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Oocyte-Specific Deletion of Pten
Causes Premature Activation of
the Primordial Follicle Pool

Pradeep Reddy," Lian Liu,** Deepak Adhikari,* Krishna Jagarlamudi,* Singareddy Rajareddy,*
Yan Shen,* Chun Du,* Wenli Tang,* Tuula Himalinen,? Stanford L. Peng,* Zi-Jian Lan,”

Austin J. Cooney,® Ilpo Huhtaniemi,>” Kui Liu't

In the mammalian ovary, progressive activation of primordial follicles from the dormant pool serves as
the source of fertilizable ova. Menopause, or the end of female reproductive life, occurs when the
primordial follicle pool is exhausted. However, the molecular mechanisms underlying follicle activation
are poorly understood. We provide genetic evidence that in mice lacking PTEN (phosphatase and tensin
homolog deleted on chromosome 10) in oocytes, a major negative regulator of phosphatidylinositol
3-kinase (PI3K), the entire primordial follicle pool becomes activated. Subsequently, all primordial
follicles become depleted in early adulthood, causing premature ovarian failure (POF). Our results show
that the mammalian oocyte serves as the headquarters of programming of follicle activation and that the
oocyte PTEN-PI3K pathway governs follicle activation through control of initiation of oocyte growth.

varian follicles are the basic units of a
Omammalian ovary, and each follicle con-

tains an oocyte that is surrounded by
somatic (granulosa) cells (/). Whereas the ma-
jority of follicles remain as dormant primordial
follicles containing immature oocytes surrounded
by a few flattened somatic cells for use in later
reproductive life, a limited number of primordial
follicles are recruited from the resting follicle
reservoir into the growing follicle pool. The ac-
tivation of primordial follicles is a progressive
and highly regulated process. It ceases and fe-
male reproductive life ends when the follicle pool
is exhausted at menopause (7, 2). The duration of
fertility of a female is determined by the initial
size of her primordial follicle pool and by the rate
of its activation and depletion (3).

A landmark of follicular activation is the ini-
tiation of rapid oocyte growth within primordial
follicles (4, 5). Activation is irreversible, such
that activated follicles that are not selected for
further development will undergo atresia. Al-
though the initial follicular activation is believed
to be independent of gonadotropin action, the
molecular mechanisms are poorly defined (Z, 2).
Our recent studies (3, 6) suggest that the phos-
phatidylinositol 3-kinase (PI3K) pathway of oo-
cytes may play a role in regulating the activation
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of primordial follicles; however, further function-
al evidence is required to support this notion.

PI3Ks are lipid kinases that phosphorylate the
3'-OH group on the inositol ring of inositol
phospholipids. PTEN (phosphatase and tensin
homolog deleted on chromosome 10), a lipid
phosphatase, reverses this process and thus func-
tions as a major negative regulator of PI3K action
(7). The PI3K pathway is a fundamental sig-
naling pathway for the regulation of cell prolif-
eration, survival, migration, and metabolism (7).
To study the functional roles of the oocyte PI3K
pathway in mammalian follicular activation, we
deleted the Pfen gene from mouse oocytes by
crossing Pren'™™"” mice (8) with transgenic
mice expressing growth differentiation factor 9
(Gdf-9) promoter-mediated Cre recombinase
(referred to as GCre mice); this recombinase is
active specifically in oocytes (9) (fig. S1). We
found that during a testing period from 6 to 34
weeks of age, the Pten'™"" P .GCre* females
produced a maximum of one normal-sized litter
but became infertile in early adulthood (i.e., after
12 to 13 weeks of age) (Fig. 1).

