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The molecular mechanisms that control reproductive aging and menopausal age in females are poorly
understood. Here, we provide genetic evidence that 3-phosphoinositide-dependent protein kinase-1 (PDK1)
signaling in oocytes preserves reproductive lifespan by maintaining the survival of ovarian primordial
follicles. In mice lacking the PDK1-encoding gene Pdk1 in oocytes, the majority of primordial follicles are
depleted around the onset of sexual maturity, causing premature ovarian failure (POF) during early adult-
hood. We further showed that suppressed PDK1-Akt—p70 S6 kinase 1 (S6K1)—ribosomal protein S6 (rpS6)
signaling in oocytes appears to be responsible for the loss of primordial follicles, and mice lacking the
Rps6 gene in oocytes show POF similar to that in Pdk1-deficient mice. In combination with our earlier finding
that phosphatase and tensin homolog deleted on chromosome 10 (PTEN) in oocytes suppresses follicular
activation, we have now pinpointed the molecular network involving phosphatidylinositol 3 kinase (PI3K)/
PTEN-PDK1 signaling in oocytes that controls the survival, loss and activation of primordial follicles,
which together determine reproductive aging and the length of reproductive life in females.
Underactivation or overactivation of this signaling pathway in oocytes is shown to cause pathological con-
ditions in the ovary, including POF and infertility.

INTRODUCTION

In humans, the pool of ovarian primordial follicles is formed

decades, in a resting state (Fig. 1A-1) (1,2,4). At the same
time, progressive loss of primordial follicles, which is initiated

during fetal development. From a peak of 6—7 million at 20
weeks of gestation, the oocyte count falls dramatically so that
by the time of onset of puberty, the number of oocytes that
are enclosed in primordial follicles has decreased to around
400 000 in the ovaries, serving as the source of fertilizable
ova (1-3). In order to ensure the proper length of reproductive
life, certain primordial follicles must survive in the ovary for

by death of the oocyte (5), occurs in the ovary (Fig. 1A-2), dic-
tating the process of reproductive aging (1,2,4). Only limited
numbers of primordial follicles are continuously recruited
into the growing follicle pool (Fig. 1A-3) (3,6). In humans,
menopause occurs at about 50 years of age when the pool of pri-
mordial follicles has been virtually exhausted. The length of
reproductive life and the timing of menopause in a woman
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Figure 1. Infertility and POF in OoPdkl '~ mice. (A) Schematic illustrations of the courses of development of primordial follicles. In the mammalian ovary, the
pool of dormant primordial follicles serves as the source of fertilizable ova for the entire duration of reproductive life. Three different courses of development for
primordial follicles are illustrated: (1) they remain dormant (not growing but surviving); (2) they progressively die out directly from their dormant state, causing
ovarian aging and (3) limited numbers of primordial follicles are continuously activated into the growing follicle pool. The reproductive lifespan and timing of
menopause in a woman are decided by the duration of survival and the rate of loss of primordial follicles. (B) Illustration of the PI3K signaling pathway, with
class IA PI3K as an example. Upon ligand binding (e.g. of growth factors), the receptor protein tyrosine kinases (RPTK) are in most cases dimerized and autop-
hosphorylated and present one or several phosphorylated tyrosine residues (pY) that are capable of binding to the SH2 domain of the p85 regulatory subunit of
PI3K. This recruits PI3K from the cytoplasm to the inner membrane area of the cell and enables the p110 catalytic subunit of PI3K to phosphorylate the 3’-OH
group of the inositol ring of inositol phospholipids, leading to the production of PIP; from PIP,. The phosphatase PTEN converts PIP; to PIP,, thereby negatively
regulating PI3K activity. Kinases containing pleckstrin homology domain (PH domain), such as PDK1 and Akt, are recruited through binding of their PH
domains to PIP;. A considerable proportion of the signaling mediated by PI3Ks converges at PDK1. PDK1 phosphorylates Akt at T308 and activates it;
PDKI1 also functions as a master kinase to activate other protein kinases of the AGC family, such as S6K1, via phosphorylation of T229 in S6K1. Akt is a
serine/threonine kinase with many substrates (not shown). Akt can phosphorylate and inactivate tuberous sclerosis complex 2 (Tsc2, or tuberin) (not shown),
which leads to the activation of mTOR complex 1 (mTORCI). mTORCI can phosphorylate S6K1 at T389, which is also important for the activation of
S6K1. S6K1 subsequently phosphorylates and activates rpS6, which enhances protein translation that is needed for cell growth. Note that this illustration is
a simplified version of PI3K signaling. For detailed descriptions, see recent reviews (8—11). (C and D) Oocyte-specific deletion of Pdk/ in mice. Western
blots showing the absence of PDKI protein expression in OoPdkl '~ mouse oocytes. Oocytes were isolated from ovaries of 12—14-day-old OoPdki™'*
and OoPdkl "~ mice (C) or recovered from oviducts of OoPdkl™" and OoPdkl '~ mice after PMSG-hCG primed ovulation (D), as described in Materials
and Methods. For each experiment in (C), material from three to five mice was used per lane. For each lane, around 20 g of protein was loaded. For experiments
in (D), 100 ovulated oocytes were used in each lane. Levels of B-actin were used as internal controls. The experiments were repeated three times, and repre-
sentative images are shown. (E) Comparison of average cumulative numbers of pups per OoPdkl /™ (red line) and OoPdkl ™'+ female (black line). (F—K) POF
in OoPdkl '~ females during early adulthood. Ovaries from 8- and 15-week-old OoPdk! ™" and OoPdkl '~ mice were embedded in paraffin, and sections of
8 wm thickness were prepared and stained with hematoxylin. Virtually, all follicular structures were depleted in OoPdkl '~ ovaries (G and J). Arrows in the
upper inset of (I) indicate primordial follicles. (L) Average weights of ovaries obtained from young adult (8—12 weeks old) OoPdkI ™ and OoPdkl '~ mice.
(M and N) Levels of FSH and LH in sera of young adult (8—12 weeks old) OoPdkl +* and OoPdkl ~’~ mice. For (E) and (L—N), the numbers of mice used (1)
and P-values are shown in the figures.

¥20¢2 Iudy 0z uo 1senb Aq LOLELI/ELBZ/SL/8L/eIo1e/Bwy/wod dnoolwapede//:sdly Wwoly papeojumoq



Human Molecular Genetics, 2009, Vol. 18, No. 15 2815

E £ 20 — OoPdkt* (n=10) L 5
E —— OoPdk1" (n=12) E P <0.0001
S 15 @ 5, 1
5 2 5
o L)
o 104 3 4
o
3 ]
v 5 8 34
g 5
2 0 T 2
6 10 14 18 22 26 30 z
Weeks E’ 1
g n=5 n=5
< o0
QoPdk1+*
QoPdk1** QoPdk1*
M N
- < 00001 P=0.0024
8 weeks 100- <0. 2.0+ —
- 2] 1 1.5
E —_—
D 60 .g
& e 1.0-
B z
15 weeks 0.5 T
m-
| n=15 n=13 n=9

Figure 1.

are thus determined by the size and persistence of her primor-
dial follicle pool (1-4).

