells looking different from gran-
ulosa and theca cells, toward the center of follicles, and visible
after ovulation to form CL. Hemorrhagic follicles containing
blood clot are temporally visible in the ruptured follicles, after
ovulation. If both types of follicles are visible before ovulation,
fully filled with hemorrhage or contain oocytes, those follicles
are judged in abnormal states.
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TUNEL staining

Mouse ovaries were fixed in 4% paraformaldehyde for 4 h,
embedded in paraffin, and sectioned into slices of 6-um thick-
ness. Cellular apoptosis was detected by labeling DNA frag-
ments using an ApoMark apoptosis detection kit from Exalpha
Biologicals, Inc. (Maynard, MA), according to the manufactu-
rer’s instructions. Briefly, the deparaffinized sections were per-
meabilized with proteinase K and quenched with H,O,, and
DNA fragments were labeled with biotin-labeled deoxynucle-
otides by terminal deoxynucleotidyl transferase. After the ter-
mination of the reaction, the biotinylated nucleotides were
detected using a streptavidin-horseradish peroxidase conjugate
that was allowed to react with diaminobenzidine to generate an
insoluble colored substrate. Counterstaining was performed
with methyl green. The number of TUNEL-positive follicles
was counted in at least four sections per ovary, and the data are
represented as the average number of TUNEL-positive follicles
per ovary section.

Immunohistochemistry

Mouse ovaries were prepared from female mice (age 4-5
weeks) 47 h after injection with PMSG, fixed overnight in
4% paraformaldehyde, embedded in Tissue-Tek compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan), and sectioned
into slices of 5-um thickness. The sections were washed with
phosphate-buffered saline, incubated with rabbit anti-LHR pri-
mary antibody (1:100) (Santa Cruz Biotechnology, Dallas, TX)
overnight at 4 °C, and then with Alexa Fluor 594-conjugated
anti-rabbit secondary antibody (Life Technologies, Carlsbad,
CA) for 2 h at room temperature. The signals were observed by
confocal microscopy (LSM510 META; Carl Zeiss, Oberkochen,
Germany), and the intensity was analyzed using LSM510
META software (Carl Zeiss).

Granulosa cell primary culture

Granulosa cells were collected by follicle puncture from the
ovaries of 2- to 4-week-old mice primed with or without PMSG.
The cells were cultured in DMEM/F12 (Gibco) supplemented
with 10% FBS and 100 units of penicillin-streptomycin. For
stimulation with hCG, the cells were seeded in 24-well plates,
serum starved overnight, and cultured in the presence or
absence of 3 ng/ml hCG for up to 17 h. For treatment with
U0126, the cells were cultured with 5 um U0126 for 40 min
prior to hCG stimulation for 10 min. The cells were then har-
vested to prepare the lysates.

Immunoblotting

Granulosa cells or whole ovaries were lysed with a buffer
containing 25 mMm Tris-HCI, pH 7.5, 150 mMm NaCl, 1% Triton
X-100, and 5 mm EDTA. Total cell lysates were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis, and
the proteins were transferred to a polyvinyl difluoride mem-
brane and immunoblotted with antibodies against PRIP-1
(1:1000) (17), PRIP-2 (1:1000) (17), LHR (1:1000) (Santa Cruz
Biotechnology), FSHR (1:1000) (Boster Immunoleader, Fre-
mont, CA), extracellular signal-regulated kinase (ERK) 1/2
(1:1000) (Cell Signaling Technology, Danvers, MA), phospho-
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ERK1/2 (Thr202/Tyr204) (1:1000) (Cell Signaling Technology),
or B-actin (1:3000) (Sigma-Aldrich). The blots were developed
with horseradish peroxidase-coupled secondary antibodies
and visualized using an ECL system (Amersham Biosciences,
Uppsala, Sweden). The density was quantified using the Image
Gauge software (version 3.0; Fyjifilm), and the data were shown
as relative values.

ELISA

Serum was obtained from 4- to 6-week-old female mice at 24
or 48 h after injection with PMSG, and the E2 and testosterone
levels were measured by ELISA (Estradiol EIA Kit, CAY582251,
Cayman; Testosterone Assay, KGE010, R&D Systems, Minne-
apolis, MN). The ovaries were obtained from the same mice and
extracts were prepared using a lysis buffer containing 25 mm
Tris-HCl, pH 7.5, 150 mMm NaCl, 1% Triton X-100, and 5 mm
EDTA. The E2 levels were measured using the above method.
Serum was also prepared from 6-week-old female mice that
were either fed or fasted for 8 h, and the serum insulin level was
measured using an insulin ELISA kit (MRD10-1247-01, Mer-
codia, Uppsala, Sweden). Serum prepared from 6-week-old
mice without any treatment was used for the measurement of
uncarboxylated OC which was performed using an EIA kit
(TaKaRa Bio).

Statistical analysis

The data are presented as the mean = S.D. of at least three
independent experiments. Student’s t-tests were used for the
comparison of groups and p values of < 0.05,0.01, or 0.001 were
considered to indicate statistical significance.
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