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Abstract. Ppm1b, a metal‑dependent serine/threonine protein 
phosphatase, catalyzes the dephosphorylation of a variety of 
phosphorylated proteins. Ppm1b‑/‑ mouse embryos die at the 
fertilized oocyte stage, whereas Ppm1b+/‑ mice with a C57BL/6 
background exhibit no phenotypic abnormalities. Because 
the C57BL/6 strain produces a limited number of pups, in an 
attempt to produce Ppm1b‑/‑ mice, congenic Ppm1b+/‑ mice 
with an ICR background were established, which are more 
fertile and gave birth to more pups. As a result, however, no 
Ppm1b‑/‑ offspring were obtained when pairs of Ppm1b+/‑ ICR 
mice were bred again. Ppm1b+/‑ male and female ICR mice 
were analyzed from the viewpoint of fecundity. The Ppm1b 
haploinsufficiency had no effect on testicular weight or the 
number of sperm in male mice. Despite the fact that the levels 
of Ppm1b protein in the ovaries of sexually mature Ppm1b+/‑ 
mice were decreased compared with those of Ppm1b+/+ 
mice, there appeared to be no significant difference in the 
histological appearance of the ovaries, litter sizes or plasma 
progesterone levels at the estrous stage. When superovulation 
was induced by stimulation using a hormone treatment, the 
number of ovulated oocytes were the same for Ppm1b+/‑ and 
Ppm1b+/+ mice at 4 weeks of age when the estrous cycle did 
not proceed, however, the number of ovulated oocytes was 
lower in sexually mature Ppm1b+/‑ mice at 11 weeks of age 
compared with Ppm1b+/+ mice in the first and the second 
superovulation cycles. These collective results suggest that 
follicle development is excessive in Ppm1b+/‑ mice, and that 

this leads to a partial depletion of matured follicles and a 
corresponding decrease in the number of ovulated oocytes.

Introduction

Metal‑dependent protein phosphatase  (PPM), formerly 
referred to as a member of the protein phosphatase 2C (PP2C) 
family, is one of two major serine/threonine protein phospha-
tase families in eukaryotes (1). Ppm1a and Ppm1b, closely 
related members of the PPM family with an amino acid 
identity of 75%, catalyze the dephosphorylation of a variety 
of phosphorylated proteins that are involved in intracellular 
signaling and cellular responses but show distinct cellular 
localization (2‑4).

Ppm1a catalyzes the dephosphorylation of the p38 
mitogen‑activated protein kinase  (MAPK), MAPK kinase 
(MKK) 4, MKK6 in the stress‑activated protein kinase (SAPK) 
cascade and Smad2/3 in the bone morhogenic protein (BMP) 
signaling pathway (5‑7), whereas Ppm1b dephosphorylates 
transforming growth factor (TGF)‑β‑activated kinase  1 
(TAK1), a member of the stress‑activated protein kinase 
(SAPK) cascade (8,9). Ppm1a and Ppm1b also dephosphory-
late IκB kinase, a protein kinase that is involved in the nuclear 
factor kappa κB (NFκB) pathway in cellular systems, and 
appears to down‑regulate or terminate cytokine‑induced 
NFκB activation (10,11). A proteomic analysis has also shown 
that TNFα enhances the interaction of 14‑3‑3ε with TAK1 
and Ppm1b, suggesting that it is involved in cross talk with 
the MAPK signaling pathway (12). It therefore appears that 
Ppm1a and Ppm1b have both unique and redundant functions.

AMP‑activated protein kinase  (AMPK) is activated in 
response to increased AMP concentrations and induces the 
activation of metabolic pathways that generate ATP, while also 
repressing ATP consumption, and hence can be regarded as a 
sensor for cellular energy status (13,14). Chida et al (15) reported 
that Ppm1a and Ppm1b dephosphorylate the alpha‑subunit of 
AMPK in their N‑myristoylated forms. In addition, Ppm1b 
activates the peroxisome‑proliferator‑activated receptor 
gamma (PPARγ) via the dephosphorylation of Ser112  (16). 
Because PPARγ is a ligand‑activated transcriptional factor of 
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the nuclear receptor superfamily that regulates genes that are 
involved in differentiation, metabolism, and immunity (17), it 
is possible that Ppm1b might also be involved in the regulation 
of these metabolic processes. The association of Ppm1b with 
glioma amplified sequence 41 (GAS41), a member of a protein 
family that is characterized by the presence of an N‑terminal 
YEATS domain, catalyzes the dephosphorylation of Ser366 
of p53, leading to a decrease in p53 levels (18). Because the 
hyperactivation of p53 causes accelerated senescence, the 
depletion of Ppm1b causes premature senescence, caused by 
the sustained activation of p53 (19). Among the five distinct 
Ppm1b isoforms that are produced by the mouse (20‑23), three 
are predominantly expressed in pachytene spermatocytes 
and in more highly differentiated germ cells, suggesting that 
they play a role in the spermatogenic process. The levels of 
Ppm1b are increased during the course of the first wave of 
spermatogenesis in the neonatal male mouse (24).