The molecular mechanisms controlling the balance between
the survival and loss of primordial follicles are, however,
poorly defined. In recent years, genetic factors have received
increasing attention as determinants of ovarian aging and
menopausal age (1). In a recent study, we showed that ablation
of phosphatase and tensin homolog deleted on chromosome 10
(Pten) in oocytes results in excessive activation of primordial
follicles (7). PTEN is a negative regulator of phosphatidyl-
inositol 3 kinase (PI3K) (Fig. 1B) (8—10), and it appears to
suppress the activation of primordial follicles and maintain
them in a dormant state (7). However, whether or not the
PI3K signaling in oocytes has direct effects on the survival
and maintenance of the primordial follicle pool is not yet
clear.

A considerable proportion of the signaling mediated by
PI3Ks converges at 3-phosphoinositide-dependent protein
kinase-1 (PDK1) (Fig. 1B). PDKI activates Akt through
co-binding to phosphatidylinositol 3,4,5-trisphosphate (PIP)
generated by PI3Ks (11,12). Apart from this, PDK1 also func-
tions as a master kinase to activate other protein kinases of the
AGC family (denoting protein kinases A, G and C), such as
p70 S6 kinase 1 (S6K1) (Fig. 1B), p90 ribosomal S6 kinase
(RSK) and protein kinase C (PKC) (11). The activation of sub-
strates other than Akt does not, however, involve binding of
PDK1 to the PI3K generated PIP; (11). Previous reports
have shown that conventional deletion of the PDK1-encoding
gene Pdkl (also known as Pdpkl or Pkb kinase—Mouse
Genome Informatics) causes embryonic lethality (13), and
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Continued.

conditional deletion of Pdkl from heart, pancreas, liver and
T cells results in heart failure (14), diabetes (15), defective
postprandial glucose disposal and liver failure (16,17) and
impaired T cell differentiation (18), respectively.

In the present study, we found that deletion of Pdkl in
mouse oocytes resulted in accelerated ovarian aging and pre-
mature ovarian failure (POF), due to the severely compro-
mised lifespan of primordial follicles, which was caused by
suppressed PDK1—Akt—S6K1-ribosomal protein S6 (rpS6)
signaling in oocytes. This finding was further corroborated
by our results that mice lacking the Rps6 gene in oocytes
exhibited POF similar to that seen in Pdk/-deficient mice.
Thus, PDK1 signaling in oocytes appears to be indispensable
for maintaining the survival of primordial follicles, which is
in turn crucial for determining the duration of female fertility.
As the demise of non-growing follicles is initiated by oocyte
death (5), our results suggest that the suppression of PDK1
signaling in oocytes contributes to follicular loss, which
eventually leads to the onset of ovarian senescence.

RESULTS

Infertility, accelerated ovarian aging and POF caused
by deletion of Pdkl in oocytes

To study how PDKI1 signaling in oocytes controls the different
courses of development of primordial follicles, we generated
mutant mice in which the Pdkl gene was deleted in oocytes of
primordial and further developed follicles (referred to as
OoPdkl '~ mice). This was achieved by crossing Pdk1'>"">F
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mice (15,19) with transgenic mice expressing growth differen-
tiation factor 9 (Gdf-9) promoter-mediated Cre recombinase
(20). The Gdf-9 promoter becomes active in oocytes of pri-
mordial follicles (20), and primordial follicles in mice start
to form on postnatal day (PD) 1-2 and finish on PD7-8
(21). By western blot analysis, we found that expression of
PDKI1 protein was almost completely absent in oocytes that
were isolated from ovaries of 12—14-day-old OoPdkl '~
mice (Fig. 1C), and it was completely absent in ovulated
OoPdkl "~ oocytes (Fig. 1D).

During a testing period from 5 to 30 weeks of age, the
OoPdkl '~ females were found to be infertile (Fig. 1E). To
determine how the deletion of Pdk! from oocytes impedes fer-
tility, we studied the ovarian morphology of young adult
mutant mice. As shown in Figure 1G, in ovaries of
8-week-old OoPdkl ™'~ mice, basically all follicular struc-
tures were diminished, with some degenerating oocytes in
growing follicles being seen (Fig. 1H, arrows). Ovaries from
older OoPdkl '~ mice showed a similar morphology; they
were devoid of oocytes and follicles (Fig. 1J and K). In com-
parison, ovaries from adult OoPdkI ™™ ovaries (Fig. 1F and I)
contained follicles and corpora lutea (CL), and most impor-
tantly, primordial follicles that would retain their fertility for
the rest of the reproductive life (Fig. 11, upper inset, arrows).

In young adult OoPdkl '~ mice, the ovaries were lighter
(Fig. 1L), which was accompanied by significantly elevated
serum levels of follicle-stimulating hormone (FSH)
(Fig. 1M) and luteinizing hormone (LH) (Fig. 1N). These
results show that deletion of Pdkl from oocytes causes POF
in OoPdkl ™~ mice.

PDKT1 in oocytes is required to maintain the survival
of primordial follicles

The follicular resource available in the ovary is the direct
determinant of reproductive lifespan (1,2). To investigate
how the absence of Pdkl in oocytes leads to POF, we
studied postnatal follicular development in OoPdkl '~
mice. We found that at PD8 (Fig. 2A, B and G) and PD23
(Fig. 2H), the numbers of primordial follicles and of all fol-
licles were similar in OoPdkl '~ and OoPdkl™™* ovaries,
indicating that comparable numbers of follicles are formed
in the wild-type and mutant ovaries and that deletion of
Pdkl1 in oocytes does not have an immediate effect on follicu-
lar survival up to PD23. This may be caused by some tempor-
ary compensatory mechanisms that take over the functions of
PDKI signaling in oocytes. Alternatively, as the deletion of
Pdkl in oocytes only occurs after the primordial follicles are
formed, it may take some time for PDKI1-mediated signals
to become downregulated or inactivated in oocytes.
However, at PD35, the time of onset of sexual maturity, the
OoPdkl '~ ovaries were smaller (Fig. 2D), due to markedly
reduced numbers of follicles (Fig. 2I). Specifically, compared
with OoPdkl ™" ovaries where clusters of primordial follicles
were seen (Fig. 2E, arrows), the numbers of healthy-looking
primordial follicles in OoPdkl '~ ovaries were substantially
reduced (Fig. 2F, arrow), corresponding to 27.7% of those in
OoPdkl™* ovaries (Fig. 2I). In OoPdkl '~ ovaries, the
total numbers of follicles corresponded to 33.7% of those in
OoPdkI™™ ovaries at PD35 (Fig. 2I), with also reduced

numbers of activated follicles (including type 3b, type 4,
type 5 and type 6 follicles) (61.6%) (Fig. 2I). Thus, primordial
follicles were more susceptible to the loss of Pdkl in oocytes
and were the main population of follicles to disappear from
OoPdkl '~ ovaries.

At 8 weeks of age, primordial follicles that normally survive
as the source of ova for the entire reproductive lifetime had
been completely abolished in OoPdkl '~ ovaries (Fig. 1G).
Consequently, healthy-looking growing follicles were not
observed in the mutant ovaries at this age (Fig. 1G). These
results show that the accelerated depletion of primordial fol-
licles is the direct cause of POF in OoPdkl '~ mice.

