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Possible Involvement of Phosphatidylinositol 3-Kinase, but Not 
Protein Kinase B or Glycogen Synthase Kinase 3β, in 

Progesterone-Induced Oocyte Maturation in the
Japanese Brown Frog, Rana japonica

Ryoma Ota, Kaori Suwa†, Tomoya Kotani, Koich Mita‡

and Masakane Yamashita*

Laboratory of Reproductive and Developmental Biology, Faculty of Advanced
Life Science, Hokkaido University, Sapporo 060-0810, Japan

It is known that amphibian oocytes undergo maturation through the formation and activation of 
maturation-promoting factor (MPF) in response to stimulation by the maturation-inducing hormone 
progesterone; however, the signal transduction pathway that links the hormonal stimulation on the 
oocyte surface to the activation of MPF in the oocyte cytoplasm remains a mystery. The aim of this 
study was to investigate whether the signal transduction mediated by phosphatidylinositol 3-kinase 
(PI3K), protein kinase B (PKB), and glycogen synthase kinase 3β (GSK3β) is involved in progest-
erone-induced oocyte maturation in the Japanese brown frog, Rana japonica. Inhibitors of PI3K, 
wortmannin and LY294002, inhibited progesterone-stimulated germinal vesicle breakdown (GVBD) 
only when the oocytes were treated at the initial phase of maturation, suggesting that PI3K is 
involved in the progesterone-induced maturation of Rana oocytes. However, we also obtained 
results suggesting that PKB and GSK3β are not involved in Rana oocyte maturation. A constitu-
tively active PKB expressed in the oocytes failed to induce GVBD in the absence of progesterone 
despite its high level of kinase activity. A Myc-tagged PKB expressed in the oocytes (used to mon-
itor endogenous PKB activity) was not activated in the process of progesterone-induced oocyte 
maturation. Overexpression of GSK3β, which is reported to retard the progress of Xenopus oocyte 
maturation, had no effect on Rana oocyte maturation. On the basis of these results, we propose 
that PI3K is involved in the initiation of Rana oocyte maturation, but that neither PKB nor GSK3β
is a component of the PI3K signal transduction pathway.

Key words: amphibians, oocyte maturation, phosphatidylinositol 3-kinase, progesterone, signal trans-
duction

INTRODUCTION

Oocytes are produced in ovaries by the entry of mitot-
ically proliferating oogonia into meiosis. Oocytes stop their 
meiotic cell cycle at the first prophase, during which they 
grow by the accumulation of substances necessary for early 
embryonic development. In many species, fully grown 
postvitellogenic oocytes arrested at the first meiotic 
prophase are immature, and they are unable to be fertilized 
until they mature (Masui, 1985). Oocyte maturation is 
induced by sequential actions of three substances: gonad-
otropic hormone (GTH), maturation-inducing hormone 
(MIH), and maturation-promoting factor (MPF) (Nagahama 

et al., 1995; Yamashita, 2000; Nagahama and Yamashita, 
2008). Oocytes that have been induced to mature resume 
meiosis from the first prophase and proceed to the first or 
second metaphase, at which time, in many invertebrates 
and vertebrates, they are inseminated. During the course of 
maturation, oocytes undergo drastic morphological changes 
associated with progression of the meiotic cell cycle, among 
which breakdown of the oocyte nuclear envelope (germinal 
vesicle breakdown, GVBD) occurring at the prophase/
metaphase transition is frequently regarded as a hallmark of 
the progress of maturation (Yamashita, 1998).

Amphibian oocytes provide the most widely used exper-
imental system for investigating the molecular and cellular 
mechanisms of oocyte maturation, as these oocytes are 
ready induced to mature in vitro when treated with the MIH 
progesterone and are available in large numbers and sizes 
appropriate for experimental manipulation (Kotani et al., 
2001; Kotani and Yamashita, 2002). It is known that the MIH 
signal received on the oocyte surface is transduced into the 
oocyte cytoplasm to form and activate MPF; however, actual 
biochemical pathways that link the hormonal stimulation to 
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the activation of MPF are still not clear (Nakahata et al., 
2003; Haccard and Jessus, 2006).

MPF consists of the catalytic subunit Cdc2 and the reg-
ulatory subunit Cyclin B. Although its function in promoting 
metaphase is common among species, the formation and 
activation mechanisms of MPF differ among species 
(Yamashita et al., 2000). In Xenopus, immature oocytes 
contain inactive MPF, called pre-MPF, which consists of 
Cyclin B-bound Cdc2 phosphorylated on both T14/Y15 and 
T161. Progesterone stimulates dephosphorylation of T14/
Y15, yielding active MPF that consists of Cyclin B-bound 
Cdc2 phosphorylated only on T161. In contrast to Xenopus, 
pre-MPF is absent in immature Rana oocytes. After stimu-
lation by progesterone, Cyclin B is synthesized from its stored 
mRNA and binds to the preexisting Cdc2. Then CAK phos-
phorylates Cyclin B-bound Cdc2 on T161. Neither T14/Y15 
phosphorylation nor its dephosphorylation is involved in 
MPF activation in Rana (Ihara et al., 1998). Other amphib-
ians except Xenopus probably utilize similar mechanisms 
(Tanaka and Yamashita, 1995; Sakamoto et al., 1998).