Ppm1b‑deficient mice with the C57BL/6 background have 
been established by a gene‑knockout technique (4). Fertilized 
Ppm1b‑/‑ oocytes die without cleavage, but Ppm1b+/‑ mice 
develop normally and show no vast phenotypic abnormalities 
in the first observation. Since these observations, a Ppm1b 
gene‑trap mouse line (Ppm1b+/d), which contains a retroviral 
gene trap in the second intron of the Ppm1b locus, was devel-
oped and employed in studies concerning the Rip3‑mediated 
regulation of necroptosis (25). Homozygous gene‑trap mice 
(Ppm1bd/d) are viable and are born with a normal Mendelian 
distribution. However, these mice express lower levels of the 
wild‑type Ppm1b, which appears to support the viability of the 
mice.

Because the expression of Ppm1b in germ cells implies 
that the gene might play a role in reproduction, we attempted 
to clarify this issue. We changed the genetic background of 
Ppm1b+/‑ mice from the C57BL/6 strain to the ICR strain 
because the latter strain is more fertile and produces more 
pups. However, no Ppm1b‑/‑ mice were born again, an obser-
vation that prompted us to examine the fertilizing ability of 
Ppm1b+/‑ mice from the viewpoints of histology and protein 
levels. The findings indicate that the Ppm1b+/‑ ICR female mice 
showed impaired ovulation in response to hormonal stimuli, 
which is consistent with lower levels of the Ppm1b protein in 
the ovaries of these mice.

Materials and methods

Animals. Ppm1b‑deficient mice were originally generated 
using embryonic stem cells with a C57BL/6 and b129Sv 
mixed background using a gene‑targeting technique (4). We 
mated Ppm1b+/‑ male mice with female congenic ICR mice 
and backcrossed the litters more than 10 times to produce 
ICR mice. The animal room climate was maintained under 
specific pathogen‑free conditions at a constant temperature 
of 20‑22˚C with a 12‑h alternating light‑dark cycle, with food 
and water available ad libitum. The genotype of the mice was 
determined by polymerase chain reaction  (PCR) analysis 
using specific primers for Ppm1b and knockout allele, as 
reported previously (4). Animal experiments were performed 
in accordance with the Declaration of Helsinki under a 
protocol approved by the Animal Research Committee of 
Yamagata University.

Assessing reproductive ability of female mice. The fertil-
izing ability of the Ppm1b+/+ and Ppm1b+/‑ female mice was 
examined under conventional breeding conditions. Individual 
Ppm1b+/+ and Ppm1b+/‑ female mouse at 11 weeks old were 
cohabitated with a sexually mature Ppm1b+/+ male mouse and 
kept until childbirth.

Counting sperm numbers. The number of sperm cells in the 
cauda epididymis was determined as described in a previous 
study (26). The cauda epididymis was dissected from the mice, 
transferred to phosphate buffered saline (PBS), and minced 
into small pieces. After incubation for 15 min, the released 
sperm were suspended in the incubation solution to obtain a 
homogeneous mixture. Sperm numbers were counted under a 
light microscope.

