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Abstract 
 
The primordial follicle pool is the main source of developing follicles in the ovary. The length of 
reproductive life and the onset of menopause are governed by the amount of primordial follicles 
in the ovary. The genetic factors and molecular mechanisms that maintain the primordial follicles 
in a dormant and surviving state for the whole of reproductive life are not well understood. The 
phosphatidylinositol 3 kinase (PI3K) signaling pathways in the oocyte that control oocyte growth 
and early follicular development are largely unknown. The major aim of this thesis was to 
investigate the functional role of the intra-oocyte PI3K pathway in the regulation of primordial 
follicle activation and survival.  
 
Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is a major negative 
regulator of PI3K. The conditional deletion of Pten in the oocytes of primordial follicles led to 
the overgrowth of oocytes and activation of the entire pool of primordial follicles. There were 
higher numbers of activated primordial follicles at postnatal day 8 (PD8) in ovaries lacking PTEN 
in oocytes; by PD35 all the primordial follicles were activated and all the follicles were depleted 
by 12 weeks, causing premature ovarian failure (POF). In addition, the rate of follicular death that 
occurs during sexual maturity is reduced in ovaries that lack PTEN in oocytes. Further 
mechanistic studies revealed that loss of Pten in oocytes resulted in elevated Akt signaling and 
upregulation of both expression and activation of ribosomal protein S6 (rpS6). The overactivation 
of primordial follicles in ovaries that lack PTEN in oocytes is believed to be due to elevated 
expression and activation of rpS6. PTEN in oocytes is indispensable for the maintenance of 
primordial follicles in dormancy. 
  
To study the role of the intra-oocyte PI3K signaling pathway in controlling the survival and 
maintenance of primordial follicles, 3-phosphoinositide-dependent protein kinase-1 (PDK1) was 
deleted in oocytes of primordial follicle. The loss of Pdk1 in oocytes led to the depletion of most 
primordial follicles around the onset of sexual maturity, causing POF during early adulthood. 
Furthermore, the activation of Akt, p70 S6 kinase 1 (S6K1), and rpS6 was impaired in oocytes 
that lacked PDK1. The suppressed PDK1–Akt–S6K1–rpS6 signaling in oocytes appears to be 
responsible for the loss of primordial follicles. The excessive activation of primordial follicles 
seen in the absence of Pten in oocytes could be reversed by concurrent deletion of Pdk1. In 
addition, the elevated activation of Akt and S6K1 in the absence of PTEN in oocytes was not 
observed in PTEN and PDK1 double mutant mice. Similarly, the hyperphosphorylation of rpS6 
in oocytes that lack PTEN was prevented in double mutant mice, which was most likely due to 
downregulation of S6K1 activation. Thus, inactivation of rpS6 in double mutant mice might be 
the reason for the prevention of excessive primordial follicular activation and survival.  
 
PTEN and PDK1 in oocytes are essential for the maintenance of quiescence and survival of 
primordial follicles. The molecular network involving PI3K/PTEN–PDK1 signaling in oocyte 
controls the survival, loss, and activation of primordial follicles, which together govern 
reproductive aging and determine the length of reproductive life in females. The results of the 
above studies indicate that the mammalian oocyte serves as the seat of programming of follicular 
activation and survival. 
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1. Introduction to the mammalian ovary 
The main function of the mammalian ovary is to produce fertilizable oocytes/eggs and steroid 
hormones for the development of female secondary sexual characteristics (McGee and Hsueh, 
2000). The ovary is very heterogeneous due to the persistence of follicles at different stages of 
development, and with corpora lutea (CL) (Figure 1). Each follicle in the mammalian ovary 
consists of a meiotic arrested oocyte surrounded by granulosa cells and theca layer. The dormant 
primordial follicles serve as the basic unit for the developing follicles. The activation of 
primordial follicles starts just after completion of follicle formation, and is a continuous process. 
Once the primordial follicle is activated, the oocyte starts to grow, which is then followed by 
granulosa cell proliferation. Both the oocyte and the granulosa cells are dependent on each other 
for their growth and survival (Wassarman and Albertini DF, 1994). The bidirectional 
communication between oocyte and granulosa cells is essential for the follicular development, 
from primordial follicle formation, activation and ovulation (Eppig, 2001). The activated 
primordial follicles pass through different stages of follicular development and the fate of 
growing follicles is determined by many endocrine and paracrine factors (McGee and Hsueh, 
2000). The recruitment of follicles is a continuous process which is controlled by the 
hypothalamus-pituitary-ovary axis (Elvin and Matzuk, 1998; Matzuk et al., 2002; McGee and 
Hsueh, 2000; Richards et al., 2002; Vanderhyden, 2002). 
 
The continuous activation of dormant follicles takes place until the pool of primordial follicle 
exists in the ovary. Once the ovary becomes devoid of the primordial follicles, the reproductive 
life comes to an end and menopause follows. The existence of primordial follicles in both 
surviving and a dormant state will determine the length of fertility and ovarian age. An imbalance 
in survival or in the maintenance of primordial follicles in a dormant state causes early 
menopause due to premature loss of these follicles. The molecular mechanism that controls the 
survival of primordial follicles and at the same time the signals that maintain them in dormant 
state are not completely known. 
 