In accordance with MPF activation, many other kinases 
are activated during amphibian oocyte maturation. These 
include the Mos-MEK-MAPK pathway (MAPK is a mitogen-
activated protein kinase and MEK is a MAPK/ERK kinase.) 
and p70 ribosomal S6 kinase (p70s6k: Ferrell, 1999; 
Nebreda and Ferby, 2000). We previously demonstrated 
that the Mos/MAPK pathway is not essential for MPF acti-
vation and GVBD during oocyte maturation in Rana japonica 
(Yoshida et al., 2000a), while in Xenopus, activation and 
inhibition of the Mos/MAPK pathway result in the initiation 
and the inhibition of oocyte maturation, respectively (Palmer 
and Nebreda, 2000). Moreover, it has been reported that 
inhibition of p70s6k by rapamycin prevents GVBD in Rana 
dybowskii but not in Xenopus (Bandyopadhyay et al., 1999). 
Thus, there is a difference between Rana and Xenopus in 
the signal transduction pathways used in oocyte maturation 
stimulated by progesterone, in addition to the difference in 
the molecular mechanisms of MPF activation.

Ju et al. (2002) have suggested that phosphatidylinositol 
3-kinase (PI3K) is involved in progesterone-induced oocyte 
maturation in Rana dybowskii. A downstream mediator of 
PI3K is protein kinase B (PKB), and PKB in turn phosphory-
lates and inactivates glycogen synthase kinase 3β (GSK3β; 
Cross et al., 1995), which is required for Xenopus oocyte 
maturation (Fisher et al., 1999). It is therefore likely that a 
signal transduction pathway mediated by PI3K/PKB/GSK3β
plays a role in oocyte maturation common in amphibians. 
However, there is little information on PKB and GSK3β in 
Rana oocyte maturation. In this study, we demonstrated 
inhibition of progesterone-induced maturation of Rana 
japonica with inhibitors specific to PI3K, suggesting the 
invovement of PI3K in initiation of Rana oocyte maturation. 
However, a constitutively active PKB failed to induce GVBD 
in Rana oocytes despite its high level of kinase activity. The 
kinase activity of PKB did not remarkably change during 
progesterone-stimulated oocyte maturation. Moreover, over-
expression of GSK3β had no apparent effect on Rana
oocyte maturation, although it retarded the time course of 
Xenopus oocyte maturation as previously reported (Fisher et 
al., 1999). On the basis of these findings, we propose that 
PI3K, but not PKB or GSK3β, is essential for initiating Rana 

oocyte maturation in response to progesterone.

MATERIALS AND METHODS

Induction of oocyte maturation and its inhibition with PI3K 
inhibitors

Sexually mature Japanese brown frogs, Rana japonica, were 
purchased from a dealer just before hibernation and stored at 4°C 
until the natural breeding season. Immature oocytes were isolated 
with collagenase as described previously (Ihara et al., 1998). All of 
the experiments were carried out at room temperature unless oth-
erwise noted. The oocytes were treated with 10 μM progesterone 
for 30 min in modified Barth’s saline buffered with HEPES (MBS-H; 
Cyert and Kirschner, 1988). The presence of GVBD was examined 
by cutting the oocytes with a razor blade.

PI3K inhibitors, wortmannin (SIGMA, Tokyo, Japan) and 
LY294002 (SIGMA), were dissolved in dimethyl sulfoxide (DMSO, 
SIGMA) as stock solution (10 mM) and then diluted with MBS-H to 
yield appropriate concentrations before use. Following treatment of 
oocytes with wortmannin or LY294002, progesterone was applied to 
the oocytes to induce maturation. To determine the period for which 
wortmannin is effective, oocytes pretreated with 1 μM wortmannin 
and 10 μM progesterone for 30 min were washed three times with 
MBS-H to remove the drugs. The oocytes were further incubated in 
the continuous presence of 1 μM wortmannin, starting at 3 h after 
the washing.

Isolation of cDNA encoding Xenopus laevis PKB and GSK3β
Total RNA was isolated from the Xenopus ovary with ISOGEN 