Immunoblot analyses. The mice were anesthetized by diethyl 
ether and then sacrificed by thoracotomy and exsanguination. 
Blood was mostly collected from the heart in the presence of 
ethylenediaminetetraacetic acid. Animals without reflex but 
with beating heart were regarded as anaesthetized, and those 
without heart beat were regarded as dead. Then, testes and 
ovary were dissected from the dead mice. After dissection, 
one testis and one ovary from an individual male and female 
mouse, respectively, were frozen in liquid nitrogen and stored 
at ‑80˚C until used. After thawing on ice, the ovaries and testes 
were homogenized with a glass‑teflon homogenizer in lysis 
buffer, which contained 25 mM Tris‑HCl, pH 7.5, 150 mM 
NaCl, 1% (w/v) Nonidet P‑40, 1% (w/v) sodium deoxycho-
late, and 0.1%  (w/v) SDS, supplemented with a protease 
inhibitor cocktail (P8340, Sigma‑Aldrich). After centrifuga-
tion at 17,400 x g for 15 min at 4˚C, the protein content in 
the supernatant was determined using a BCA protein assay 
reagent (Thermo Fisher Scientific). The proteins (20 µg/lane) 
were separated on 12 or 15% SDS‑polyacrylamide gels and 
blotted onto polyvinylidene difluoride (PVDF) membranes 
(GE Healthcare). The blots were blocked with 5% skim milk 
in Tris‑buffered saline containing 0.1% Tween‑20 (TBST), and 
were then incubated overnight with the primary antibodies 
diluted in TBST containing 1%  skim milk. The primary 
antibodies (diluted  1:1,000) used were; Ppm1b (AF4396, 
R&D Systems), glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH) (sc‑25778, Santa Cruz Biotechnology), and β‑actin 
(sc‑69879, Santa Cruz Biotechnology). After incubation with 
horseradish peroxidase‑conjugated 2nd antibodies (Santa Cruz 
Biotechnology), the bands were detected using the Immobilon 
western chemiluminescent HRP substrate (Millipore) on an 
image analyzer (ImageQuant LAS500, GE Healthcare). After 
reprobing, the same membranes were reacted with either 
anti‑GAPDH antibody for testicular proteins or anti‑β‑actin 
antibody for ovarian proteins because reactivity of the anti-
bodies to non‑specific proteins in testes and ovaries was 
different.

Counting follicles in the whole ovaries. The numbers of folli-
cles in whole ovaries were counted according to a previously 
described method (27). One ovary from an individual female 
mouse was used for the analyses. Ovaries were collected from 
females at 11‑weeks of age, fixed in 15% buffered formalin, 
embedded in paraffin, and 7 µm thick sections were prepared. 
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To determine follicle numbers, every 4th serial section was 
stained with hematoxylin and eosin  (H&E). Photographs 
of the sections were obtained using a BZ‑X700 microscope 
(Keyence) and the number of follicles was counted.

Measurement of plasma progesterone by an enzyme immu‑
noassay. Blood was collected from the tail vein of the mice 
at the estrous stage in the presence of an excess of ethylene-
diaminetetraacetic acid. After centrifugation at 800 x g for 
5 min, plasma progesterone concentrations in the mice were 
measured using a Progesterone enzyme‑linked immunosor-
bent assay (ELISA) kit (ADI‑900‑011, Enzo Life Sciences) 
according to the manufacturer's instructions.

Oocyte collection after superovulation. Hormone‑stimulated 
ovulation was induced in mice, as described previously (28). 
Briefly, 4‑ or 11‑week‑old Ppm1b+/+ and Ppm1b+/‑ female ICR 
mice were injected intraperitoneally (i.p.) with 5 IU of pregnant 
mare serum gonadotropin (PMSG) (Asuka‑seiyaku). At 48 h 
after the administration of PMSG, 5 IU of human chorionic 
gonadotropin (hCG) (Asuka‑seiyaku) was administered i.p. 
At 14 h after hCG administration, oocytes in the ampullary 
sites of both fallopian tubes were collected and counted. For 
repeated‑superovulation, PMSG/hCG injections were repeated 
at interval of 7 days.

Statistical analyses. The results are expressed as the 
mean ± standard error of the mean (SEM). Statistical analysis 
was performed using the Student t‑test. Data were analyzed 
by two‑way analysis of variance followed by Tukey's multiple 
comparisons test when comparisons were made in datasets 
containing more than two groups. All data were analyzed 
using the GraphPad Prism 6 software. P-values <0.05 were 
considered to indicate statistically significant differences.