To study how the loss of Pten from oocytes
impedes mouse fertility, we compared the first
wave of postnatal follicular development in
Pten!™""-GCre" and Pten™"** mice. We found
no apparent morphological difference in post-
natal day 5 (PD5) ovaries of Pten™"*:GCre"
and Pten'”"" mice. The ovaries of both geno-
types had mostly primordial follicles containing
small oocytes surrounded by flattened pregranu-
losa cells (Fig. 2, A to C, arrows) and some
activated follicles containing enlarged oocytes
(Fig. 2, A to C, arrowheads), with comparable
numbers (fig. S3A). At PDS8, however, the
Pren'™""*F-GCre" ovaries appeared larger (fig.
S2, A and B) with more activated follicles (fig.
S3B), including transient follicles containing en-
larged oocytes surrounded by flattened pregran-
ulosa cells (fig. S2C, yellow arrows), primary
(type 3b) follicles with enlarged oocytes sur-
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rounded by one layer of cuboidal granulosa
cells, and some secondary (type 4) follicles with
two layers of granulosa cells (fig. S2, B and C,
black arrows), whereas the Pren*" ovaries
had mostly primordial (fig. S2A, red arrows) and
type 3b follicles (fig. S2A, arrowheads). Accord-
ingly, the percentage of primordial follicles in
Pten™™"F.GCre™ ovaries at PD8 (49.6%) was
significantly lower than that in Pren'®""
ovaries (83.6%) (fig. S3B). By PD23 and 35,
the Pren'*"""***.GCre" ovaries (Fig. 2E and fig.
S2E) remained larger than the Pren"o<"
ovaries (Fig. 2D and fig. S2D) and contained
significantly more activated follicles (Fig. 2F, fig.
S2F, and fig. S3, C and D). By PD23, virtually no
primordial follicles could be identified in mutant
ovaries (figs. S2E and S3C), whereas 69.2% of
the follicles in control ovaries were still at the
primordial stage (fig. S2D, inset, and fig. S3C).
Therefore, the entire pool of primordial follicles
had been activated in Pten""*":GCre" ovaries.
This also resulted in reduced follicle death and
clearance before and around the time of sexual
maturity in the mutant mice (/0) (fig. S3F). The
growth dynamics of the activated transient follicles
seemed different: Some follicles appeared to re-
main at the transient stage (Fig. 2F and fig. S2F,
yellow arrows; fig. S3, C to E), whereas others
appeared to develop further (fig. S3, C to E).

At 7 weeks, Pten'™""".GCre" ovaries still
appeared larger than Pren""* ovaries (fig. S2,
G and H), with significantly higher numbers of
transient and preantral type 5 follicles (with three
or more layers of granulosa cells) accumulated
(fig. S3E). Corpora lutea (CL), which are tem-
porary endocrine structures developed from the
remnants of ovulated follicles, were present (fig.
S2H, arrows), indicating that ovulation had taken
place. Furthermore, in ovaries of 12-week-old
Pten'™""P.GCre™ mice, follicular structure
was largely deformed (fig. S2K) and CL were
undergoing degeneration (luteolysis) (fig. S2K,
arrows). In ovaries of both 7- and 12-week-old
Pten™"P.GCre" mice, many transient follicles
containing degraded oocytes were observed (fig.
S2,Tand L, arrows), which suggests that some of
the prematurely activated follicles undergo atre-
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Fig. 1. Comparison of the cumulative number of
pups per Pten®”">*-GCre* female (blue line) and
per Pten®”® female (black line); n = 9 for
Pten™™*® mice, n = 8 for Pten™”"**-GCre* mice.
All Pten™**-GCre* females became infertile in
young adulthood (after week 12 to 13).
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sia directly from the transient stages. Mice at this
or older ages showed completely irregular estrous
cycles. By the age of 16 weeks, Pren™ """ -GCre*
ovaries no longer displayed normal ovarian mor-
phology (Fig. 2, H and I). The ovaries were
smaller, rounded, and yellow (Fig. 2H, inset) in
comparison to the pink-colored Pren'""ox"
ovaries, which contained CL (Fig. 2G, arrows)
and follicles (Fig. 2G, arrowheads).

Moreover, in sera of 12- to 20-week-old
Pten'"*P.GCre" mice, elevated levels of
follicle-stimulating hormone (FSH) (Fig. 3A)
and luteinizing hormone (LH) (Fig. 3B) were
observed relative to Pren'™""*" control mice.
Thus, activation of the pool of primordial follicles
leads to follicle depletion; this causes premature
ovarian failure (POF) in Pren™ " :GCre" mice.
The phenotype observed in these mice resembles
that of human POF (/7).

To elucidate the molecular mechanisms un-
derlying the accelerated oocyte enlargement in
Pten'”"P.GCre" ovaries, we studied Akt sig-
naling in oocytes isolated from ovaries of PD12
to 14 Pten™"*-GCre" and Pten™ """ mice.
We found that the level of phospho-Akt (p-Akt,
Ser*”) was elevated in Pren™”"*"-GCre" oocytes
that were cultured in vitro and starved of serum
(Fig. 4A). In addition, Kit ligand (KL), which can
activate the PI3K pathway in growing oocytes
through its oocyte surface receptor Kit (6), acti-
vated Akt to a greater extent in Pren """ :GCre"
oocytes than in Pren'™* oocytes (Fig. 4B).
Thus, the loss of Pten in oocytes leads to en-
hanced oocyte PI3K-Akt signaling.