(Nippon Gene, Tokyo, Japan). Following precipitation with LiCl, 
Poly(A)+ RNA was isolated by the use of oligo(dT)-Latex beads 
(Oligotex-dT30<Super>, Roche, Tokyo, Japan), and cDNAs were 
produced by using a First-Strand cDNA Synthesis Kit (Gibco BRL 
LIFE Technology, Tokyo, Japan). According to the published 
sequences, the ORFs of Xenopus PKB and GSK3β (DDBJ/EMBL/
GenBank database accession numbers AF317656 and L38492, 
respectively) were amplified by RT-PCR using the following oligonu-
cleotide primers in which were introduced BamHI and XhoI sites for 
PKB and BamHI and HindIII sites for GSK3β as indicated by under-
lines: for Xenopus PKB, Xl PKB-F primer, 5’-AAGGATCCATGAAT-
GAAGTAGCGATAGTG-3’, and Xl PKB-R primer, 5’-TTTCTCGAG-
AGCATTTCCACTAGCAGAGTA-3’; for Xenopus GSK3β, Xl GSK3β-
F primer, 5’-CGGGATCCATGAGCGGAAGGCCGAGAACC-3’, and Xl 
GSK3β-R primer, 5’-CCCAAGCTTGGAGGAGTTGGAGGCAGATGC-
3’. The PCR product of Xenopus PKB was digested with BamHI and 
XhoI and was then ligated into the same cloning sites of pBluescript 
II SK(+) (Stratagene, La Jolla, CA). After sequence confirmation, the 
insert was isolated by cutting the plasmid with BamHI and XhoI and 
was then ligated into pET21a (Novagen, Madison, WI). The PCR 
product of Xenopus GSK3β was digested with BamHI and HindIII 
and was then ligated into the same cloning sites of pET21a.

Production of anti-PKB antibody
Recombinant Xenopus PKB was expressed in E. coli

BL21(DE3)pLysS. In contrast to the molecular size (56 kDa) 
expected from its cDNA sequence, the recombinant protein was 
expressed as a 45-kDa protein in E. coli. Sequencing of the N-
terminal amino acids revealed that the protein lacked 178 N-
terminal amino acids, starting from methionine 179 (data not 
shown). The bacterially produced protein was purified by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
followed by electroelution in Tris-glycine buffer without SDS, 
according to the method described previously (Hirai et al., 1992). 
The purified protein was dialyzed against 1 mM HEPES (pH 7.0), 
lyophilized, and injected into two mice to produce antibodies as 
described previously (Yamashita et al., 1991). Polyclonal antibodies 
against the recombinant PKB were affinity-purified with the anti-
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genic proteins electroblotted onto an Immobilon membrane 
(Millipore, Tokyo, Japan). The antibodies obtained from the two 
mice showed similar specificities.

Immunoblotting
Oocytes were washed three times with ice-cold extraction 

buffer (EB: 100 mM β-glycerophosphate, 20 mM HEPES, 15 mM 
MgCl2, 5 mM EGTA, 1 mM dithiothreitol, 100 μM (p-amidinophenyl) 
methanesulfonyl fluoride, 3 μg/μl leupeptin, pH 7.5). After removing 
excess EB with filter paper, one volume of new EB was added. The 
oocytes were homogenized with a pestle (Pellet Pestle, Kontes, 
Vineland, NJ) and centrifuged at 10,000×g for 10 min at 4°C. The 
supernatant was collected and stored at –80°C.

The oocyte extracts were subjected to SDS-PAGE, and sepa-
rated proteins were transferred to an Immobilon membrane. The 
blots were probed with the following antibodies: anti-Xenopus PKB 
mouse polyclonal antibody cross-reactive with Rana PKB (this 
study), anti-Xenopus GSK3β mouse monoclonal antibody cross-
reactive with Rana GSK3β (Santa Cruz Biotechnology), and anti-
Myc mouse monoclonal antibody (9E10). The antigen-antibody 
complex was visualized by alkaline phosphatase-conjugated sec-
ondary antibodies, as previously described (Yamashita et al., 1991).

Production of mutant PKB and GSK3β
Two mutant forms of Xenopus PKB were produced in this study: 

TS PKB, in which two active phosphorylation sites, threonine 309 
(T309) and serine 474 (S474), were mutated to glutamic acid (T309E 
and S474E, respectively) to make a constitutively active kinase; and 
KTS PKB, in which lysine 180 (K180) in the kinase domain of TS PKB 
was mutated to alanine (K180A) to make a kinase-deficient version 
of TS PKB. To make a kinase-deficient version of GSK3β, lysine 85 
in the kinase domain of GSK3β was mutated to methionine (K85M). 
To construct these mutants, the pBluescript plasmid containing the 
ORF of Xenopus PKB and the pET21a plasmid containing the ORF 
of Xenopus GSK3β were mutated by using a QuickChange Site-
Directed Mutagenesis Kit (Stratagene) and the following oligonucle-
otide sets (the newly introduced restriction enzyme site in each 
mutation is underlined.): for Xl PKB K180R, 5’-GGACGATATTACGC-
TATGAGAATTCTAAAAAAAGAAGTTATTGTTGC-3’ and 5’-GCAAC-
AATAACTTCTTTTTTTAGAATTCTCATAGCGTAATATCGTCC-3’; 
for Xl PKB T309E, 5’-GGAATAAAAGATGGAGCAACCATGAAG-
GAATTCTGTGGAACACC and 5’-GGTGTTCCACAGAATTCCTTCA-
TGGTTGCTCCATCTTTTATTCC-3’; for Xl PKB S474E, 5’-CCGC-
ACTTCCCCCAGTTTGAATATTCTGCTAGTGGAAATGC-3’ and 5’-
GCATTTCCACTAGCAGAATATTCAAACTGGGGGAAGTGCGG-3’; 
for Xl GSK3β K85M, 5’-GAGCTGGTGGCTATCATGAAGGTGCTG-
CAAGAC-3’ and 5’-GTCTTGCAGCACCTTCATGATAGCCACCAG-
CTC-3’. Mutated clones were first selected by the restriction enzyme 
site newly introduced and then confirmed by DNA sequencing. In 
addition to these mutants, we also produced ΔPH TS PKB and ΔPH 
KTS PKB in which the pleckstrin homology (PH) domain was 
removed from TS PKB and KTS PKB, respectively. To do this, 100 
N-terminal amino acids were eliminated from Xenopus PKB proteins 
(wild-type PKB, TS PKB, and KTS PKB) by PCR using an Xl PKB-
Δ1-100 primer (5’-AAGGATCCAAGAAGCAGGAAGAAGAAATG-3’) 
and Xl PKB-R primer, followed by ligation of the PCR products into 
the BamHI/XhoI site of pBluescript II SK (+).