1.1 Follicle formation 
In mice, primordial germ cells (PGCs) migrate from the proximal epiblast to the genital ridges 
around 10.5 to 11.5 days post coitum (dpc) and form germ cell clusters (Ginsburg et al., 1990). 
The PGCs undergo mitotic divisions and multiply in number; the dividing PGCs are held together 
by intercellular bridges due to the incomplete cytokinesis (Pepling and Spradling, 1998). This 
results in formation of many germ cell clusters or oogonia in female mice. By 13.5 dpc the 
oogonia start to enter meiosis (McLaren and Southee, 1997). Not all oogonia enter meiosis at the 
same time, while some are still in the process of mitotic division. The oogonia that enter meiosis 
are arrested at the diplotene stage of meiosis I for the rest of the developmental process, until 
ovulation. The primordial follicles are formed just after birth in mice. The pregranulosa cells 
invade the germ cell cysts and break apart the oogonia (McNatty et al., 2000; Pepling and 
Spradling, 2001). During primordial follicle formation, proper communication between 
pregranulosa cells that surround the cysts and oogonia is essential (Guigon and Magre, 2006) and 
the pregranulosa cells take an active part during follicle formation (Epifano and Dean, 2002). Not 
all the oogonia that are present in the cysts are capable of forming primordial follicles, and most 
of them undergo apoptosis during the process of follicle formation (Pepling and Spradling, 2001). 
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In mice, primordial follicles are visible by postnatal day 3 (PD3) and by PD7 almost all of the 
germ cell cysts are broken down and the primordial follicles are formed (Choi and Rajkovic, 
2006). It has been shown that during the process of germ cell cysts breakdown and primordial 
follicle formation, hormones play an important role—where treatment of PD1 mouse ovaries with 
progesterone, estradiol or genistein prevents the cysts breakdown and primordial follicle 
formation (Chen et al., 2007). The maternal estrogen and progesterone prevent the cysts from 
breaking down before birth and prevent the process of initial follicle formation (Chen et al., 2007; 
Kezele and Skinner, 2003).  
 
During the past decade many genetic studies have shed light on the different molecules that are 
expressed in granulosa cells and oocytes, which play an important role during the formation of 
primordial follicles. For example, Figla (Factor in the germline alpha)—a transcription factor 
expressed in both germ cells and postnatal oocytes, is required for the expression of zona 
pellucida proteins. The female mice that lack Figla do not have any primordial follicles, and all 
the oocytes are depleted after birth (Soyal et al., 2000). The germ cell-specific marker NOBOX 
(Newborn ovary homeobox protein) is expressed in oocytes, and in its absence there is a delay in 
germ cell cysts breakdown and increased oocyte loss (Rajkovic et al., 2004). Furthermore, the 
oogonia that lack synaptonemal complex protein-1 (SYCP-1) complete meiotic prophase-1 early 
and primordial follicles are formed early (Paredes et al., 2005). 
 

1.2 Classification of follicles 
The primordial follicles are the basic units and are the first follicles to be formed in the ovary. 
Each primordial follicle consists of an immature oocyte surrounded by few pregranulosa cells. 
The activated primordial follicle grows into a primary follicle, where the oocyte starts to grow 
and the surrounding pregranulosa cells transform from squamous to cuboidal in shape. The 
oocyte in the primary follicle continues its growth, which is followed by proliferation of the 
surrounding granulosa cells; these which develop through secondary and preantral stages (Figure 
1). The follicular development from the primordial to the preantral stage is controlled by 
intraovarian or intrafollicular mechanisms, and occur independently of gonadotropins (Cattanach 
et al., 1977; Halpin et al., 1986). The development of follicles beyond the antral stage is however 
dependent on gonadotropins; in their absence, the early antral follicles undergo atresia. In 
response to circulating gonadotropins after puberty a small number of healthy growing early 
antral follicles are selected for further growth to reach the preovulatory stage and the mature 
oocyte is released upon a preovulatory surge of gonadotropins. The remnant of follicle after 
ovulation undergoes luteinization and forms CL. 
 
In humans, the development of primary follicles into secondary follicles is estimated to take more 
than 120 days, and an even longer time is required for the development of primordial follicle into 
primary follicle (McGee and Hsueh, 2000). The menstrual cycle in humans is about 30 days and 
usually only one mature oocyte is ovulated each time, whereas in mice the estrous cycle is about 
4–5 days and multiple oocytes are released.  
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Figure 1. An overview of the mammalian ovary.  
(Adapted and modified from Naora and Montell (2005)) 

 

2. Primordial follicles—the dormant ovarian follicles 
The dormant, surviving and non-growing follicles that are mainly localized at the cortex of the 
ovary are termed as primordial follicles (Figure 1). In humans, primordial follicle formation takes 
place around 15–22 weeks of gestation period (Maheshwari and Fowler, 2008; McGee and 
Hsueh, 2000). At the time of birth there are about one million primordial follicles, a number that 
decreases with age and reaches to ~400,000 by the time of menarche (Broekmans et al., 2007). 
The pool of dormant primordial follicles in the ovary determines the length of reproductive age in 
mammals, and the number of primordial follicles declines with increase in age (Hansen et al., 
2008). The decline in the number of primordial follicles with age leads to menopause when the 
number of primordial follicles is below 1,000 (Broekmans et al., 2007; Faddy and Gosden, 1996). 
The genetic factors that determine the size of the primordial follicle pool and its depletion rate, 
which together regulate the reproductive age is not clearly understood (Broekmans et al., 2007). 
In contrast to humans, in mice primordial follicle formation occurs after birth (McNatty et al., 
2000; Pepling and Spradling, 2001). 
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The primordial follicles remain in an inactive and surviving state until some external stimulus 
trigger them to get activated (McGee and Hsueh, 2000). Once the primordial follicle is activated, 
the oocyte starts to grow; followed by the transition of granulosa cells from squamous to cuboidal 
(Figure 2) (Wassarman and Albertini DF, 1994). In mice, the volume of oocytes increases by a 
300 fold during the first 2–3 weeks, followed by similar fold increase in RNA content (Sternlicht 
and Schultz, 1981; Wassarman and Albertini DF, 1994) and a 38 fold increase in the absolute rate 
of protein synthesis (Schultz et al., 1979; Wassarman and Albertini DF, 1994). The transition of 
pregranulosa cells to cuboidal and proliferation of granulosa cells takes place at the same time as 
oocyte growth (Wassarman and Albertini DF, 1994).  
 
The dormant primordial follicles leave the resting pool continuously, either by entering into the 
growing phase or by undergoing death. Based on the number of growing follicles in the ovary 
throughout life, it has been estimated that more than 90% of the dormant primordial follicles die 
during infancy and early adulthood (Gougeon et al., 1994; Gougeon, 1996). 
 

Activated 
primordial follicle

Dormant
primordial follicles

Activated 
primordial follicle

Dormant
primordial follicles

 
Figure 2. Primordial follicles in dormancy and activation. 