Results

Establishing Ppm1b+/‑ ICR mice. Ppm1b‑deficient mice were 
originally established under a C57BL/6 background (4), which 
is commonly used but produces limited numbers of pups 
compared to the ICR background. We therefore changed the 
genetic background of the mice from C57BL/6 to ICR mice by 
mating the original Ppm1b+/‑ C57BL/6 mice and backcrossing 
the litters to the ICR mice more than 10 times. However, the 
breeding of Ppm1b+/‑ male and Ppm1b+/‑ female ICR mice under 

conventional conditions resulted in the birth of only Ppm1b+/+ 
and Ppm1b+/‑ ICR mice (Table I), an observation that is consis-
tent with the selective death of the Ppmlb‑/‑ embryos reported 
for mice with the C57BL/6 background (4). Accordingly we 
analyzed only Ppm1b+/‑ ICR mice in comparison with Ppm1b+/+ 
ICR mice throughout the study.

Characteristics of Ppm1b+/‑ male ICR mice. We first examined 
sexually mature male mice because the involvement of Ppm1b 
in the spermatogenic process was suspected, based on the 
unique expression of isoforms in spermatogenic cells (20‑23). 
Generally male mice are sexually matured after 8 weeks, 
so that we chose mice at 11 weeks old when they were fully 
matured and most reproductive. Ppm1b+/‑ male ICR mice were 
viable, with normal growth and showed no obvious abnor-
malities. The body weights of the Ppm1b+/‑ male ICR mice 
and Ppm1b+/+ male ICR mice at 11‑weeks of age were identical 
(Fig. 1A). No significant difference in testes weight (Fig. 1B) 
or sperm numbers (Fig. 1C) was detected between Ppm1b+/‑ 
and Ppm1b+/+ male ICR mice, which is consistent with results 
reported for mice with the C57BL/6 background  (4). The 
antibody against Ppm1b indicated the presence of two bands 
corresponding to 43 and 53 kDa in size in all testes, irrespec-
tive of the mouse genotype. The 53‑kDa protein is the form that 
is expressed ubiquitously, and the 43‑kDa protein is the form 
that is expressed specifically in the testis and liver (20‑23). 
While the expression of two out of five Ppm1 isoforms could 
be confirmed, the levels of both the 43 and 53‑kDa Ppm1b 
proteins in the testes were not significantly different between 
Ppm1b+/+ and Ppm1b+/‑ mice at 11‑weeks of age (Fig. 1D). It 
therefore appears that the Ppm1b+/‑ male ICR mice are normal 
in terms of spermatogenesis.

Ovarian expression of Ppm1b in mice. Ppm1b+/‑ female ICR 
mice also developed normally and had normal body and ovary 
weights compared with the age‑matched Ppm1b+/+ female ICR 
mice (Fig. 2). We then performed immunoblot analyses of 
proteins isolated from the ovaries. An antibody against Ppm1b 
indicated the presence of a band corresponding to a size of 
53 kDa from all ovaries. The levels of the Ppm1b protein in 
ovaries were not significantly different between Ppm1b+/+ and 
Ppm1b+/‑ mice at 4‑weeks of age (Fig. 3A). However, it was 
down‑regulated to about 50% in the Ppm1b+/‑ mice compared 
to the Ppm1b+/+ mice at 11‑weeks of age (Fig. 3B). Thus, the 
expression of the Ppm1b gene appeared to be altered during 

Table I. Comparison of female fertility between Ppm1b+/+ and Ppm1b+/‑ ICR mice. 

	N umber of neonates
Ppm1b genotype	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Male x female	N umber of mating pairs	L itter size	 +/+	 +/‑

+/+ x +/+ 	 6	 14.17±2.32	 14.17±2.32	   0
+/+ x +/‑	 14	 14.21±2.75	 7.50±2.03	   6.71±1.94
+/‑ x +/‑ 	 7	 13.57±2.57	 3.71±1.25	 10.00±2.08

Litter sizes and genotype of neonate from indicated genetic pairs of mice were shown. Data are presented as the mean ± standard deviation of 
indicated number of pairs. 
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the sexual maturation of the ovaries, suggesting the existence 
of a haploinsufficiency of the gene at the sexually mature stage.