Expression of wild-type and mutant PKB proteins in oocytes 
was performed by injecting in vitro transcribed mRNA encoding each 
PKB tagged with the Myc-epitope (EQKLISEEDL), which can be rec-
ognized by the anti-Myc mouse monoclonal antibody 9E10. To con-
struct Myc-tagged PKB proteins, we first produced an expression 
vector for introducing the Myc-tag into the N terminus of target pro-
tein (Myc/pCS2+) as follows: 1) Two oligonucleotides including the 
Myc-epitope sequence (Myc-F, 5’-GAAGATCTACCATGGCATCAA-
TGCAGAAGCTGATCTCAGAGGAGGACCTGGGATCCA-3’) and its 
complimentary sequence (Myc-R, 5’-TGGATCCCAGGTCCTCCTC-

TGAGATCAGCTTCTGCATTGATGCCATGGTAGATCTTC-3’) were 
annealed, and the resulting DNA was treated with BglII and BamHI, 
2) after gel-filtration with Sephadex G-50 (Amersham Biosciences, 
Tokyo, Japan) to remove the digested ends of DNA, the DNA was 
ligated into the BamHI site of pCS2+, and 3) the correctly oriented 
clone was selected by DNA sequencing. We then cut all of the 
plasmids containing wild-type PKB (WT PKB), TS PKB, KTS PKB, 
ΔPH TS PKB, and ΔPH KTS PKB with BamHI/XhoI, and ligated the 
resulting inserts into the BamHI/XhoI site of Myc/pCS2+ to produce 
Myc-tagged PKB proteins (Myc-WT PKB, Myc-TS PKB, Myc-KTS 
PKB, Myc-ΔPH TS PKB, and Myc-ΔPH KTS PKB).

Microinjection into oocytes
Fully grown immature Rana oocytes were manually isolated 

from the ovary with fine forceps and stored in MBS-H. For mRNA 
injection, the plasmids carrying PKBs and GSK3βs were linearized 
with ApaI and BspEI, respectively, mRNAs encoding PKB were 
transcribed by using an mMESSAGE mMACHINE SP6 Kit (Ambion, 
Austin, TX), and mRNAs encoding GSK3β were transcribed by 
using an mMESSAGE mMACHINE T7 Ultra Kit (Ambion). All in vitro 
synthesized mRNAs were phenol/chloroform-extracted, isopropanol-
precipitated, and dissolved in distilled water. Isolated oocytes were 
injected with 50 nl of 1 ng/nl mRNAs encoding PKB and 0.1 ng/nl 
mRNAs encoding GSK3β. After injection, the oocytes were incu-
bated overnight at 18°C, treated with progesterone, and examined 
for the presence of GVBD at appropriate times.