In this mutant mouse model, the Gdf-9 promoter used to
mediate Cre recombinase expression becomes active in
oocytes of primordial follicles (20). As a synchronous wave
of follicular activation takes place once the primordial follicles
are formed (3,22), it is most likely that the first wave of post-
natal follicular activation has occurred in OoPdkl ~'~ ovaries
before the complete clearance of Pdkl mRNA and PDKI
protein in oocytes.

At PD23, female OoPdkl '~ mice can respond normally to
gonadotropin treatment and ovulate. At the age of 5—6 weeks,
some type 5—6 follicles from the first wave of postnatal fol-
licular activation were still present in OoPdkl '~ ovaries
(Fig. 2D, arrows), indicating that PDK1 in oocytes mainly
maintains the survival of primordial follicles in a stage-
specific manner, but may not greatly affect the follicles that
have entered the growing phase. The OoPdkl '~ females
had a normal vaginal opening at the age of 5-6 weeks
(which is the appropriate age) and they showed normal
estrous cycles. These mice were found to ovulate normally
when mated with wild-type male mice, based on the fact
that similar numbers of oocytes/embryos were recovered
from their oviducts (Supplementary Material, Fig. S1A).
This indicates that before the follicles become depleted in
OoPdkl ™~ ovaries, ovulation per se is not affected even if
Pdkl is deleted from oocytes. However, zygotes from the
OoPdkl '~ females mated with wild-type males showed
arrest of development at the two-cell stage, making the
OoPdkl ~’~ females completely infertile (Supplementary
Material, Fig. S1B).

Deletion of Pdkl in oocytes reverses the excessive follicular
activation and survival caused by loss of Pten

The rapid depletion of primordial follicles in OoPdkl '~
ovaries makes it difficult to study the function of oocyte
PDK1 in mediating follicular activation. To circumvent this
problem, we crossed OoPdkl '~ mice with mice lacking
Pten in oocytes, which exhibit premature activation of the pri-
mordial follicle pool (referred to as OoPten ™ mice in this
study) (7), and studied follicular development in progeny
mice with concurrent loss of Pdkl and Pten in oocytes
(referred to as OoPten '~ ;Pdkl '~ mice).

In OoPten '~ ovaries, all primordial follicles were acti-
vated by PD23, with noticeably enlarged oocytes (Fig. 3A,
arrows), and the percentage of primordial follicles was 0%
(Fig. 3D) (7). In OoPten ' ;Pdkl ™'~ ovaries at PD23,
however, clusters of primordial follicles were observed
(Fig. 3B, arrows), as with OoPfen™ " ovaries (Fig. 3C,
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Figure 2. Deletion of Pdk! from oocytes causes accelerated depletion of primordial follicles in OoPdkl '~ mice. (A—F) Morphological analysis of ovaries from
OoPdkl ™"~ and OoPdkl™* littermates at PD8 and PD35. Ovaries from 8- and 35-day-old OoPdk! ™'+ and OoPdkl '~ mice were embedded in paraffin, and
serial sections of 8 wm thickness were prepared and stained with hematoxylin. At PD8, similar ovarian morphologies were seen in OoPdkl '~ and OoPdkl '+
littermates (A and B). At PD35, however, the OoPdkl ~’~ ovaries were smaller (D), and a dramatic loss of primordial follicles took place in OoPdkl /™ ovaries
(F, arrow) compared with OoPdkI™* ovaries (E, arrows). The experiments were repeated more than three times, and for each time and each age, ovaries from
one mouse of each genotype were used. (G—I) Quantification of follicle numbers in ovaries of PD8, PD23 and PD35 OoPdkl '~ mice and their OoPdkl s
littermates. Ovaries were embedded in paraffin, and sections of 8 pm thickness were prepared and stained with hematoxylin. The numbers of follicles per ovary
(mean + SEM) were quantified as described in Materials and Methods. Note that although similar numbers of follicles were seen in both genotypes at PD8 (G)
and PD23 (H), the numbers of primordial follicles, activated follicles (including type 3b, type 4, type 5 and type 6 follicles) and all follicles per OoPdkl '~
ovary were significantly reduced at PD35, representing 27.7%, 61.6% and 33.7% of those per OoPdkl A ovary, respectively (). It is notable that the reduced

follicle numbers in OoPdkl '~
statistical analyses are given. *P < 0.05, ***P < 0.001.

arrows). The proportion of primordial follicles in OoPten ™ ;

Pdkl ™"~ ovaries was elevated to 71.3%, which was similar to
the proportions in OoPten™™ ovaries (69.2%) and
OoPdkl '~ ovaries (76.2%) (Fig. 3D). In addition, the tem-
porarily enhanced postnatal follicular survival seen in
OoPten”’~ ovaries, as judged by the elevated total number
of follicles at PD23 (Fig. 3E) (7), was found to be efficiently
reversed in OoPten '~ ;Pdkl '~ ovaries, to levels similar to
those seen in OoPren™™ and OoPdkl '~ ovaries (Fig. 3E).
The above results indicate that the excessive follicular
activation and elevated postnatal follicular survival observed
in OoPten '~ ovaries (7) were mostly, if not all, mediated
by PDK1, suggesting that the activation and survival of pri-
mordial follicles are dependent on PDK1 signaling in oocytes.

Deletion of Pdkl impairs PDK1-Akt—S6K1-rpS6
signaling in OoPdkl ~’~ oocytes

PDK1 plays an essential role in phosphorylating and activating
Akt and S6K1 (11). To study the signaling pathways under-
lying the accelerated loss of follicles in OoPdkl ~'~ ovaries,
we first studied Akt signaling in mutant and control oocytes.
We stimulated starved oocytes with Kit ligand (KL), which
has been shown to activate PI3K—Akt signaling in oocytes

ovaries were mostly due to reduction in the number of primordial follicles (I). The numbers of mice used (n) and results of