To investigate the cause of accelerated oocyte
growth in Pren™""*":GCre" ovaries, we studied
whether the enhanced PI3K-Akt signaling led to
increased activation of ribosomal protein S6
(rpS6). At PD5—a developmental stage with no
apparent morphological differences between
Pten"".GCre" and Pten'""**" ovaries
(Fig. 2, A to C)—the activation of Akt had
already been elevated in Pren'™"":GCre*
oocytes (Fig. 4C, PD5, p-Akt). This result cor-
related with enhanced expression (Fig. 4C, PD5,
1pS6) and phosphorylation (indicating activation)
of 1pS6 (Fig. 4C, PD5, p-rpS6, Ser”>'°). Such a
result suggests that enhanced protein trans-
lation had already started when the Gdf-9—Cre-
mediated Pten deletion in oocytes had just taken
place (9). Similarly, in oocytes isolated from
Pten'™"".GCre* ovaries at PD12 to 14, en-
hanced PI3K-Akt signaling led to elevation of
both expression and phosphorylation of rpS6
(Fig. 4C, PD12 to 14). However, activation of the
mammalian target of rapamycin (mTOR)-p70
S6 kinase (S6K) cascade was not increased by
loss of Pten, as the levels of phospho-mTOR
(p-mTOR, Ser***®), phospho-tuberin/TSC2
(p-TSC2, Thr'*?), and phospho-S6K (p-S6K,
Thr*®) at PD5 and PD12 to 14 remained similar
in Pten"*".GCre" and Pten™ """ oocytes
(Fig. 4C). Thus, the enhanced activation of rpS6
was caused by elevated rpS6 expression per se
(Fig. 4C). However, the phosphorylation of rpS6

Pte nloxP/onP

PD5

PD35

16 weeks

Fig. 2. Activation of the primordial follicle pool followed by premature ovarian failure (POF) in
Pten'©™"°*-GCre* mice. (A to F) Overactivation of primordial follicles in Pten'*"*:GCre* mice. Ovaries
from PD5 and PD35 Pten®”'*-GCre* mice and their Pten'™*® littermates were embedded in paraffin,
and sections of 8-um thickness were prepared and stained with hematoxylin. (G to 1) POF caused by
depletion of all follicles in Pten®™***:GCre* mice. Ovaries from 16-week-old Pten’”°-GCre* mice and
Pten'©™"° |ittermates were used. The experiments were repeated more than three times, and for each
time and each age, ovaries from one mouse of each genotype were used.
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and S6K in mutant oocytes was sensitive to the
PI3K-specific inhibitor LY294002 and the mTOR-
specific inhibitor rapamycin (fig. S4A), indicat-
ing that activation of rpS6 in Pren'™""*"-GCre*
oocytes is dependent on the activities of PI3K
and mTOR.

It has been hypothesized that unknown intra-
ovarian factors stimulate some primordial follicles
to initiate growth while the rest of the follicles
remain quiescent. On the other hand, it has also
been suggested that follicular activation is trig-
gered by the release of inhibitory mechanisms
that maintain the primordial follicles in their

resting state (/). Our data show that the oocyte
governs follicular activation and that oocyte
PTEN functions as a suppressor of this process.
The intra-oocyte PTEN-PI3K signaling cascade
appears to play a role in the initiation of oocyte
growth. We propose that activation of the PI3K
pathway in each individual oocyte may be es-
sential in determining the fate of the primordial
follicle—whether it remains dormant, whether it
becomes activated at a certain time, or whether it
undergoes atresia directly from the primordial stage.