PKB kinase assays
For measuring PKB activity, oocytes were injected with 50 ng 

of Myc-WT PKB mRNA and incubated overnight at 18°C to allow 
the oocytes to express the protein (five oocytes were extracted to 
confirm the expression of PKB by immunoblotting.). The oocytes 
were then treated with progesterone and, at intervals of 3 h, 10 
oocytes were extracted with lysis buffer (20 mM Tris-HCl, 137 mM 
NaCl, 1 mM sodium orthovanadate, 100 mM NaF, 10 mM sodium 
pyrophosphate, 1 mM EGTA, 15 mM MgCl2, 1% TritonX-100, 10% 
glycerol, pH 7.4) (Hehl et al., 2001). As a blank for PKB kinase 
activity, extracts from 10 uninjected oocytes were also obtained. 
The extracts were subjected to immunoprecipitation with anti-Myc 
antibody, and PKB activity associated with the immunoprecipitates 
was assayed in vitro by using a synthetic peptide (AKTide-2T, 
ARKRERTYSFGHHA) (Obata et al., 2000). A reaction buffer (45 μl) 
containing 20 mM HEPES, pH 7.4, 0.5 mM ATP with 1.5 μCi [γ-32P] 
ATP, 10 mM dithiothreitol, 10 mM MgCl2, 0.5 mM EGTA, and 0.1 
mM AKTide-2T was added to the immunoprecipitates, and after 
incubation at room temperature for 20 min, the kinase reaction was 
terminated by adding 5 μl of 3 M phosphoric acid. Following a brief 
centrifugation to settle the immunoprecipitates, the supernatants 
were spotted onto Whatman P81 phosphocellulose paper. The 
paper was washed three times in 1% phosphoric acid, and the 
radioactivity remaining on the paper was measured by scintillation 
counting. In each measurement, the value obtained from mRNA-
uninjected oocytes was subtracted from those obtained from 
mRNA-injected oocytes as a blank. After measuring the kinase 
activity, the immunoprecipitates were subjected to immunoblotting 
to confirm the constant protein content of Myc-WT PKB in each 
sample.

RESULTS

Effects of PI3K inhibitors on progesterone-induced 
oocyte maturation

Based on the finding that progesterone-induced oocyte 
maturation in Rana dybowskii is inhibited by inhibitors spe-
cific for PI3K, wortmannin and LY294002, the involvement of 
PI3K in oocyte maturation in this species has been sug-
gested (Ju et al., 2002). In this study, we first investigated 
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Fig. 1. Inhibition of progesterone-induced oocyte maturation by 
PI3K inhibitors. (A) Oocytes were incubated in the presence of 10 
μM progesterone and the indicated concentration of wortmannin or 
0.1% DMSO as a vehicle control. The oocytes were examined for 
the presence of GVBD after 24 h. Each value is the mean±SEM of 
values from three experiments. (B) Oocytes were incubated with 10 
μM progesterone and the indicated concentration of LY294002 or 
2% DMSO as a vehicle control. (C) The period during which wort-
mannin had an effect on oocyte maturation. After the oocytes had 
been treated with 10 μM progesterone and 1 μM wortmannin for 30 
min and had been washed with MBS-H to remove the drugs, 1 μM 
wortmannin was added at 3-h intervals. The oocytes were examined 
for the presence of GVBD 25 h after progesterone treatment. The 
initiation of GVBD is indicated by an arrowhead. Note that wort-
mannin was effective only when added within 3 h after the washing.

Fig. 2. Characterization of anti-PKB antibody by immunoblotting. 
(A) Anti-PKB immunoblots of crude extracts from immature (I) and 
mature (M) oocytes of Xenopus laevis (Xl) (lanes 5 and 6) and Rana 
japonica (Rj) (lanes 7 and 8). Blots incubated without the primary 
antibody are also shown as controls (lanes 1–4). (B) Anti-PKB 
immunoblots of anti-PKB immunoprecipitates from immature (I) and 
mature (M) oocyte extracts of Xenopus laevis (Xl) (lanes 5 and 6) 
and Rana japonica (Rj) (lanes 7 and 8). Blots incubated without the 
primary antibody are also shown as controls (lanes 1–4). Anti-PKB 
immunoprecipitate without oocyte extract (lane 9) shows the posi-
tions of immunoglobulins (Ig). (C) Anti-PKB immunoblots of crude 
extracts from Rana oocytes treated with 10 μM progesterone, show-
ing no remarkable change in PKB protein content during oocyte 
maturation.
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whether similar inhibition of oocyte maturation is observed in 
Rana japonica. Both wortmannin (Fig. 1A) and LY294002 
(Fig. 1B) inhibited progesterone-induced GVBD in a dose-
dependent manner, although the effective dose of 
LY294002 (100–200 μM) was higher than that of wortman-
nin (0.1–10 μM). The period for which wortmannin was 
effective was limited to the early phase of progesterone-
induced oocyte maturation in Rana japonica (Fig. 1C), con-
sistent with results obtained in Rana dybowskii (Ju et al., 
2002).

PKB during progesterone-induced oocyte maturation
The inhibition by wortmannin and LY294002 suggests 

the involvement of PI3K in progesterone-induce oocyte mat-
uration in Rana. Although it is still not clear what kinases 
function immediately downstream of PI3K during oocyte 
maturation, PKB is generally known as a downstream medi-
ator of PI3K (Coffer et al., 1998). We therefore investigated 
the involvement of PKB in progesterone-induced oocyte 

maturation in Rana japonica. We first investigated whether 
PKB inhibitors, Akt (PKB) inhibitor #1 and NL-71-101 
(Calbiochem), have inhibitory effects on Rana oocyte matu-
ration, but these drugs did not inhibit Rana oocyte matura-
tion (data not shown).