through its receptor Kit (23). We found that KL was able to
trigger phosphorylation of Akt gp—Akt, T308) in OoPdkl™*
oocytes, but not in OoPdkl ' oocytes (Fig. 4A). This
shows that the phosphorylation of Akt at threonine 308 by
PDK1, which is essential for activation of Akt (11,24), is dis-
abled in OoPdkl '~ oocytes. As an indicator of Akt activity,
elevated phosphorylation of Foxo3a at serine 253 (p-Foxo3a,
$253) upon stimulation by KL was seen in OoPdkl ™"
oocytes, but not in OoPdkl '~ oocytes (Fig. 4A), implying
that Foxo3a can not be efficiently phosphorylated and sup-
pressed by Akt (25) in the mutant oocytes, which can be a
reason for the accelerated follicular loss, as previously pro-
posed (26). Elevated phosphorylation of another Akt substrate,
tuberin/Tsc2, was triggered by treatment with KL in
OoPdkl™* oocytes, but again not in OoPdkl '~ oocytes
(Fig. 4A, p-Tsc2, T1462), indicating that Tsc2 may not be effi-
ciently suppressed by Akt in OoPdkl '~ oocytes. Thus, the
loss of Pdkl in oocytes leads to suppressed Akt signaling.
Activation of S6K1 requires phosphorylation of its threonine
229 by PDKI1 (11). S6K1 can then phosphorylate and activate
one of the 40S ribosomal proteins, rpS6, which is needed for
protein translation and ribosome biogenesis during cell
growth (27,28). In an earlier study (7), we reported that overac-
tivation of PI3K signaling in OoPfen '~ oocytes leads to
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Figure 3. Concurrent loss of Pdkl and Pten in oocytes reverses the excessive follicular activation and survival caused by loss of Pten. (A — C) Morphological
analysis of ovaries from OoPten /=, OoPten'";Pdkl '~ and OoPten™* mice at PD23. In OoPten '~ ovaries, no primordial follicles were seen, and all fol-
licles were activated with enlarged oocytes (A, arrows). However, when Pten and Pdkl were simultaneously deleted from oocytes, clusters of primordial follicles
were observed (B, arrows), which were similar to those in the control OoPten™’™ mice (C, arrows). (D) Proportions of primordial follicles (compared with the
total number of follicles) in OoPten /=, OoPten'";Pdkl ", OoPten™™ and OoPdkl '~ ovaries at PD23. Ovaries from OoPten ', OoPten '~ ;Pdkl ™'~
doubly deficient mice, OoPten " and OoPdkl ~'~ mice (all at PD23) were embedded in paraffin, and sections of 8 wm thickness were prepared and stained with
hematoxylin. Numbers of primordial follicles and other types of follicles were quantified as described in Materials and Methods. The average percentages of
primordial follicles in OoPten™~, OoPten ™ ;Pdkl 7, OoPten™* and OoPdkl ™'~ ovaries are shown. The proportion of primordial follicles in
QoPten ' ;Pdkl ™'~ ovaries was elevated to 71.3% when compared with that in OoPren '~ ovaries (0%), which was similar to the proportions in
OoPten™* ovaries (69.2%) and OoPdkl '~ ovaries (76.2%). The numbers of mice used (n) are shown in the figure. (E) Concurrent loss of Pdkl and Pten
in oocytes prevented the enhanced postnatal follicular survival seen in OoPten '~ ovaries. Total numbers of follicles per ovary (mean + SEM) at PD23 are
shown. The postnatal follicular survival in OoPten™’~ ovaries was elevated compared with that in OoPten™" ovaries (7). However, follicle numbers in
OoPten™" " ;Pdkl "~ doubly deficient ovaries at PD23 were similar to those in OoPten™™ and OoPdkl ™'~ ovaries. The numbers of mice used (7) and
results of statistical analyses are shown in the figure. **P < 0.01, ***P < 0.001.

elevated activation of rpS6, indicating that rpS6 may act down-
stream of PI3K—Akt—S6K1 signaling to mediate the protein
translation needed for oocyte growth during follicular acti-
vation. In this study, we investigated whether the SOK1—rpS6
signaling is deregulated in OoPdkl '~ oocytes. As shown in
Figure 4B, compared with OoPdkl ™" oocytes where phos-
phorylation of S6K1 (p-S6K 1, T229) was triggered by KL treat-

ment, the phosphorylation of S6K1 at T229 was completely
abolished in OoPdkl ~'~ oocytes, showing that S6K1 cannot
be activated in the mutant oocytes. Moreover, in OoPdkl '~
oocytes, phosphorylation of rpS6 was substantially downregu-
lated (Fig. 4B, p-rpS6, S240/4), indicating that there were low
levels of rpS6 activation and of rpS6-mediated protein trans-
lation and ribosome biogenesis in the mutant oocytes.
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Figure 4. Studies of PDK1—Akt—S6K1-rpS6 signaling in OoPdkl '~ , OoPdkI™™, OoPten '~ , OoPten™ ™, QoPten '~ ;Pdkl '~ and C57BL/6J oocytes.
Oocytes were isolated from ovaries of mice at PD12—14, and western blots were performed as described in Materials and Methods. (A) Studies of Akt signaling
in OoPdkl ™"~ and OoPdkI™** oocytes. KL treatment (100 ng/ml, 2 min) was found to lead to rapid phosphorylation of Akt at T308 in OoPdkl ™+ oocytes, but
not in OoPdkl ™'~ oocytes, indicating that Akt cannot be activated in OoPdkl '~ ooc/ytes. Consequently, KL can trigger elevated phosphorylation of Akt sub-
strates Foxo3a (S253) and Tsc2 (T1462) in OoPdkl ™™ oocytes, but not in OoPdkl '~ oocytes. Levels of total Akt, Foxo3a, Tsc2, and B-actin were used as
internal controls. (B) Studies of S6K1—rpS6 signaling in OoPdkl '~ and OoPdkl '+ oocytes. Phosphorylation of S6K1 (p-S6K 1, T229) was triggered by treat-
ment with KL (100 ng/ml, 2 min) in OoPdkl ™" oocytes, but not in OoPdkl '~ oocytes, indicating that S6K1 cannot be activated in the mutant oocytes. As a
result, the phosphorylation of rpS6 (p-rpS6, T240/4) is drastically suppressed in OoPdkl '~ oocytes. Levels of total S6K1, rpS6 and B-actin were used as
internal controls. All experiments were repeated at least three times. For each experiment, material from three to five mice was used per lane. In each lane,
20-30 pg of protein sample was loaded. Representative images are shown. (C and D) Activation of SOK1—rpS6 in oocytes is dependent on PI3K— Akt signaling.
Oocytes isolated from ovaries of C57BL/6J mice at PD12—14 were cultured with various inhibitors or stimulated with KL (100 ng/ml, 2 min) as described in
Materials and Methods. (C) Treatment of oocytes with the PI3K-specific inhibitor LY294002 (LY, 50 wwm) for 1 h largely suppressed the levels of p-Akt (S473),
p-S6K1 (T389) and p-rpS6 (240/4). However, treatment with the mTORC 1-specific inhibitor rapamycin (Rap, 50 nm) for 1 h only suppressed the levels of
p-S6K1 (T389) and p-rpS6 (S240/4) in oocytes. (D) KL-triggering of p-S6K1 (T229) in oocytes was completely blocked by a 1h pretreatment with
LY294002 (LY, 50 wm). Levels of total Akt, S6K1, rpS6 and B-actin were used as internal controls for loading of equal amounts of protein. (E) The elevated
levels of p-rpS6 (S240/4), p-S6K1 (T229) and p-Akt (T308) in OoPten '~ oocytes were prevented by the concurrent loss of Pren and Pdkl in QoPten '™ ;
Pdkl ™"~ oocytes. Levels of total S6K1, Akt and B-actin were used as internal controls. All experiments were repeated three times. For each experiment, material
from three to five mice was used per lane. In each lane, 20—30 g of protein sample was loaded. Representative images are shown.

To determine the upstream and downstream relationships
between Akt and S6K1 signaling in oocytes, we treated cul-
tured wild-type oocytes with the PI3K-specific inhibitor
LY294002. As shown in Figure 4C, LY294002 (LY)
largely suppressed the phosphorylation of Akt (p-Akt,
S473), S6K1 (p-S6K1, T389) and rpS6 (p-rpS6, S240/4) in
oocytes. As a control, treatment of cultured oocytes
with the mammalian target of rapamycin complex 1
(mTORCI) inhibitor rapamycin (Rap) only suppressed the
phosphorylation of S6K1 and rpS6, but not that of Akt
(Fig. 4C). In addition, the phosphorylation of S6K1 at T229

(p-S6K1, T229) that was triggered by KL treatment was com-
pletely blocked by pretreatment of the oocytes with
LY294002 (Fig. 4D). These results indicate that activation
of S6K1-rpS6 in primary mouse oocytes is downstream of
PI3K—Akt signaling.