 

3. Maintenance of primordial follicle dormancy by granulosa cell factors 
The resting pool of primordial follicles was believed to be under constant inhibitory influences 
and either a decrease in the inhibitory factors (suppressors) or an increase in stimulatory factors 
that initiates the follicular activation (Figure 2) (McGee and Hsueh, 2000; Wandji et al., 1996). 
By using an in vitro ovarian culture system, newborn mouse ovaries were cultured in serum-
containing medium without exogenous gonadotropins, leading to the successful activation of 
primordial follicles in the medullary region (Eppig and O'Brien, 1996; O'Brien et al., 2003). 
Activation of primordial follicles has also been achieved by in vitro culture in serum-free 
medium, of bovine or baboon fetal ovarian cortical pieces that are rich in primordial follicles 
(Fortune et al., 1998; Wandji et al., 1997; Wandji et al., 1996). Such spontaneous activation of 
primordial follicles in serum-free medium indicates that the immature follicles may be subject to 
inhibitory influences that maintain them in a quiescent state (Fortune et al., 2000). 
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In the past decade, the molecular mechanisms that maintain the long dormancy and survival of 
primordial follicles have become more evident, mainly through the use of genetically-modified 
mouse models (reviewed in: Adhikari and Liu, 2009; Reddy and Liu, 2009). 

3.1 Suppression of follicular activation by Foxl2 
The Foxl2 gene is specifically expressed in the eyelids and ovaries of mammals (Cocquet et al., 
2002; Crisponi et al., 2001). In mice, Foxl2 is expressed in pregranulosa cells of primordial 
follicles; the expression level is reduced in granulosa cells of preantral follicles (Uda et al., 2004). 
Interruption of Foxl2 gene in mice was found to prevent the pregranulosa cells from undergoing 
squamous to cuboidal transition; although primordial follicles were formed, secondary follicles 
were absent. The oocytes in almost all primordial follicles start to grow by 2 weeks after birth. By 
8 weeks of age, most of the oocytes have grown to nearly full size but are still surrounded by a 
few flattened or squamous-like granulosa cells, indicating depletion of the primordial follicle pool 
(Schmidt et al., 2004). Such activated follicles lacking multiple layers of granulosa cells undergo 
atresia and subsequently cause infertility. Similar results were observed in another, independent 
study (Uda et al., 2004). These findings show that Foxl2 in the surrounding pregranulosa cells is 
required to maintain the quiescence of primordial follicles, mainly through suppression of the 
initiation of oocyte growth. It is likely that, as a transcription factor, Foxl2 regulates transcription 
of key inhibitory factors in pregranulosa cells that provide an inhibitory mechanism to the 
oocytes via gap junctions or paracrine secretion, and maintains the primordial follicles in the 
dormant state. However, the downstream effectors of this transcription factor remain largely 
unknown. 
 

3.2 Suppression of follicular activation by anti-Müllerian hormone (AMH) 
AMH (also called Müllerian inhibitory substance, MIS) is a member of the transforming growth 
factor β (TGFβ) superfamily of growth and differentiation factors. AMH and its receptor 
AMHRII are expressed by granulosa cells of growing follicles (Vigier et al., 1984; Takahashi et 
al., 1986; Hirobe et al., 1992; Baarends et al., 1995; Weenen et al., 2004; Durlinger et al., 2002). 
AMH functions as a factor that maintains primordial follicles in their dormant state was revealed 
by mutant mice. In Amh−/− mice, a mild but significant depletion of the primordial follicle pool 
was seen by 4 months of age (Durlinger et al., 1999), indicating that AMH suppresses primordial 
follicles from being activated. Moreover, culture of neonatal mouse ovaries in presence of AMH 
was found to cause a 40–50% reduction in the number of growing follicles after 2 and 4 days of 
culture (Durlinger et al., 2002), indicating that AMH helps to keep the primordial follicles in a 
dormant state. In a similar study with human material, primordial follicle activation in cultured 
ovarian cortical tissues was also found to be suppressed by recombinant rat AMH (Carlsson et al., 
2006). Both in vivo and in vitro studies have confirmed that AMH inhibits the transition from 
primordial to primary follicles.  
 

4. The phosphatidylinositol 3 kinase (PI3K) signaling pathway 
The signaling through the PI3K network is important for physiological processes such as 
survival, growth, and migration of cells and pathological processes such as cancer and diabetes 
(Cantley, 2002; Zhao and Vogt, 2008; Zhao and Roberts, 2006; Yuan and Cantley, 2008; 
Vanhaesebroeck et al., 2005; Duronio, 2008). The growth factors receptor protein tyrosine 
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kinases (RPTKs) and G protein-coupled receptors (GPCRs) can activate PI3K signaling. The role 
of PI3K pathway in oncogenesis has been investigated extensively and altered expression or 
mutation of many components of this pathway has been implicated in human cancer (Vivanco 
and Sawyers, 2002). 
 
Based on their substrate preferences and sequence homologies, PI3Ks have been grouped into 
three classes (I─III) (Engelman et al., 2006). Class I PI3K is further sub-grouped into class IA 
and class IB, depending on the receptors through which they are activated. Class IA PI3K is a 
heterodimer comprised of regulatory (p85) and catalytic (p110) subunits, activated by growth 
factor RPTK (Figure 3) (Engelman et al., 2006). Similarly, Class IB PI3K is a heterodimer 
comprised of regulatory (101) and catalytic (110γ) subunits, activated by G-protein-coupled 
receptors (GPCRs) (Engelman et al., 2006). The main function of class IA PI3K is to 
phosphorylate the 3´-OH position on the inositol ring of phosphatidylinositol-4,5-bisphosphate 
(PIP2) to produce phosphatidylinositol-3,4,5-triphosphate (PIP3) at the inner cell membrane 
(Cantley, 2002). 
 