To gain insight into the function of PKB in Rana oocyte 
maturation, we intended to examine the behavior of PKB 
during oocyte maturation by immunological analyses. How-
ever, a preliminary experiment showed that commercially 
available antibodies against mammalian PKB (Phospho-Akt 
[Ser 473] antibodies, #4051 and #9271; Cell Signaling 
Technology, Beverly, MA) are not cross-reactive with Rana 
japonica PKB (data not shown). We therefore decided to try 
to raise a new antibody against amphibian PKB. According 
to a cDNA sequence of Xenopus laevis PKB, we produced 
recombinant PKB in E. coli and used it for producing an anti-
body against amphibian PKB in mice.

The newly produced antibody was characterized by 
immunoblotting extracts from immature and mature oocytes 
of Xenopus laevis and Rana japonica. In both species (Fig. 
2A), the anti-PKB antibody specifically recognized a 60-kDa 

Fig. 3. Expression of constitutively active PKB in oocytes. (A) 
Confirmation of mutant PKB expression by immunoblotting. Oocytes 
were injected with mRNA encoding either Myc-ΔPH TS PKB or Myc-
ΔPH KTS PKB, incubated overnight, and extracted for immunoblot-
ting. Crude extracts from uninjected immature oocytes (Intact), ΔPH 
TS-injected oocytes (ΔPH TS), and ΔPH KTS-injected oocytes (ΔPH 
KTS) were probed with anti-PKB antibody (lanes 1–3) and anti-Myc 
antibody (lanes 4–6). Endogenous PKB (ePKB), as well as the 
expressed ΔPH PKB, was detected by anti-PKB antibody (lanes 1–
3). (B) Kinase activity of mutant PKB proteins expressed in the 
oocytes. Oocytes injected with mRNA encoding either Myc-ΔPH TS 
PKB or Myc-ΔPH KTS PKB were incubated overnight. Extracts from 
10 oocytes were immunoprecipitated with anti-Myc antibody, and 
the associated PKB kinase activity was measured. The value 
obtained from uninjected oocyte extract was subtracted from each 
value as a blank. Representative data are shown. Similar results 
were obtained repeatedly.

Fig. 4. Kinase activity of PKB during progesterone-induced oocyte 
maturation. (A) Changes in the kinase activity of Myc-WT PKB during 
progesterone-induced oocyte maturation. Oocytes were injected with 
50 ng of Myc-WT PKB mRNA and incubated overnight. At the indi-
cated times after treatment with 10 μM progesterone, 10 oocytes 
were extracted and immunoprecipitated with anti-Myc antibody. The 
PKB kinase activity associated with the immunoprecipitates was 
measured as described in Materials and Methods. As positive and 
negative controls, oocytes were injected with 50 ng of Myc-ΔPH TS 
PKB (TS) or Myc-ΔPH KTS PKB (KTS) mRNA, respectively, and the 
kinase activity was also measured after anti-Myc immunoprecipita-
tion. Each value is the mean±SEM of values from three experiments.
(B) Anti-Myc immunoblots of the immunoprecipitates used in (A) to 
confirm that the expression levels of Myc-WT PKB (Myc-PKB) in the 
oocytes were the same. Ig, immunoglobulins.
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protein, of which the molecular mass is comparable to that 
estimated from the cDNA sequence of Xenopus PKB (ca. 56 
kDa). The 60-kDa protein was also detected in the anti-PKB 
immunoprecipitates from immature and mature oocyte 
extracts in both species (Fig. 2B). We therefore conclude 
that the 60-kDa protein recognized by the antibody is an 
amphibian PKB.

Using the newly produced antibody, we examined the 
behavior of PKB during Rana oocyte maturation. PKB was 
detected throughout the process of oocyte maturation, with 
no remarkable changes in its protein contents (Fig. 2C).

Expression of constitutively active PKB in oocytes
To investigate the function of PKB for oocyte maturation, 

we investigated whether GVBD can be induced without 
progesterone stimulation by artificial expression of a consti-
tutively active PKB in the oocytes. Two active phosphoryla-
tion sites of PKB, T309 and S474, were mutated to glutamic 

acid to construct a constitutively active PKB (TS PKB). In 
addition, K180 in the kinase domain was mutated to alanine 
to construct a kinase-deficient version (KTS PKB). mRNAs 
encoding these proteins were injected into Rana oocytes, 
but they failed to be expressed (data not shown). The reason 
for their failure to be expressed is not known. Then we con-
structed other mutants in which the pleckstrin homology 
(PH) domain was removed from the full-length mutant PKBs 
(ΔPH TS PKB and ΔPH KTS PKB). In contrast to the full-
length mutant PKBs, ΔPH TS PKB and ΔPH KTS PKB were 
successfully expressed in the oocytes when mRNAs were 
injected, and their protein concentration was higher than that 
of endogenous PKB (Fig. 3A). However, the overexpression 
of ΔPH TS PKB, as well as that of ΔPH KTS PKB, did not 
induce GVBD in the absence of progesterone.