Therefore, we conclude that the absence of Pdk/ in oocytes
impairs the PDK1-Akt—S6K1—rpS6 signaling, which appears
to be responsible for the premature loss of primordial follicles
in OoPdkl ~'~ ovaries.

To determine whether the premature loss of primordial fol-
licles in OoPdkl '~ ovaries occurred through accelerated
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apoptosis in the mutant oocytes, we measured the levels of
some apoptotic molecules in OoPdkl '~ and OoPdkl™™"
oocytes that were isolated from PD23—25 mice, which is a
time point that is prior to the disappearance of primordial fol-
licles. However, the levels of cleaved poly (ADP-ribose) poly-
merase [PARP] and cleaved caspase-7 were found to be
unaltered in  OoPdkl '~ oocytes as compared to
OoPdkl ™" oocytes (Supplementary Material, Fig. S2).

rpSo6 is the key downstream effector of PTEN/PI3K—
PDK1-Akt-S6K1 signaling in oocytes

pS6 is an important substrate of S6K1. When PI3K signaling
was overactivated in OoPfen '~ oocytes, elevated phos-
phorylation (indicating activation) of both rpS6 (Fig. 4E,
p-rpS6, S240/4) and S6K1 (Fig. 4E, p-S6K1, T229) could be
seen. In the present study, we also found that the elevated
phosphorylation of rpS6 in OoPten - oocytes was prevented
by the concurrent loss of Pdkl in OoPten ' ;Pdkl ™'~
oocytes (Fig. 4E, p-rpS6), which was most likely caused by
downregulated activation of S6K1 (Fig. 4E, p-S6K1, T229)
and of Akt (Fig. 4E, p-Akt, T308) in OoPten '~ ;Pdkl '~
oocytes, when compared with that in OoPfen '~ oocytes.
Thus, downregulation of phosphorylation of rpS6 in
OoPten '~ ;Pdkl ™'~ oocytes may be the reason behind the
prevention of excessive follicular activation and survival
seen in OQoPten '~ ovaries. We propose that the phosphoryl-
ation and activation of rpS6, as downstream events of PTEN/
PI3BK—-PDK1-Akt—-S6K1 signaling in oocytes, are important
for maintaining the survival and activation of primordial
follicles.

Oocyte-specific deletion of Rps6 causes POF
in OoRps6 ™'~ mice

Of the 33 40S ribosomal proteins, rpS6 is the only ribosomal
protein that is known to be a substrate of S6K1, and it is acti-
vated through phosphorylation by S6K1 (28). To determine
whether rpS6 in oocytes is indispensable for maintenance of
the normal reproductive lifespan, we conditionally deleted
the Rps6 gene from mouse oocytes by crossing Rps6'*<//>F
mice (28) with the Gdf-9-Cre mice (20). The mutant animals
are referred to as OoRps6 ™/~ mice.

Our results showed that rpS6 protein expression was almost
absent in OoRps6 '~ oocytes (Fig. 5A). At PD8, the mor-
phology of OoRps6 '~ ovaries was similar to that of
OoRps6™™ ovaries (Fig. 5B and C). At PD23, however, the
mutant ovaries were much smaller (Fig. 5E) and lighter
(Fig. 5L), apparently due to dramatically reduced numbers
of follicles (Fig. SE). By PD35, even fewer healthy primordial
follicles or other types of follicles were found in OoRps6 ™~
ovaries (Fig. 5G and H). At 8 weeks of age, the follicular
structure completely disappeared in ovaries of OoRps6 '~
mice (Fig. 5] and K). In accordance with this, the
OoRps6 "~ mice were found to be infertile due to lack of pre-
ovulatory follicles (Fig. SE and G) and ovulation. It is thus
clear that the loss of Rps6 in oocytes causes POF in
OoRps6 '~ mice, which was corroborated by the elevated
levels of FSH and LH in sera (Fig. 5M and N).

Collectively, these results strongly suggest that rpS6 in
oocytes plays an important role in maintaining the survival
of primordial and developing follicles. The PDK1-Akt—
S6K1-rpS6 network in oocytes is therefore crucial for preser-
vation of the normal length of reproductive life in females.

DISCUSSION

In this study, by using a mouse model with oocyte-specific
deletion of Pdkl, we found that PDKI1 signaling in oocytes
plays an essential role in preserving the normal reproductive
lifespan in females by maintaining the survival of primordial
follicles during their long dormancy. Suppressed PDKI1-—
Akt—S6K1-rpS6 signaling in oocytes was shown to be
responsible for the clearance of non-growing follicles, which
causes reproductive aging and eventually ovarian senescence.
We therefore propose that maintenance of the primordial fol-
licle pool, which is a prerequisite for preservation of the
normal length of reproductive life in females, is dependent
on PDKI signaling in oocytes (Fig. 6A).

Recently, PTEN, the upstream negative regulator of PI3K—
PDKI1 signaling, was identified as a suppressor of follicular
activation (7). PTEN in oocytes prevents primordial follicles
from being activated prematurely, and it also promotes their
death (7). It is likely that PTEN activity adjusts the PI3K—
PDKI signaling in oocytes to an optimal level so that the
pool of primordial follicles can be maintained in a dormant
and surviving condition (Fig. 6A). On the other hand, loss of
primordial follicles can be caused by suppressed PDK1 signal-
ing in oocytes (Fig. 6C); and activation of primordial follicles
can be a result of elevated PDKI1 signaling in oocytes
(Fig. 6B). Based on the evidence accumulated, we believe
that the PTEN/PI3K—-PDK1 signaling network in oocytes con-
trols the survival during dormancy, the activation, and the loss
of primordial follicles, which together govern the length of
reproductive life in females.

Signal transduction studies with oocytes lacking Pdkl, Pten
or both Pdkl and Pten revealed that the phosphorylation and
activation of rpS6 in oocytes via PDK1—Akt—S6K1 signaling
are key downstream events in determining the fates of primor-
dial follicles. Underactivation of rpS6 in oocytes by deletion
of Pdkl, or deletion of Rps6, leads to accelerated loss of pri-
mordial follicles. In contrast, overactivation of rpS6 in
oocytes as a result of loss of Pfen is accompanied by enhanced
follicular activation and survival (7). Furthermore, simul-
taneous ablation of Pdkl and Pten in oocytes reverses the
excessive follicular activation and survival seen in OoPten '~
ovaries, which is likely achieved by downregulation of rpS6
phosphorylation in OoPten '~ ;Pdkl '~ oocytes. We there-
fore propose that the up- and downregulation of
rpS6-mediated protein translation and ribosome biogenesis in
oocytes may be critical for controlling the courses of develop-
ment of primordial follicles regarding their survival during
dormancy, their activation or their loss.