 

P P
Thr308 Ser473

P P
Thr389 Thr229

PTENPTEN
PIP3PIP2 PIP3

PDK1 Akt

S6K1

mTORC1

mTORC2

rpS6

Foxo3a Bad p27

RPTK

Growth factors

TSC1/TSC2

PDK1

pY p85 p110

PI3K

GSK3
GS

Cyclin D1

PP PP
Thr308 Ser473

PP PP
Thr389 Thr229

PTENPTEN
PIP3PIP2 PIP3

PDK1 Akt

S6K1

mTORC1

mTORC2

rpS6

Foxo3a Bad p27

RPTK

Growth factors

TSC1/TSC2

PDK1

pY p85 p110pY p85 p110

PI3K

GSK3
GS

Cyclin D1

 
 

Figure 3. Illustration of Phosphatidylinositol 3 kinase (PI3K) pathway 
 

4.1 Signaling through Class IA PI3K 
In the presence of growth factors, receptor protein tyrosine kinase (RPTK) recruit PI3K to the cell 
membrane area and activates it, which in turn produce PIP3 at the inner cell membrane. The PIP3 
acts as a secondary messenger and provides the docking site for pleckstrin homology (PH) 
domain containing molecules. PTEN (phosphatase and tensin homolog deleted on chromosome 
10), a phosphatase, converts PIP3 back to PIP2, thereby negatively regulating the function of 
PI3K (Figure 3) (Maehama and Dixon, 1998). 
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The PH domain containing molecules 3-phosphoinositide-dependent kinase-1 (PDK1) and 
Akt/PKB (protein kinase B) bind to PIP3. Later, Akt is activated by phosphorylation at threonine 
and serine sites by PDK1 (Alessi et al., 1997) and mammalian target of rapamycin complex 2 
(mTORC2) (Sarbassov et al., 2005), respectively (Figure 3). The active form of Akt promotes 
cell survival, proliferation and growth by phosphorylating and inactivating an array of 
downstream “negative” molecules. For example, forkhead box transcription factors of FOXO 
family, which includes Foxo1 (FKHR), Foxo3a (FKHRL1) and Foxo4 (AFX), are important 
downstream targets of Akt and are phosphorylated at conserved serine and threonine residues by 
Akt (Brunet et al., 1999; Tran et al., 2003; Accili and Arden, 2004). FOXO molecules promote 
the transcription of proapoptotic genes such as Fas ligand and Bim, thereby inducing apoptosis 
(Brunet et al., 1999; Burgering and Medema, 2003). Upon phosphorylation, FOXO proteins are 
exported from the nucleus and their transcription activities are suppressed. Moreover, Akt 
promotes cell survival in the presence of growth factors by phosphorylating and inhibiting BCL-2 
family member BAD, and it turns off the intrinsic death machinery (Datta et al., 1997). 
 
In addition to this, Akt controls the synthesis of glycogen by inactivating glycogen synthase 
kinase-3 α and β (GSK3 α/β) via phosphorylating the serine 21 and serine 9 on GSK-3α and 
GSK-3β, respectively (Cross et al., 1995), thereby releasing the inhibition on glycogen synthase 
(GS) (Cross et al., 1997). Akt also positively regulates the cell cycle by increasing cyclin D1 
levels through GSK-3β inhibition (Figure 3) (Diehl et al., 1998). Cyclin dependent kinase (Cdk) 
inhibitor B1 (commonly known as p27) is phosphorylated by Akt and is exported from the 
nucleus to promote progression of cell cycle (Liang et al., 2002). 
 
Akt is also known to enhance cell growth by phosphorylating and inactivating tuberous sclerosis 
complex 2 (TSC2) and proline rich Akt substrate 40 (PRAS40), which negatively regulate the 
activity of mammalian target of rapamycin complex 1 (mTORC1) (Potter et al., 2002; Inoki et al., 
2002; Manning et al., 2002; Wang et al., 2007). 
 
In mice, Kit ligand (KL) produced by granulosa cells activates the PI3K pathway in oocytes 
(Driancourt et al., 2000). The signaling through Kit receptor has been supposed to be important 
for oogenesis (Albertini and Barrett, 2003; Besmer et al., 1993; Eppig, 2001; Huang et al., 1993; 
Nilsson and Skinner, 2001). In in vitro studies, KL was found to activate the PI3K pathway in 
oocytes, and phosphorylate Akt and its substrates Foxo3a (Reddy et al., 2005) and GSK3 α/β (Liu 
et al., 2007b) in immature oocytes. In a study with a knock-in point mutation on mouse Kit 
receptor, where tyrosine residue 719 was replaced with phenylalanine (Y719F) to prevent the 
binding of p85 regulatory subunit of PI3K, follicular development was found to be impaired 
(Kissel et al., 2000). These results indicate that the activation of PI3K signaling in oocytes is 
important for the activation and development of follicles. 
 

4.2 The tumor suppressor PTEN 
PTEN is a phosphatase and is well known as a tumor suppressor. The primary targets of PTEN 
are plasma membrane lipids (Sansal and Sellers, 2004). PTEN is a negative regulator of PI3Ks. 
The PI3K activated by growth factors converts PIP2 to PIP3 by addition of a phospho group on 
the inositol ring of PIP2, and PTEN hydrolyzes the 3-phosphate on PIP3 to generate PIP2, 
thereby negatively regulating the PIP3 mediated downstream signaling (Salmena et al., 2008; 
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Barber et al., 2006; Carracedo and Pandolfi, 2008; Maehama and Dixon, 1999). In the absence of 
functional PTEN, the PIP3 levels in the cell increase, leading to constant active Akt signaling 
(Salmena et al., 2008; Stocker et al., 2002; Robertson, 2005; Cicenas et al., 2005). The 
hyperactive signaling through Akt favors the cells to proliferate more, to increase in size and 
reduced cell death and altered migration; all of these conditions are conducive to the formation of 
tumors (Parsons, 2004; Luo et al., 2003; Vivanco and Sawyers, 2002; Renner et al., 2008; 
Tokunaga et al., 2008). In humans, Pten is mutated or functionally inactivated in many cancers. 
Moreover, germline mutation of Pten results in Cownden syndrome, Lhermitte-Duclos disease 
and Bannayan-Riley-Ruvalcaba syndrome, which are characterized by the presence of multiple 
hamartomatous lesions in different organs and systems, such as in skin, central nervous system, 
intestines, eyes and bones (Knobbe et al., 2008).  
 