Theoretically, ΔPH TS PKB is constitutively active 
(Coffer et al., 1998); however, we suspected that it might be 
inactive in the oocytes, thereby failing to induce GVBD. To 

Fig. 5. Effects of overexpression of GSK3β on oocyte maturation in Rana (A–C) and Xenopus (D–F). (A) Rana oocytes were injected with 
water or mRNA encoding wild-type (WT) or kinase-deficient (K85M) GSK3β. After overnight incubation, the injected oocytes were treated with 
10 μM progesterone and examined for the presence of GVBD at appropriate intervals. Representative data are shown. (B) Percentage of 
GVBD in oocytes overexpressing WT or K85M GSK3β. The data were obtained when the control water-injected oocytes showed ~50% GVBD, 
and are shown as the mean±SEM of values from four experiments. (C) Immunoblots of extracts from Rana oocytes injected with water or 
mRNAs encoding WT or K85M GSK3β, indicating that the level of recombinant proteins (rGSK3β) was higher than that of endogenous GSK3β
(eGSK3β). Extract equivalent to one oocyte was loaded to each lane and immunoblotted with anti-GSK3β antibody. (D) Xenopus oocytes were 
injected with water or mRNA encoding WT or K85M GSK3β, incubated overnight, and stimulated with progesterone. The presence of GVBD 
was examined at appropriate intervals. Representative data are shown. (E) Percentage of GVBD in the GSK3β-overproducing Xenopus 
oocytes at the time when the control water-injected oocytes showed ~50% GVBD. The values are the mean±SEM of values from three experi-
ments. Overexpression of WT GSK3β delayed progesterone-induced Xenopus oocyte maturation (indicated by an asterisk, P<0.05, Student’s 
t-test), but overexpression of K85M GSK3β had no effect. (F) Anti-GSK3β immunoblots of extracts from Xenopus oocytes injected with water or 
mRNA for WT or K85M GSK3β. Extract equivalent to one oocyte was loaded to each lane. Note that recombinant GSK3β (rGSK3β) is 
expressed at higher concentration than endogenous GSK3β (eGSK3β).
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verify this possibility, we measured the kinase activity of 
ΔPH TS PKB (Fig. 3B). The results clearly showed that ΔPH 
TS PKB had activity over 172-fold higher than that of ΔPH 
KTS PKB, indicating that the constitutively active PKB is 
actually active in the oocytes but that its overexpression 
alone cannot induce oocyte maturation.

PKB kinase activity during oocyte maturation
Finally, we investigated whether endogenous PKB is 

activated during progesterone-induced Rana oocyte matu-
ration. Because the anti-PKB antibody cannot precipitate 
PKB activity, we were unable to measure the kinase activity 
of endogenous PKB directly. Therefore, we injected oocytes 
with mRNA encoding a Myc-tagged version of wild-type PKB 
(Myc-WT PKB) and examined changes in its kinase activity 
during oocyte maturation after recovery of the Myc-tagged 
PKB by anti-Myc antibody. The kinase activity of Myc-WT 
PKB did not change significantly during the process of 
progesterone-induced oocyte maturation (Fig. 4A), in spite 
of its relatively constant protein level in each immunopre-
cipitate (Fig. 4B).

Involvement of GSK3β in Rana oocyte maturation
In Xenopus oocytes, it has been reported that GSK3β is 

inactivated during oocyte maturation, and that overexpres-
sion of GSK3β inhibits progesterone-induced oocyte matu-
ration (Fisher et al., 1999; Sarkissian et al., 2004). Thus, we 
performed overexpression experiments to examine the 
involvement of GSK3β in Rana oocyte maturation. When 
Rana and Xenopus oocytes were injected with mRNA 
encoding a wild-type or a kinase-deficient version of GSK3β, 
the oocytes produced the recombinant proteins, the amount 
of which was significantly greater than that of endogenous 
GSK3β (Fig. 5C, F). Consistent with the results previously 
reported (Fisher et al., 1999), the time course of oocyte mat-
uration was retarded when wild-type GSK3β, but not kinase-
deficient GSK3β, was injected into Xenopus oocytes (Fig. 
5D, E), indicating that the recombinant wild-type GSK3β is 
functional in oocytes. However, the overexpression of wild-
type GSK3β, as well as kinase-deficient GSK3β, did not 
inhibit Rana oocyte maturation (Fig. 5A, B).

DISCUSSION

In starfish, the PI3K/PKB-mediated signal transduction 
system has been reported to play a key role in oocyte mat-
uration induced by 1-methyladenine, an MIH in starfish 
(Okumura et al., 2002). The involvement of PI3K in oocyte 
maturation in Rana dybowskii has also been suggested (Ju 
et al., 2002). In Xenopus, however, the requirement of PI3K 
in progesterone-induced oocyte maturation has been con-
troversial, some studies indicating that activation of PI3K is 
required for the effects of progesterone and other studies 
indicating that it is not required (Muslin et al., 1993; Lopez-
Hernandez et al., 1999; Hehl et al., 2001). Concerning a 
downstream target of PI3K, it has been reported that artifi-
cial introduction of PKB in Xenopus oocytes induced matu-
ration without progesterone stimulation (Andersen et al., 
1998), but it has also been suggested that PKB plays only 
an ancillary role during progesterone-induced oocyte matu-
ration in Xenopus (Andersen et al., 2003). GSK3β, a target 
of PKB, is thought to be a negative regulator of Xenopus 

oocyte maturation, since oocyte maturation is delayed by 
overexpression of GSK3β (Fisher et al., 1999). These 
results suggest that the PI3K/PKB/GSK3β-mediated signal 
transduction system has a role in induction of oocyte matu-
ration in Xenopus, although it remains to be elucidated 
whether the system plays a key role in progesterone-
induced ‘normal’ oocyte maturation.