One remaining question is that the upstream regulation of
PTEN/PI3K—-PDK1—-Akt—S6K1-rpS6 signaling in oocytes,
such as the extra-oocyte signals from the surrounding
somatic cells that activate or suppress the signaling cascades
within the oocyte, is not completely understood.
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Figure 5. Deletion of Rps6 in mouse oocytes leads to POF. (A) Effective removal of rpS6 protein expression from mouse oocytes. Oocytes were isolated from
ovaries of 14—16-day-old OoRps6™*'* and OoRps6 '~ mice as described in Materials and Methods, and the extracted proteins were used for western blot. The
experiments were repeated three times. For each experiment, material from five to ten mice was used per lane. In each lane, about 20 g of protein sample was
loaded. Levels of B-actin were used as internal controls. Representative images are shown. (B—K) Morphological analysis of ovaries from OoRps6 ™" and
OoRps6~'~ littermates. Ovaries were embedded in paraffin, and sections of 8 wm thickness were prepared and stained with hematoxylin. At PDS8, similar
ovarian morphologies were seen in OoRps6™* and OoRps6~’~ mice (B and C). At PD23, however, the OoRps6 ™~ ovaries appeared to be much smaller
(E), due to dramatic loss of primordial and activated follicles. By PD35, the follicular structures in OoRps6 ™/~ ovaries were almost depleted, and few primordial
or other types of follicles could be identified (G and H). Ovaries from 8-week-old OoRps6~’~ mice showed a complete loss of follicular structures (J and K). The
experiments were repeated more than three times, and for each time and each age, ovaries from one mouse of each genotype were used. (L) Average weights of
ovaries that were obtained from 23- to 25-day-old OoRps6™+ and OoRps6 ™/~ mice. The numbers of mice used (1) and P-values are given. (M and N) Elevated
levels of FSH and LH in 8—12-week-old OoRps6 "~ mice. This confirms the POF in OoRps6 ™~ mice, as shown in (J) and (K). Measurements of FSH and LH
levels in mouse serum were performed as described in Materials and Methods. The numbers of mice used (n) and P-values are shown.

Also, it is not yet clear whether deletion of Pdk/ in oocytes
triggers the loss of primordial follicles via apoptosis of the
oocytes. From a practical point of view, it has been difficult
to detect apoptosis in mouse primordial follicles using
normal apoptotic markers, such as by TUNEL assay or by
detection of cleaved PARP (our own data; Dr Jodi Anne
Flaws, personal communications, University of Illinois,
USA). This is likely due to the rapid and transient nature of
the apoptotic process. On the other hand, although apoptosis
has been suggested as the mechanism underlying oocyte

death during primordial and primary follicle atresia in the
postnatal ovary (29,30), other studies, however, show no apop-
tosis in primordial follicles in postnatal life (31). Some pre-
vious studies have suggested that there are more differences
than similarities between physiological oocyte cell death and
apoptosis, suggesting that oocyte death should be assigned
to a different class of cell death other than apoptosis (32,33).
It has been shown recently that the clearance of primordial
follicles in postnatal mouse ovaries does not occur via apoptosis
(34). Whether suppressed PDK1 signaling in oocytes triggers fol-
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Figure 6. Suggested roles of PDKI1 signaling in oocytes in controlling the survival during dormancy, the activation and the loss of primordial follicles.
(A) Optimal PDK1 signaling in oocytes is proposed to be essential for maintaining the survival of primordial follicles during their long dormancy and is therefore

indispensable for preservation of the length of reproductive life. (B) If PDK1 signaling is elevated in oocytes—for example, in OoPten

~/~ oocytes where the

PI3K negative regulator PTEN is deleted (7)—oocyte growth is initiated and follicular activation takes place. (C) In contrast, if PDK1 signaling is suppressed in
oocytes, such as in the case of OoPdkl '~ mice, the survival of primordial follicles is compromised, leading to loss of primordial follicles that causes repro-
ductive aging. We propose that finely balanced PDK1 signaling in oocytes is essential for the maintenance of the primordial follicle pool and for preservation of

the reproductive lifespan in females.

licle loss through apoptosis of oocytes will be revealed by in vivo
studies; for example, by crossing mice lacking the pro-apoptotic
molecule Bax to OoPdkl '~ mice, to see whether the acceler-
ated loss of primordial follicles in OoPdkl '~ mice can be
rescued by the simultaneous loss of Bax.

Ablation of either Pten or Pdkl in mouse oocytes results in
POF, but from opposite directions. Pten deficiency in oocytes
leads to POF due to excessive follicular activation that is fol-
lowed by follicular atresia (7), whereas deletion of Pdkl
causes POF as a result of accelerated clearance of primordial
follicles directly from their dormant state. The two types of
POF, resulting from loss of Pten or Pdkl, may represent dis-
tinct etiologies of POF in humans. In women, the normal
length of reproductive life and menopausal age are determined
by the reserve of primordial follicles in the ovaries. It is poss-
ible that PTEN/PI3K—-PDKI1 signaling in oocytes also controls
the courses of development of primordial follicles in humans,
thereby maintaining the duration of fertility and contributing
to the timing of menopause in women. Underactivation or
overactivation of the PDK1-Akt—S6K1-rpS6 signaling in
oocytes may also cause defects in primordial follicle survival
and development in humans, resulting in pathological con-
ditions in the ovary, including POF and infertility. In this
sense, our work may have broad physiological and clinical
implications. We believe that comprehension of the signaling
networks in oocytes will open up new avenues for a better
understanding of ovarian physiology and pathology.

MATERIALS AND METHODS
Mice

Pdk]h)xP/loxP mice (15,19)’PtenloxP/lomeice (7) and Rps6loxP/loxP
mice (28) with C57BL/6J genomic background were crossed
with transgenic mice carrying Gdf-9 promoter-mediated Cre
recombinase that also had a C57BL/6J background (7,20).
After multiple rounds of crossing, we obtained homozygous
mutant female mice lacking Pdkl in oocytes (OoPdkl -
mice), mice lacking Pren in oocytes (OoPten ’~ mice),
mice lacking both Pdkl and Pten concurrently in oocytes
(OoPten™ '~ ;Pdkl™’~ mice) and mice lacking Rps6 in
oocytes (OoRps6 '~ mice). Control mice that do not carry
the Cre transgene are referred to as OoPdkl ™", OoPten™™
or OoRps6™" mice. The mice were housed under controlled
environmental conditions with free access to water and food.
Illumination was on between 06:00 and 18:00 h. Experimental
protocols were approved by the regional ethical committee of
Umea University, Sweden.

Reagents, antibodies and immunological detection methods

Mouse monoclonal antibodies to PDK1 (PKB kinase) and
rpS6 were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Rabbit polyclonal antibodies to
Akt, phospho-Akt (S473), S6KI1, phospho-S6K1 (T389),
phospho-rpS6  (S240/244), tuberin/Tsc2, cleaved PARP,
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cleaved caspase-7, and also rabbit monoclonal antibody to
phospho-tuberin/Tsc2 (T1462), were obtained from Cell Sig-
naling Technologies (Beverly, MA, USA). Mouse monoclonal
antibody to phospho-Akt (T308) was purchased from BD Bio-
science (Franklin Lakes, NJ, USA). The polyclonal antibody
to phospho-S6K1 (T229) was purchased from R&D Systems
(Minneapolis, MN, USA). Pregnant mare serum gonadotropin
(PMSG), human chorionic gonadotropin (hCG) and mouse
monoclonal antibody to [(-actin were purchased from
Sigma-Aldrich Sweden AB (Stockholm, Sweden). The PI3K-
specific inhibitor LY294002, the mTORC]1-specific inhibitor
rapamycin and recombinant mouse KL were obtained from
EMD Biosciences (San Diego, CA, USA). Western blots
were carried out according to the instructions of the suppliers
of the different antibodies and visualized using the ECL Plus
Western Blotting Detection System (Amersham Biosciences,
Uppsala, Sweden).