Characteristics of Ppm1b+/‑ female ICR mice. Because Ppm1b 
was down‑regulated in Ppm1b+/‑ ovaries at 11‑weeks of age, 
we hypothesized that ovary structure and/or function may 
have been altered. We performed a histological analysis of 
ovaries from mice at 11‑weeks of age. H&E‑stained ovarian 
sections from the Ppmlb+/‑ ICR mice appeared to be similar 
to those from the Ppm1b+/+ ICR mice (data not shown). The 
same numbers of offspring were produced when Ppm1b+/+ and 
Ppm1b+/‑ female ICR mice were mated with Ppm1b+/+ male 
ICR mice (Fig. 3C), which suggests that Ppm1b+/‑ female ICR 
mice have a normal fertility. In addition, no differences in 
plasma progesterone levels were detected at the estrous stage 
of the mice (Fig. 3D).

The number of ovulated oocytes by superovulation is reduced 
in Ppmlb+/‑ ICR mice. Because the process of ovulation is 
similar to inflammation that accompanies oxidative stress 
with elevated reactive oxygen and nitrogen species (29), the 
induction of ovulation may expose a latent impairment caused 
by a Ppm1b haploinsufficiency. To address this issue, we 
evaluated ovarian function under conditions of superovulation 
by administering PMSG followed by hCG to stimulate ovula-
tion (a well‑accepted protocol) (28) in female mice at 4‑ and 
11‑weeks of age. After superovulation, the weights of ovaries 
from the Ppmlb+/‑ ICR mice were found to be similar to those 
from the Ppm1b+/+ ICR mice (Fig. 2B) and no difference was 
found in the number of ovulated oocytes at 4‑weeks of age 
(Fig. 4A). However, at 11‑weeks of age the number of ovulated 
oocytes was smaller in the Ppmlb+/‑ ICR mice compared to 

Figure 2. Changes in body and ovary weights following superovulation. 
WT and Hete female ICR mice at the indicated ages were superovulated 
once (4‑  and 11‑week old mice) or twice (11‑week old mice). (A) Body 
weight and (B) ovary weight of WT and Hete ICR mice were shown. The 
number of female mice used for each treatment is shown within parentheses 
above the columns. The data on the superovulated mice came from the same 
mice presented as Fig. 4. Data were analyzed by two‑way analysis of vari-
ance followed by Tukey's multiple comparisons test. Data were presented as 
the mean ± SEM. ns, not significant; WT, Ppm1b+/+; Hete, Ppm1b+/‑.

Figure 1. Characteristics of Hete male ICR mice. (A) Body weight, (B) testes weight, and (C) epididymal sperm numbers of WT and Hete ICR mice at 11‑weeks 
of age. Data are presented as the mean ± SEM (n=4 per genotype). (D) Proteins were isolated from the testes of the WT and Hete ICR mice at 11 weeks old and 
were subjected to immunoblot analyses using antibodies against Ppm1b and GAPDH. The asterisk represents a nonspecific band. Left panels, representative 
blots are shown. Right graph, immune reactive bands were semi‑quantified by scanning the blot membranes and normalized to GAPDH. Data are presented as 
the mean ± SEM (n=3). ns, not significant; WT, Ppm1b+/+; Hete, Ppm1b+/‑; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase. 
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the Ppm1b+/+ ICR mice (Fig.  4B), although no difference 
was observed in ovary weight (Fig. 2B). Interestingly, the 
number of ovulated oocytes caused by the hormone treatment 
remained less in Ppmlb+/‑ ICR mice at the second superovula-
tion (Fig. 4C). Although the macroscopic appearance of the 
ovaries was normal (data not shown), the decreased ovulation 
could have been caused by impaired folliculogenesis in the 
Ppm1b+/‑ ICR mice. We attempted to validate this possibility by 
counting follicles in whole ovaries at the developed stages. The 
results indicated that the number of follicles at stages later than 
the secondary follicle in whole ovaries were similar between 
these genotypic mice (Fig. 4D). Thus, the hormone treatment 
stimulated the ovulation process, but not folliculogenesis, an 
observation that appears to be due to a defect resulting from a 
haploinsufficiency of the Ppm1b gene.