Although Xenopus is the most widely used experimental 
animal in amphibians, this species is atypical, at least in 
oocyte maturation; inactive MPF (pre-MPF) is present in 
Xenopus but not in any other amphibians, including Rana
(Tanaka and Yamashita, 1995). Indeed, it has been demon-
strated that the molecular mechanisms of the formation and 
activation of MPF in Rana are different from those in 
Xenopus (Yamashita et al., 2000; Yoshida et al., 2000b). In 
this study using Rana japonica, we investigated the involve-
ment of PI3K, PKB, and GSK3β in oocyte maturation in 
response to progesterone, a natural hormone responsible 
for inducing oocyte maturation in amphibians. The following 
findings obtained in this study suggest the involvement of 
the PI3K pathway in the early signal transduction in Rana
oocyte maturation: 1) The PI3K inhibitors wortmannin and 
LY294002 inhibited progesterone-stimulated GVBD, and 2) 
the inhibition was observed only when the drug was added 
in the early phase of oocyte maturation. However, results 
suggesting that PKB and GSK3β is not involved in induction 
of Rana oocyte maturation were obtained: 1) A constitutively 
active PKB (ΔPH TS PKB) did not induce GVBD in the 
absence of progesterone, despite its high level of kinase 
activity in the oocytes, 2) the kinase activity of PKB mea-
sured by using Myc-tagged wild-type PKB (Myc-WT PKB) as 
an indicator did not change significantly during the process 
of progesterone-induced oocyte maturation, and 3) overex-
pression of GSK3β had no apparent effect on Rana oocyte 
maturation. Our findings strongly suggest that PI3K is 
essential for induction of Rana oocyte maturation, but that 
neither PKB nor GSK3β is a downstream mediator of the 
PI3K signaling pathway. What, then, is a downstream com-
ponent of the PI3K pathway? It is generally known that a 
downstream mediator of PI3K is PKB and that PKB, in turn, 
targets p70s6k as well as GSK3β. The activity of p70s6k

increases during progesterone-induced maturation in Rana, 
and the suppression of its activity by rapamycin inhibits 
oocyte maturation (Bandyopadhyay et al., 1999). In addition, 
inhibition of PI3K leads to the suppression of p70s6k activity 
(Ju et al., 2002). These findings suggest that p70s6k acts 
downstream of PI3K. Our findings exclude the possibility 
that PKB and GSK3β pass the signal from PI3K on to 
p70s6k, but further studies are required to identify the medi-
ators that function between PI3K and p70s6k.

In Xenopus, inactivation of GSK3β induces oocyte mat-
uration by stimulating the de-novo synthesis of Mos followed 
by the activation of MAPK and, conversely, overexpression 
of GSK3β delays the progress of oocyte maturation (Fisher 
et al., 1999, Sarkissian et al., 2004). In the present study, 
however, we have shown that overexpression of GSK3β has 
no effect on Rana oocyte maturation. This discrepancy may 
be attributable to a difference in the mechanisms of MPF 
activation between Rana and Xenopus oocyte maturation. 
Pre-MPF is present in Xenopus oocytes and is activated by 
MAPK, resulting in initiation of oocyte maturation (Yamashita, 
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2000; Haccard and Jessus, 2006; Nagahama and Yamashita, 
2008). In contrast to Xenopus, Rana oocytes do not have 
pre-MPF, and MAPK activation is not essential for the 
initiation of Rana oocyte maturation, although MAPK is acti-
vated in accordance with MPF activation during oocyte 
maturation (Tanaka and Yamashita, 1995; Yoshida et al., 
2000a). Thus, it is highly likely that GSK3β functions to acti-
vate MAPK but not MPF; therefore, its activity is not required 
to initiate Rana oocyte maturation.

In summary, we have obtained results suggesting that 
PI3K, but not PKB or GSK3β, is involved in induction of 
progesterone-induced oocyte maturation in Rana japonica. 
Further studies, including identification of molecules that link 
PI3K and Cyclin B translation, should enable us to under-
stand the entire process of the signal transduction pathway 
from hormonal stimulation on the oocyte surface to the acti-
vation of MPF in the oocyte cytoplasm during progesterone-
induced oocyte maturation in Rana. In addition, comparative 
studies using Xenopus and Rana oocytes should provide a 
deeper insight into the generality and the specificity of the 
signal transduction system responsible for induction of 
progesterone-induced oocyte maturation in amphibians.
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