Quantification of ovarian follicles and histological analysis

Quantification of ovarian follicles was performed as
previously described (7). Briefly, ovaries were fixed in 4%
paraformaldehyde, dehydrated and embedded in paraffin. To
count the numbers of follicles, paraffin-embedded ovaries
were serially sectioned at 8 pm thickness and stained with
hematoxylin for morphological observation. Ovarian follicles
at different stages of development, including primordial fol-
licles and activated follicles (including transient follicles con-
taining enlarged oocytes surrounded by flattened pregranulosa
cells, type 3b, type 4, type 5 and type 6 follicles), were
counted in all sections of an ovary, based on the well-
accepted standards established by Pedersen and Peters (35).
Follicles that contained oocytes with clearly visible nuclei
were scored in each section, as previously reported (36).
Judged from careful morphological analysis, the incidence
of counting the same follicle twice or of missing a follicle
was low.

Isolation of oocytes from postnatal mouse ovaries
and stimulation of starved oocytes with KL,

Isolation and lysis of oocytes were performed as previously
described (7). For stimulation with KL, equal amounts of
oocytes were aliquoted into wells of a 24-well plate. Typi-
cally, each well contained oocytes obtained from three to
five mice that were 12—14-days old. The oocytes were first
starved by culturing them in serum-free DMEM/F12
medium for 4 h, followed by treatment with 100 ng/ml KL
for 2 min. After stimulation with KL, the 24-well plate was
chilled on ice and oocytes were lysed for western blot analysis.

Measurement of serum hormone levels

Adult female OoPdkl ™~ or OoRps6 '~ mice from weeks
8—12 were killed randomly due to lack of regular estrus
cycles; control OoPdkl ™" or OoRps6™" female mice of
similar ages were killed at the estrus stage based on vaginal
smears, in order to measure gonadotropin levels during the fol-
licular growth phase but not the ovulation phase. Serum

Human Molecular Genetics, 2009, Vol. 18, No. 15 2823

hormone levels were determined by immunoassay as
described previously for FSH (37) and LH (38).

Gonadotropin-induced ovulation

To induce synchronized follicular growth and ovulation in
order to obtain ovulated oocytes for western blot, immature
23-day-old female mice were injected intraperitoneally with
51U of PMSG to stimulate follicular development and with
51U hCG 48 h later to induce ovulation. Ovulation normally
takes place 10—12h after hCG treatment (39).
Cumulus-oocyte complexes were recovered from oviducts
and treated with hyaluronidase (0.1%) before oocytes were
collected.

Natural ovulation and embryo culture

OoPdkl ™'~ and OoPdkl™* female mice of 5—6 weeks old
were housed with wild-type males, and vaginal plugs were
checked every morning. Embryonic day 0.5 (E0.5) refers to
the day that a vaginal plug was found. The mated female
mice were sacrificed at E1.5 and zygotes/oocytes were recov-
ered from their oviducts; these were cultured further for 72 h
in KSOM medium supplemented with amino acids (Chemi-
con) in an incubator at 37°C with an atmosphere of 5%
CO,. The numbers and stages of development of the
zygotes/oocytes were recorded.

Statistical analysis

All experiments were repeated at least three times. For
comparisons of follicle numbers, ovarian weights and
hormone levels, differences between the two groups were
calculated with Student’s t-test, and a difference was
considered to be significant if P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.

ACKNOWLEDGEMENTS

We thank Dr Austin Cooney (Baylor College of Medicine,
TX, USA) and Dr Zijian Lan, University of Louisville
Health Sciences Center, Louisville, Kentucky, USA) for
kindly providing the Gdf-9-Cre mice.

Conflict of Interest statement. None declared.

FUNDING

This work was supported by grants to K.L. from the Swedish
Research Council, the Swedish Cancer Foundation, the Young
Researcher Award of Umea University, Sweden, the Lions
Cancer Research Foundation in Norrland, Sweden, and the
Novo Nordisk Foundation, Denmark.

¥20¢2 Iudy 0z uo 1senb Aq LOLELI/ELBZ/SL/8L/eIo1e/Bwy/wod dnoolwapede//:sdly Wwoly papeojumoq



2824

Human Molecular Genetics, 2009, Vol. 18, No. 15

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Broekmans, F.J., Knauff, E.A.H., te Velde, E.R., Macklon, N.S. and
Fauser, B.C. (2007) Female reproductive ageing: current knowledge and
future trends. Trends Endocrinol. Metab., 18, 58—65.

. Hansen, K.R., Knowlton, N.S., Thyer, A.C., Charleston, J.S., Soules, M.R.

and Klein, N.A. (2008) A new model of reproductive aging: the decline in
ovarian non-growing follicle number from birth to menopause. Hum.
Reprod., 23, 699—-708.

. McGee, E.A. and Hsueh, A.J. (2000) Initial and cyclic recruitment of

ovarian follicles. Endocrinol. Rev., 21, 200—-214.

. Faddy, M.J. and Gosden, R.G. (1996) A model conforming the decline in

follicle numbers to the age of menopause in women. Hum. Reprod., 11,
1484—1486.

. Morita, Y. and Tilly, J.L. (1999) Oocyte apoptosis: like sand through an

hourglass. Dev. Biol., 213, 1-17.

. Hirshfield, A.N. (1991) Development of follicles in the mammalian ovary.

Int. Rev. Cytol., 124, 43—101.

. Reddy, P., Liu, L., Adhikari, D., Jagarlamudi, K., Rajareddy, S., Shen, Y.,

Du, C., Tang, W., Hamalainen, T., Peng, S.L. et al. (2008) Oocyte-specific
deletion of Pten causes premature activation of the primordial follicle
pool. Science, 319, 611-613.

. Cantley, L.C. (2002) The phosphoinositide 3-kinase pathway. Science,

296, 1655—-1657.

. Stokoe, D. (2005) The phosphoinositide 3-kinase pathway and cancer.

Expert Rev. Mol. Med., 7, 1-22.

Yang, Q. and Guan, K.L. (2007) Expanding mTOR signaling. Cell Res.,
17, 666—-681.

Mora, A., Komander, D., van Aalten, D.M. and Alessi, D.R. (2004)
PDK1, the master regulator of AGC kinase signal transduction. Semin.
Cell Dev. Biol., 15, 161-170.

Engelman, J.A., Luo, J. and Cantley, L.C. (2006) The evolution of
phosphatidylinositol 3-kinases as regulators of growth and metabolism.
Nat. Rev. Genet., 7, 606—619.

Lawlor, M.A., Mora, A., Ashby, P.R., Williams, M.R., Murray-Tait, V.,
Malone, L., Prescott, A.R., Lucocq, J.M. and Alessi, D.R. (2002) Essential
role of PDK1 in regulating cell size and development in mice. EMBO J.,
21, 3728-3738.