Discussion

We found that the number of ovulated oocytes resulting from 
stimulation by a hormone treatment were lower in sexually 
mature Ppm1b+/‑ female ICR mice at 11‑weeks of age compared 

to Ppm1b+/+ ICR mice but were essentially the same in imma-
ture mice at 4‑weeks of age (Fig. 4). It therefore appears that a 
haploinsufficiency of the Ppm1b gene exerted an influence over 
the Ppm1b protein only in ovaries from sexually mature female 
mice at 11‑weeks of age (Fig. 3). Thus, Ppm1b expression may 
be regulated, at least in part, by female sex hormones. However, 
there were no differences in the histological appearance of the 
ovaries, litter sizes, or plasma progesterone levels at the estrous 
stage, even in mice at 11‑weeks of age (Fig. 3). Although we did 
not perform precise examination on ovarian function due to 
limited amounts of samples, evaluation of basic ovarian func-
tion by measuring hallmarks, such as anti‑Müllerian hormone 
(AMH), might help understanding roles of Ppm1b. There 
appears to be a correlation between the number of ovulated 
oocytes by superovulation and protein levels of Ppm1b in 
ovaries, although the precise mechanism responsible for the 
Ppm1b gene expression is not clear at this stage of our studies. 
Thus, the results obtained herein suggest that Ppm1b plays roles 
in the ovulation process in response to hormones.

Contrary to the impaired reproductive ability of female 
mice, there were no differences in sperm numbers and 
other phenotypes between Ppm1b+/+ and Ppm1b+/‑ male ICR 
mice (Fig.  1). We detected two Ppm1 protein bands that 
were different in size and which corresponded to the Ppm1b 
isoforms that are specifically expressed in differentiated male 

Figure 3. Characteristics of Hete female ICR mice. Proteins were isolated 
from the ovaries of the WT and Hete ICR mice at the ages of (A) 4‑weeks or 
(B) 11‑weeks and were subjected to immunoblot analyses using antibodies 
against Ppm1b and β‑actin. Upper panels, representative blots were shown. 
Lower graphs, immune reactive bands were semi‑quantified by scanning 
the blot membranes and normalized to β‑actin. Data were presented as 
the mean ± SEM, n=3. (C) Litter size of WT and Hete female ICR mice 
(11‑ to 13‑week‑old) mated with a WT male ICR mouse. Data were presented 
as the mean ± SEM (WT, n=8; Hete, n=7). (D) Plasma progesterone levels 
in 11‑week‑old WT and Hete female ICR mice at the estrous stage. Data 
were presented as the mean ± SEM (n=4). **P<0.01. ns, not significant; 
WT, Ppm1b+/+; Hete, Ppm1b+/‑.

Figure 4. Number of oocytes produced by superovulation and developed 
follicles in the ovaries of WT and Hete female ICR mice. The number 
of ovulated oocytes from WT and Hete female ICR mice at the ages of 
(A) 4‑weeks or (B) 11‑weeks subjected to one cycle of hormone treatment. 
(C) The number of ovulated oocytes from WT and Hete female ICR mice 
(11‑weeks old) subjected to two cycles of hormone treatment. The numbers of 
oocytes collected were expressed as the mean ± SEM. The number of female 
mice used for each treatment is shown in parentheses within the columns. 
(D) The number of follicles in ovaries were counted on sections of whole 
ovaries of the mice (11‑weeks old). Data were presented as the mean ± SEM 
(n=4). *P<0.05, **P<0.01. The data were analyzed using the Students t‑test. ns, 
not significant; WT, Ppm1b+/+; Hete, Ppm1b+/‑.
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germ cells (20‑23). The levels of the Ppm1b isoforms were 
the same between Ppm1b+/+ and Ppm1b+/‑ male ICR mice, 
suggesting that a haploinsufficiency of the Ppm1b gene neither 
affected the expression of these two isoforms nor the pheno-
types in the male reproductive system. The pool of primordial 
follicles is maintained in a dormant state by a variety of inhibi-
tory machinery for follicular activation, including phosphatase 
and a tensin homolog deleted on chromosome ten (PTEN) and 
Foxo3a, and the loss of function of the inhibitory molecule 
leads to the premature activation of the primordial follicle 
pool and follicle depletion (30). The excessive activation of 
the mammalian target of rapamycin complex 1 (mTORC1) 
actually causes an accelerated activation and the depletion 
of primordial follicles in mouse ovaries (31,32). It has been 
reported that the pharmacological inhibition of mTORC1 
activity by a rapamycin treatment consistently leads to the 
suppression of primordial follicle activation (33). Based on 
these findings, we hypothesized that a haploinsufficiency of 
the Ppm1b gene might have caused the decline in the number 
of follicles and decreased numbers of ovulated oocytes in 
the Ppm1b+/‑ ICR mice. However, no difference was found 
in the number of developed follicles between ovaries from 
Ppm1b+/‑ and Ppm1b+/+ mice (Fig. 4D). Thus, these collective 
results suggest an opposite scenario; i.e. follicle development 
proceeds at an excessive level in the Ppm1b+/‑ mice, leading 
to the partial depletion of matured follicles and a decrease in 
the number of ovulated oocytes. This issue will need to be 
clarified in a future study.