The functional role of PTEN was studied by generating knockout mice for Pten. The homozygous 
Pten knockout mice are however embryonic lethal, and the heterozygous mice develop tumors in 
various parts of the body (Di Cristofano et al., 1999; Podsypanina et al., 1999; Suzuki et al., 
1998). The conditional deletion of Pten was done in various tissues to study the functions of 
PTEN in normal development and physiology, like central nervous system, reproductive and 
urogenital organs, immune system, skin, gastrointestinal tract, lungs, mesenchymal cells, 
endocrine system and liver ( Knobbe et al., 2008). The deletion of Pten led to the formation of 
cancer in breast (Li et al., 2002), prostate (Backman et al., 2004; Wang et al., 2003; Ma et al., 
2005b), thyroid (Yeager et al., 2007), lung (Yanagi et al., 2007), pancreas (Stanger et al., 2005) 
and testis (Kimura et al., 2003). 
 
Pten was first shown to be regulated by transforming growth factor β (TGFβ) (Li and Sun, 1997). 
The promoter region of Pten posses the p53 binding region, which regulates the transcription of 
PTEN (Stambolic et al., 2001). Moreover, in constrast to the expression of p53 there is a 
constitutive expression of PTEN, which is essential for its tumor suppressive function. 
Furthermore, the transcription of PTEN has been shown to be carried out by the RAS-MAPK 
pathway (Chow et al., 2007), by the transcription factor c-Jun (Hettinger et al., 2007; Vasudevan 
et al., 2007) MEKK4 and JNK pathways (Xia et al., 2007). 
 

4.3 PDK1 
PDK1 belongs to a family of AGC protein kinases (denoting protein kinases A, G and C). PDK1 
can phosphorylate and activate at least 24 protein kinases that belong to the AGC family at 
serine/threonine residues in the activation loop (Mora et al., 2004). The secondary messenger 
PIP3 recruits the PH domain containing molecules to the inner cell membrane area, which results 
in translocation of PDK1 and Akt. The co-localization of Akt and PDK1 enables PDK1 to 
activate Akt by phosphorylation at T-loop residue (Figure 3) (Mora et al., 2004; Vanhaesebroeck 
and Alessi, 2000). PDK1 also activates p70 S6 kinase-1 (S6K1) and serum- and glucocorticoid-
induced protein kinase-1 (SGK1) by phosphorylation at T-loop residue; the phosphorylation on 
hydrophobic motifs of S6K1 and SGK1 is required for providing the docking site for PDK1 
(Mora et al., 2004). Furthermore, MAP kinases ERK1 and ERK2 phosphorylate the hydrophobic 
motif on RSK and RSK thereby binds to the PDK1-interacting fragment (PIF) pocket of PDK1 
and gets phosphorylated at T-loop (McManus et al., 2004). PDK1 with a mutated PH domain 
cannot bind to PIP3 and phosphorylate Akt, but the activation of other AGC protein kinases is 
apparently not affected (McManus et al., 2004; Bayascas et al., 2008; Mora et al., 2004). 
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Similarly, PDK1 mutants in which PIF pocket has been disrupted cannot phosphorylate and 
activate S6K1 and SGK1 (Biondi et al., 2001). 
 
PDK1 is essential for embryonic development, where deletion of PDK1 encoding gene Pdk1 
leads to embryonic lethality at embryonic day 9.5 (E9.5), and the hypomorphic mice that only 
have 10% of PDK1 expression are viable but are 40-50% smaller in size compared to controls 
(Lawlor et al., 2002). The functional role of PDK1 in different tissues was studied using tissue 
specific deletions, where conditional deletion of PDK1 from the heart, T cells, liver and pancreas 
resulted in heart failure (Mora et al., 2003), impaired T cell differentiation (Hinton et al., 2004), 
liver failure (Mora et al., 2005) and diabetes (Hashimoto et al., 2006), respectively. 
 

4.4  Akt 
Akt/PKB is a serine/threonine kinase, belongs to the family of AGC kinases due to homology of 
its kinase domain with those of AGC protein kinases (Manning and Cantley, 2007). The PH 
domain on Akt recruits it to the inner surface of cell membrane where PIP3s are localized, 
binding of Akt to PIP3 induces a confirmation change that provides the accessibility for PDK1 to 
phosphorylate at threonine site (Calleja et al., 2007). The phosphorylation at both serine 473 
(S473) and threonine 308 (T308) sites is required for complete activation of Akt (Figure 3). The 
activated Akt phosphorylates and inactivates several downstream molecules, like Foxo3a and 
GSK3. 
 
There are three isoforms of Akt—Akt1/PKBα, Akt2/PKBβ and Akt3/PKBγ, which are encoded 
by different genes localized on different chromosomes. The isoforms are 80% similar in their 
amino acids and domain structure. Akt1-/- mice are viable but are smaller in size (Cho et al., 
2001b; Chen et al., 2001). Akt1 regulates growth and the absence of Akt1 leads to smaller 
placenta and embryos (Yang et al., 2003). Moreover, Akt1-/- mice are not diabetic (Cho et al., 
2001b). Akt2/PKBβ is the most abundant isoform expressed in insulin responsive tissues;  Akt2-/- 
mice have lost the ability to lower their blood glucose level and they show some important 
features of type 2 diabetes mellitus in humans (Cho et al., 2001a). Akt3/PKBγ is expressed at its 
lowest levels in adult tissues, except brain and testis (Brodbeck et al., 1999; Nakatani et al., 
1999). Akt3 plays important role in controlling the size of the brain; accordingly, Akt3-/- mice 
have smaller brains, due to reduced cell numbers and cell size (Tschopp et al., 2005). In contrast 
to Akt1-/- and Akt2-/- mice, Akt3-/- mice have no defects in growth and glucose metabolism. 
 