Mora, A., Davies, A.M., Bertrand, L., Sharif, 1., Budas, G.R., Jovanovic,
S., Mouton, V., Kahn, C.R., Lucocq, J.M., Gray, G.A. et al. (2003)
Deficiency of PDK1 in cardiac muscle results in heart failure and
increased sensitivity to hypoxia. EMBO J., 22, 4666—4676.

Hashimoto, N., Kido, Y., Uchida, T., Asahara, S., Shigeyama, Y.,
Matsuda, T., Takeda, A., Tsuchihashi, D., Nishizawa, A., Ogawa, W.

et al. (2006) Ablation of PDK1 in pancreatic beta cells induces diabetes as
a result of loss of beta cell mass. Nat. Genet., 38, 589—593.

Mora, A., Lipina, C., Tronche, F., Sutherland, C. and Alessi, D.R. (2005)
Deficiency of PDK1 in liver results in glucose intolerance, impairment of
insulin-regulated gene expression and liver failure. Biochem. J., 385,
639-6438.

Okamoto, Y., Ogawa, W., Nishizawa, A., Inoue, H., Teshigawara, K.,
Kinoshita, S., Matsuki, Y., Watanabe, E., Hiramatsu, R., Sakaue, H. et al.
(2007) Restoration of glucokinase expression in the liver normalizes
postprandial glucose disposal in mice with hepatic deficiency of PDKI1.
Diabetes, 56, 1000—1009.

Hinton, H.J., Alessi, D.R. and Cantrell, D.A. (2004) The serine kinase
phosphoinositide-dependent kinase 1 (PDK1) regulates T cell
development. Nat. Immunol., 5, 539—545.

Inoue, H., Ogawa, W., Asakawa, A., Okamoto, Y., Nishizawa, A.,
Matsumoto, M., Teshigawara, K., Matsuki, Y., Watanabe, E., Hiramatsu,
R. et al. (2006) Role of hepatic STAT3 in brain-insulin action on hepatic
glucose production. Cell Metab., 3, 267-275.

Lan, Z.J., Xu, X. and Cooney, A.J. (2004) Differential oocyte-specific
expression of Cre recombinase activity in GDF-9-iCre, Zp3cre, and
Msx2Cre transgenic mice. Biol. Reprod., 71, 1469—1474.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Pepling, M.E. and Spradling, A.C. (2001) Mouse ovarian germ cell cysts
undergo programmed breakdown to form primordial follicles. Dev. Biol.,
234, 339-351.

Matzuk, M.M., Burns, K.H., Viveiros, M.M. and Eppig, J.J. (2002)
Intercellular communication in the mammalian ovary: oocytes carry the
conversation. Science, 296, 2178—-2180.

Reddy, P., Shen, L., Ren, C., Boman, K., Lundin, E., Ottander, U.,
Lindgren, P., Liu, Y.X., Sun, Q.Y. and Liu, K. (2005) Activation of Akt
(PKB) and suppression of FKHRL1 in mouse and rat oocytes by stem cell
factor during follicular activation and development. Dev. Biol., 281,
160—170.

Alessi, D.R., James, S.R., Downes, C.P., Holmes, A.B., Gaffney, P.R.,
Reese, C.B. and Cohen, P. (1997) Characterization of a
3-phosphoinositide-dependent protein kinase which phosphorylates and
activates protein kinase Balpha. Curr. Biol., 7, 261-269.

Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S.,
Anderson, M.J., Arden, K.C., Blenis, J. and Greenberg, M.E. (1999) Akt
promotes cell survival by phosphorylating and inhibiting a Forkhead
transcription factor. Cell, 96, 857—868.

Liu, L., Rajareddy, S., Reddy, P., Du, C., Jagarlamudi, K., Shen, Y.,
Gunnarsson, D., Selstam, G., Boman, K. and Liu, K. (2007) Infertility
caused by retardation of follicular development in mice with
oocyte-specific expression of Foxo3a. Development, 134, 199-209.
Thomas, G. (2000) An encore for ribosome biogenesis in the control of
cell proliferation. Nat. Cell Biol., 2, ET1-E72.

Volarevic, S., Stewart, M.J., Ledermann, B., Zilberman, F., Terracciano,
L., Montini, E., Grompe, M., Kozma, S.C. and Thomas, G. (2000)
Proliferation, but not growth, blocked by conditional deletion of 40S
ribosomal protein S6. Science, 288, 2045-2047.

Perez, G.I., Robles, R., Knudson, C.M., Flaws, J.A., Korsmeyer, S.J. and
Tilly, J.L. (1999) Prolongation of ovarian lifespan into advanced
chronological age by Bax-deficiency. Nat. Genet., 21, 200—203.

Depalo, R., Nappi, L., Loverro, G., Bettocchi, S., Caruso, M.L., Valentini,
A.M. and Selvaggi, L. (2003) Evidence of apoptosis in human primordial
and primary follicles. Hum. Reprod., 18, 2678—2682.

Hurst, P.R., Mora, J.M. and Fenwick, M.A. (2006) Caspase-3, TUNEL
and ultrastructural studies of small follicles in adult human ovarian
biopsies. Hum. Reprod., 21, 1974—1980.

Devine, P.J., Payne, C.M., McCuskey, M.K. and Hoyer, P.B. (2000)
Ultrastructural evaluation of oocytes during atresia in rat ovarian follicles.
Biol. Reprod., 63, 1245—1252.

Van Blerkom, J. and Davis, P.W. (1998) DNA strand breaks and
phosphatidylserine redistribution in newly ovulated and cultured mouse
and human oocytes: occurrence and relationship to apoptosis. Hum.
Reprod., 13, 1317—-1324.

Tingen, C.M., Bristol-Gould, S.K., Kiesewetter, S.E., Wellington, J.T.,
Shea, L. and Woodruff, T.K. (2009) Prepubertal primordial follicle loss in
mice is not due to classical apoptotic pathways. Biol. Reprod.

Pedersen, T. and Peters, H. (1968) Proposal for a classification of oocytes
and follicles in the mouse ovary. J. Reprod. Fertil., 17, 555-557.
Johnson, J., Canning, J., Kaneko, T., Pru, J.K. and Tilly, J.L. (2004)
Germline stem cells and follicular renewal in the postnatal mammalian
ovary. Nature, 428, 145—-150.

van Casteren, J.I., Schoonen, W.G. and Kloosterboer, H.J. (2000)
Development of time-resolved immunofluorometric assays for rat
follicle-stimulating hormone and luteinizing hormone and application on
sera of cycling rats. Biol. Reprod., 62, 886—894.

Haavisto, A.M., Pettersson, K., Bergendahl, M., Perheentupa, A., Roser,
J.F. and Huhtaniemi, 1. (1993) A supersensitive immunofluorometric
assay for rat luteinizing hormone. Endocrinology, 132, 1687—1691.

Liu, K., Wahlberg, P., Leonardsson, G., Hagglund, A.C., Ny, A., Boden,
1., Wibom, C., Lund, L.R. and Ny, T. (2006) Successful ovulation in
plasminogen-deficient mice treated with the broad-spectrum matrix
metalloproteinase inhibitor galardin. Dev. Biol., 295, 615-622.

¥20¢2 Iudy 0z uo 1senb Aq LOLELI/ELBZ/SL/8L/eIo1e/Bwy/wod dnoolwapede//:sdly Wwoly papeojumoq