Hormonal stimuli with PMSG and hCG induces the 
activation of a variety of processes, including steroidogenesis, 
and releases progesterone to maintain pregnancy  (34). 
Steroidogenesis involves several enzymatic processes, 
including oxygenase reactions that are mediated by the 
P450 side‑chain cleavage enzyme (P450scc) (35). Reactive 
oxygen species (ROS) are produced as byproducts of these 
oxygenase‑catalyzed reactions and the action of molecules that 
are susceptible to oxidation are impaired (36), as is typically 
seen in the redox reactive molecule peroxiredoxin (37). In 
addition, hydrogen peroxide, a stable and less toxic ROS, 
can regulate hormonal responses via its ability to modulate 
redox‑sensitive machinery such as epidermal growth factor 
(EGF)‑receptor signaling (38). Because tyrosine phosphatases 
contain a redox‑sensitive sulfhydryl residue at the catalytic 
center and is prone to oxidative inactivation, hydrogen 
peroxide that is produced by NADPH oxidases stimulate 
the signaling pathway, as demonstrated in the case of EGF 
receptor signaling (39). However, Ppm1b is a metal‑dependent 
protein phosphatase that catalyzes the dephosphorylation of 
phospho‑serine/threonine in proteins (1) and is less sensitive 
to oxidative modification than phosphotyrosine phosphatases. 
This suggests that the direct inactivation of Ppm1b by ROS 
would be less likely.

Because many protein kinases catalyze the phosphorylation 
of hydroxyl groups of serine/threonine residues in signaling 
proteins, as typified in the MAPK cascade (3,5‑7), a dysfunc-
tion in Ppm1b may sustain the phosphorylation process active 
state and enhance cellular proliferation after hormonal stimuli. 
The interaction between mTOR and the MAPK signaling 
pathways and their participation in the ovulation process is 
complex and is currently not fully understood (40). The findings 

reported herein suggest that the process is regulated by the 
dephosphorylation via Ppm1b and is functional during ovula-
tion in response to hormonal stimulation. Experiments using 
conditional Ppm1b‑null knockout mice would provide a clear 
picture of this issue as well as the bona fide roles of Ppm1b. 
In fact, for unknown reasons, we, as well as Sasaki et al (4) 
have made numerous attempts to establish conditional 
knockout mice but failed to obtain Ppm1bflox/flox mice, which 
are required if Ppm1b gene is to be deleted conditionally. 
Because a haploinsufficiency of Ppm1b resulted in a decreased 
number of ovulated oocytes by superovulation (Fig. 4), agents 
that activate Ppm1b may be a beneficial agent for increasing 
the number of ovulated oocytes and consequently litter sizes. 
Ppm1b reportedly dephosphorylates Pax2, which encodes 
the protein required for the development of several organs in 
embryos, and results in switching Pax2 from a transcriptional 
activator to a repressor protein (41). The ablation of Ppm1b 
sustains the phosphorylation of the tumor suppressor gene, the 
retinoblastoma gene (RB1), and down regulates U2OS osteo-
sarcoma cell growth (42). Thus, Ppm1b appears to support the 
proliferation of tumor cells. On the contrary, the knockdown 
of Ppm1b activates Rho GTPase, which results in the invasion 
and migration of breast cancer cells (43), suggesting that Ppm1b 
has a suppressive function in these cells. Thus, the functional 
consequence of Ppm1b largely depends on the types of cells, 
and a complete understanding of its roles are awaited for the 
purpose of improved female reproduction and cancer therapy.

In conclusion, we report herein that a heterozygous defi-
ciency of the Ppm1b gene in female ICR mice results in a 
deteriorated response in hormone‑stimulated ovulation. The 
identification of the target proteins of Ppm1b should provide 
clues to our understanding of the phosphorylation‑dephos-
phorylation reactions that regulate the ovulation process in the 
ovary in response to hormonal stimuli.
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