Furthermore, we report the distinctive ovarian
phenotype of POF in mice with oocyte-specific
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Fig. 4. Enhanced Akt signaling in Pten’®”'®*.GCre* oocytes leads to elevated expression and activation
of rpS6. Oocytes were isolated from ovaries of Pten'®'**:GCre* and Pten®"**** mice at PD5 and PD12 to
14, and Western blots were performed (10). (A) Levels of p-Akt (Ser*’®) and total Akt in PD12 to 14
Pten™™-GCre* and Pten™”"® oocytes. (B) Activation of Akt (p-Akt, Ser*”®) by KL treatment (100 ng/ml,
2 min) in PD12 to 14 Pten™™*.GCre* and Pten™** oocytes. Levels of Akt were used as internal
controls. (€) Signaling studies in Pten”*:GCre* and Pten'®o* oocytes at PD5 and PD12 to 14,
showing levels of p-Akt (Ser*’3), rpSé, p-rpSé (Ser’>>®), p-mTOR (Ser®**®), p-TSC2 (Thr**¢?), and p-S6K
(Thr®®?). Levels of total Akt, mTOR, TSC2, S6K, and B-actin were used as internal controls. All experiments
were repeated at least three times. For isolation of PD5 oocytes for Western blot, 10 to 15 Pten'®”*-GCre*
or Pten'™o mice were used for each lane. For isolation of PD12 to 14 oocytes, 3 to 5 Pten™™%-GCre*
mice or 6 to 10 Pten™** mice were used per lane. In each lane, 30 to 40 pg of protein sample was loaded.

ablation of Pten, which is caused by excessive
activation and depletion of primordial follicles.
Thus, our findings may have broad physiological
and clinical implications, contributing to in-depth
understanding of both normal ovarian physiolo-

gy and the development of ovarian diseases. In
humans, POF is defined as a primary ovarian
defect characterized by absent menarche (pri-
mary amenorrhea) or by premature depletion of
ovarian follicles or arrested folliculogenesis be-
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fore the age of 40 years (secondary amenorrhea),
with an estimated incidence of 1% (/). We hy-
pothesize that genetic variations leading to over-
activation and depletion of follicles may be among
the possible causes of POF in humans. On the
other hand, the retardation of follicle activation
and/or excessive primordial follicle atresia, both
of which may be caused by underactivation of
the PI3K pathway in oocytes, can also lead to
POF, albeit from opposite directions. Recogni-
tion of the importance of the PTEN-PI3K signal-
ing network in oocytes opens up new prospects
for our understanding of the physiological and
pathological processes of the mammalian ovary.
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The Maternal Nucleolus Is
Essential for Early Embryonic
Development in Mammals

Sugako Ogushi,>*3* Chiara Palmieri,® Helena Fulka,>* Mitinori Saitou,’
Takashi Miyano,* Josef Fulka I3

With fertilization, the paternal and maternal contributions to the zygote are not equal. The
oocyte and spermatozoon are equipped with complementary arsenals of cellular structures and
molecules necessary for the creation of a developmentally competent embryo. We show that the
nucleolus is exclusively of maternal origin. The maternal nucleolus is not necessary for oocyte
maturation; however, it is necessary for the formation of pronuclear nucleoli after fertilization or
parthenogenetic activation and is essential for further embryonic development. In addition, the
nucleolus in the embryo produced by somatic cell nuclear transfer originates from the oocyte,
demonstrating that the maternal nucleolus supports successful embryonic development.

o create a totipotent zygote, the oocyte

I and spermatozoon combine not only their
nuclear DNA but also certain RNAs, pro-

teins, and organelles. Some zygotic material is

strictly of maternal or paternal origin. For exam-
ple, mitochondria originate exclusively from the
oocyte (/), whereas the centriole in most mam-
mals (excluding rodents) comes from the sper-
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matozoon (2, 3). Another zygotic organelle that
seems to be supplied by the oocyte is the
nucleolus. The nucleoli in fully grown oocytes
are compact and transcriptionally inactive (4-7).
It is not known how or to what extent this
nucleolar material contributes to the construction
of zygotes and early embryos. Our results dem-
onstrate that the nucleolus in the zygote and early
embryo is exclusively maternally inherited and
originates from the material that is present in the
oocyte germinal vesicle. Moreover, using nuclear
transfer experiments, we demonstrate that nucleo-
li originating from a somatic cell or even from an
embryonic stem (ES) cell cannot substitute for the
original oocyte nucleolar material.

The scheme for our analysis is shown in
fig. S1. Nucleoli were microsurgically removed
from fully grown oocytes before gonadotropic
stimulations in pigs and mice (Fig. 1, A and B,
fig. S2, and movies S1 and S2) (8). The oocytes
from which we aspirated a small amount of
nucleoplasm served as controls [fig. S1, sham-
operated (Sham)]. The success of enucleolation was
checked immunocytochemically (Fig. 1C and fig.
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