Due to the compensatory roles of different Akt isoforms, knockout of two genes at the same time 
were done to determine the role of these different isoforms. Akt1/2 double mutants die shortly 
after birth due to defects in the development of skin and bone, and skeletal muscle atrophy (Peng 
et al., 2003; Yang et al., 2004). Akt1/3 double mutant mice were embryonic lethal by E11-12 due 
to severe defects in the cardiovascular and nervous systems (Yang et al., 2005). Akt1-/-;Akt3+/- 
mice display multiple defects in the thymus, heart and skin, and die a few days after birth. Since 
Akt1+/-;Akt3-/- mice survive normally, this implicates the importance role of Akt1 during 
embryonic period (Yang et al., 2005).  
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4.5 Transcription factor Foxo3a 
Forkhead transcription factors are a superfamily of proteins comprising more than 100 
transcriptions factors, which are also called winged helix transcription factors (Huang and 
Tindall, 2007). The FOXO family of forkhead transcription factors is a subfamily within the 
larger grouping of FOX transcription factors, and in mammals it consists of three members: 
Foxo1 (FKHR), Foxo3a (FKHRL1) and Foxo4 (AFX) (Brunet et al., 1999). The main function of 
FOXO transcription factors is to regulate several processes such as expression of genes associated 
with apoptosis, cell cycle, oxidative stress and longevity (Accili and Arden, 2004; Burgering and 
Kops, 2002; Greer and Brunet, 2005). The FOXO factors are evolutionarily conserved, and three 
of the four members of this family—Foxo1, Foxo3a and Foxo4, are substrates of Akt. There are 
three conserved serine/threonine residue sites in Foxo1, Foxo3a and Foxo4. The phosphorylated 
FOXO proteins are exported out of the nucleus and thereby inhibit transcriptional activity (Arden 
and Biggs, III, 2002; Accili and Arden, 2004). The FOXO proteins are tumor suppressors, due to 
their antiproliferative and proapoptotic properties. 
 
The role of Foxo3a in oocyte growth and follicular activation was shown in a pioneer study with 
Foxo3a knockout mice (Castrillon et al., 2003). The Foxo3a-/- mice showed an interesting ovarian 
phenotype where the dormant primordial follicles undergo global activation into primary 
follicles. The numbers of follicles were increased in the absence of Foxo3a at PD14, 4.5 weeks 
and 8.5 weeks of age. Moreover, the oocytes were larger in Foxo3a-/- mice compared to control 
mice, suggesting that Foxo3a negatively regulates oocyte growth (Castrillon et al., 2003). The 
ovaries of Foxo3a-/- mice were found to be devoid of follicles by 18 weeks of age, due to the 
activation of all primordial follicles. Foxo3a-/- females had first litter of similar size to those in 
controls and were infertile by 15 weeks of age due to the depletion of follicles (Castrillon et al., 
2003). The results indicated that Foxo3a functions as a molecule in maintaining the primordial 
follicles in their dormant state. However, in this study, the cell types and developmental stages at 
which Foxo3a suppresses follicular activation was not defined.  
 
The above work was confirmed using Foxo3a knockout mice generated from another labs (Lin et 
al., 2004; Hosaka et al., 2004). By PD13, there were more activated transient type follicles with 
enlarged oocytes surrounded by flattened pregranulosa cells. At PD35, there were many clusters 
of activated primordial follicles with enlarged oocytes in Foxo3a-/- ovaries and by 12 weeks of 
age all the follicle structures are depleted in knockout ovaries (Rajareddy et al., 2007).  
 
The expression of Foxo3a was found to be higher in small oocytes (<25 μM) and was below the 
level of detection in larger oocytes (>25 μM) (Liu et al., 2007a). Moreover, constitutive 
expression of the active form of Foxo3a in oocytes of primary follicles led to retarded follicular 
development (Liu et al., 2007a). Therefore, it is likely that the active (unphosphorylated) form of 
Foxo3a in oocytes acts as a negative regulator, thereby preventing the activation of primordial 
follicles. It was therefore suggested that it is Foxo3a in oocytes that maintains the dormancy of 
primordial follicles (Liu et al., 2006; Liu et al., 2007a). Indeed, apart from its role in maintaining 
the dormancy of primordial follicles, it was shown later that Foxo3a does not appear to play any 
role in other processes including primordial follicle formation, early oocyte survival and 
expression of early germ cell markers (John et al., 2007). The mutations in Foxo3a were however 
not found in humans with premature ovarian failure and primary amenorrhea (Gallardo et al., 
2008). 
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Foxo3a is a transcription factor, and changes in gene expression profile upon loss of Foxo3a have 
also been studies thoroughly using a microarray approach (Gallardo et al., 2007). It was found 
that the expression of many genes, including numerous oocyte-specific genes, were altered in 
Foxo3a knockout mice (Gallardo et al., 2007). Further studies are apparently needed to determine 
the downstream effectors of Foxo3a that maintain the dormancy of primordial follicles. 
 

4.6 Cyclin dependent kinase inhibitor ─ p27Kip1 
p27Kip1 is a member of the Cip/Kip family of Cdk inhibitors, and it is a suppressor of cell cycle 
progression (Kaldis, 2007). p27 binds to Cdks and potently inhibits their kinase activity (Kaldis, 
2007). Therefore, over-expression of p27 in human breast and lung cancer cells leads to cell-
cycle arrest in the G1 phase (Craig et al., 1997; Naruse et al., 2000). In quiescent cells (G0 
phase), p27 levels are high concomitant with low Cdks activity, and when cells enter the cell 
cycle and S phase, p27 levels decrease thereby increasing the kinase activity of Cdks. p27 is a 
short-lived protein, and its degradation is controlled by the ubiquitin-proteasome system (Pagano 
et al., 1995). 
 
p27-/- mice are larger in size, develop pituitary tumors and in some instances retinal dysplasia, 
thymic hyperplasia, and hyperplasia of the adrenal gland (Fero et al., 1996; Kiyokawa et al., 
1996; Nakayama et al., 1996). p27-/- female mice are sterile due to impaired ovulation and luteal 
cell differentiation (Fero et al., 1996; Kiyokawa et al., 1996; Tong et al., 1998). 
 
In wild type ovaries, starting from E14.5 to PD1 the expression of p27 is confined only to 
somatic cells surrounding germ cells or oocytes. After the primordial follicles are formed (i.e. by 
PD4), p27 is expressed in the nuclei of oocytes of primordial and primary follicles. However, in 
partially developed follicles there is no expression of p27 in oocytes; it is expressed in the 
surrounding granulosa cells (Rajareddy et al., 2007).  
 
In the absence of p27, the total numbers of follicles were double in p27-/- mice compared to 
p27+/+ mice at both PD1 and PD8, and there was no difference in the rate of oocyte survival. The 
increase in numbers of follicles in p27-/- ovaries might be due to elevated mitosis of germ cells. 
Moreover, in p27-/- ovaries at PD1 some of the oocytes were already found to be surrounded by 
somatic cells, and by PD2 most of the oocytes were enclosed in primordial follicle, in contrast 
compared to p27+/+ ovaries where most of oocytes are present in clusters (Rajareddy et al., 2007).  
 
The differential expression pattern of p27 at different stages elucidates, (1) during the perinatal 
period, its expression in somatic cells prevents early follicular endowment and follicle formation 
and (2) during the postnatal period, p27 is expressed in the nuclei of oocytes and the surrounding 
pregranulosa cells of primordial follicles, thereby suppressing their activation. 
 
p27 controls the activity of Cdks and cyclins; accordingly, in p27-/- mice at PD1 the elevated 
activity of Cdk2 and cyclin A leads to an increase in primordial follicle survival, the number 
which usually decreases during early postnatal period (Hirshfield, 1991). The activation of all 
primordial follicles might be due to elevated activity of Cdks in the absence of p27. Deletion of 
Cdk2 in oocytes of primordial follicles does not affect the activation of primordial follicles and 
later follicular development (our unpublished data). Furthermore, the phenotype of conventional 
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p27 deficiency cannot be rescued by deletion of Cdk2; this lead to the finding that Cdc2 is the in 
vivo target of p27 (Aleem et al., 2005; Kaldis, 2007). In vitro culture of PD2 ovaries of p27-/- 
mice in the presence of Cdk2/Cdc2 inhibitor Roscovitine for 3 days prevented the overactivation 
of primordial follicles (Rajareddy et al., 2007), indicating that the kinase activities of Cdk2 and 
Cdc2 complexes are important for the activation of primordial follicles. 
 
It is apparent that apart from its role in the cell cycle, p27 also has an important role in 
maintenance of primordial follicles in the dormant state, by suppressing them from being 
activated prematurely. The molecular mechanism for the overactivation of primordial follicles in 
the absence of p27 is most likely due to elevated kinase activities of Cdk2-cyclin A/E1 and Cdc2-
cyclin A/E1 complexes (Rajareddy et al., 2007).  
 

4.7 Tuberous sclerosis complex (TSC) 
A germline mutation in genes encoding either TSC1 or TSC2 is the genetic cause of tuberous 
sclerosis. Tuberous sclerosis is a multisystem, autosomal, dominant disorder characterized by 
development of hamartomas and benign tumors (Crino et al., 2006). Tsc1 and Tsc2 are considered 
as novel tumor suppressor genes, and their gene products TSC1/hamartin and TSC2/tuberin do 
not have any homology with each other (Huang and Manning, 2008). TSC1 and TSC2 form 
heterodimer complex, where TSC1 prevents the degradation of TSC2 by ubiquitination and 
stabilizes the complex (Chong-Kopera et al., 2006). The in vivo role of TSC1 and TSC2 was 
investigated by generating knockout mice. The mice that are homozygous for either Tsc1 or Tsc2 
are embryonic lethal and heterozygous mice develop renal and extra-renal tumors such as hepatic 
hemangiomas (Onda et al., 1999; Kobayashi et al., 1999; Kobayashi et al., 2001). TSC1–2 
complex regulates mTORC1 activity and thereby controls both cell growth and protein synthesis. 
Rheb is the positive regulator of mTORC1 in its GTP bound state. The GTPase activity of TSC2 
converts active Rheb–GTP to inactive Rheb–GDP, and thus control the mTORC1 activity (Huang 
and Manning, 2008; Yang and Guan, 2007). A mutation in Tsc1 or Tsc2 destabilizes the complex, 
and absence of functional TSC2 leads to constantly active mTORC1–S6K1 signaling. TSC1–2 
has negative and positive effects on mTORC1 and mTORC2, respectively (Huang et al., 2008; 
Yang et al., 2006). 
 
Activation of Akt and extracellular signal regulated kinase (ERK) upon stimulation with external 
growth factors leads to phosphorylation and functional inactivation of TSC2 (Inoki et al., 2002; 
Manning et al., 2002; Ma et al., 2005a). Upon phosphorylation, TSC2 loses its GTPase activity 
and releases the inhibitory effect on Rheb (Garami et al., 2003). Active Rheb prevents the binding 
of FKBP38 (FK506–binding protein) to mTORC1, thereby releasing the inhibitory effect on 
mTORC1 (Bai et al., 2007). The active form of mTORC1 promotes cell growth and protein 
synthesis by activating and inactivating its downstream substrates S6K1 and 4E–BP1 respectively 
(Gingras et al., 2001; Reiling and Sabatini, 2006; Thomas, 2002). The aberrant mTORC1 
signaling leads to the formation of tumors in the absence of tumor suppressor genes Tsc1 or Tsc2. 
 

4.8 mTORC1–S6K1–rpS6 signaling 
The main functional role of signaling through mTORC1–S6K1–rpS6 is to regulate protein 
synthesis and cell growth. mTOR is a serine/threonine kinase that belongs to the family of 
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phosphatidylinositol kinase-related kinase (PIKK) (Wullschleger et al., 2006). In mammals, two 
forms of mTOR exist, which are functionally distinct from each other, termed as mTORC1 and 
mTORC2. The mTORC1 signaling is important for cell growth, and it is activated upon 
stimulation with growth factors through the PI3K pathway (Figure 3) (Wullschleger et al., 2006). 
Ras homolog enriched in brain (Rheb) is a positive regulator of mTORC1. The GTPase activating 
protein (GAP) activity of TSC2 hydrolyzes the GTP bound Rheb (active form) to GDP bound 
Rheb (inactive form). Thus, TSC complex controls mTORC1 activity by inactivating Rheb (Yang 
and Guan, 2007). 
 
mTORC1 promotes protein synthesis by releasing the inhibitory effect on eukaryotic translation 
initiation factor 4E (eIF4E) through phosphorylation of eIF4E binding protein 1 (4E-BP1), which 
is a negative regulator of eIF4E (Gingras et al., 2001; Reiling and Sabatini, 2006). In addition, 
S6K1 is another important substrate of mTORC1, and can be phosphorylated by mTORC1 on its 
hydrophobic motif (Thr 389) (Thomas, 2002), which is a prerequisite for the phosphorylation of 
its catalytic domain (Thr 229) by PDK1 (Figure 3) (Pullen et al., 1998). S6K1 regulates protein 
translation and cell growth by phosphorylating substrates such as rpS6, which are needed for 
ribosome and protein synthesis (Engelman et al., 2006; Yang and Guan, 2007). 
 

4.9 Ribosomal protein S6 (rpS6) 
The eukaryotic ribosome has two subunits, 40S and 60S. rpS6 belongs to the 40S subunit and is 
one of the 33 40S ribosomal proteins that can be phosphorylated. rpS6 was first identified in 
regenerating liver (Gressner and Wool, 1974) and the phosphorylation was detected in both the 
cytoplasm and the nucleus (Pende et al., 2004). Later, five phosphorylation sites (Ser 235, 
Ser236, Ser 240, Ser244 and Ser247) were identified on rpS6; these are located at the carboxyl 
terminus (Krieg et al., 1988). The presence of both S6K1 and S6K2 is essential for 
phosphorylation of rpS6 (Pende et al., 2004). The existence of mTORC1-S6K1 independent 
pathway for the phosphorylation of rpS6 at Ser235/236 mediated by RSK was recently shown; 
which is activated by MAP kinases ERK1 and ERK2 (Roux et al., 2007). Compared to other 
ribosomal proteins such as rpL19, rpL24, rpL29 and rpL13a, rpS6 is crucial ribosomal protein 
which is required during embryonic development (Meyuhas, 2008). 
 
Conditional deletion of Rps6 in the liver results in lower ribosome content, and the rate of cell 
proliferation is reduced due to a block at G1/S checkpoint (Volarevic et al., 2000). Complete 
deletion of Rps6 in T-cells has been found to result in absence of T-cell development and 
heterozygous expression of rpS6 does not appear to have any effect on T-cell maturation; 
however accumulation of T-cells is compromised due to their reduced survival in the spleen and 
lymph nodes and cell cycle progression is impaired (Sulic et al., 2005). 
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5. Results 
(The figures cited corresponds to those in original papers) 

Paper I 
To study the role of intra-oocyte PI3K pathway in primordial follicle activation, the negative 
regulator Pten was conditionally deleted from the oocytes of primordial follicles with the 
assistance of Cre transgenic mouse line driven by the growth differentiation factor 9 (Gdf-9) 
promoter, which becomes active in oocytes of primordial follicles (Lan et al., 2004).  
 
Deletion of Pten led to overgrowth of oocytes in dormant primordial follicles, thereby activating 
all the primordial follicles. At PD5 there was no difference in the activation of primordial 
follicles in ovaries lacking PTEN in oocytes when compared to the ovaries of control mice 
(Figure 2, A–C), by PD8 there were higher numbers of activated primordial follicles with 
enlarged oocyte surrounded by flattened granulosa cells (Figure S2, A–C). Moreover, deletion of 
Pten in oocytes led to complete activation of primordial follicles, which were no longer identified 
by PD23 (Figure S2, D–F). Not all activated primordial follicles are capable of completing the 
whole follicular development process, and most of the activated primordial follicles undergo 
atresia. In addition, lack of PTEN in oocytes reduced the amount of follicle death that occurs 
around the time of sexual maturity (Figure S3F). The global primordial follicle activation along 
with reduced follicle death led to an increase in the size of ovaries that lacked PTEN in oocytes. 
However, by 12 weeks of age all the follicles were depleted in these ovaries (Figure S2, K and L), 
this phenotype resembles premature ovarian failure (POF) in humans. 
 
The deletion of Pten causes constant activation of Akt and its downstream signaling, which leads 
to the activation of all dormant primordial follicles. The overactivation of primordial follicles in 
mice lacking PTEN in oocytes is believed to be caused by elevated expression and 
phosphorylation (indicating activation) of rpS6 (Figure 4C). The elevated activation of rpS6 leads 
to enhanced growth of oocytes in primordial follicles, whereas in many of the activated 
“transient” follicles, the enlarged oocytes were still surrounded by flattened granulosa cells 
(Figure S2C, yellow arrows). It was also found that activation of rpS6 is dependent on signaling 
through both PI3K and mTORC1, as treatment of oocytes that lacked PTEN with the PI3K-
specific inhibitor LY294002 and mTORC1-specific inhibitor rapamycin resulted in suppressed 
activation of rpS6 (Figure S4A).  
 
The overactivation of primordial follicles due to loss of Pten in oocytes leads to the depletion of 
primordial follicle pool and the ovary is completely devoid of follicles in early adulthood, which 
is caused by elevated protein translation mediated by rpS6. 
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Paper II 
To order to study the role of PI3K signaling in oocytes in the survival and maintenance of 
primordial follicles, PDK1 encoding gene, Pdk1 was deleted from the oocytes of primordial and 
further growing follicles using Cre recombinase, which is under control of Gdf-9 promoter (Lan 
et al., 2004). The mice lacking Pdk1 in the oocytes of primordial and growing follicles were 
infertile (Figure 1E) and the ovaries were basically devoid of follicles by 8 weeks of age (Figure 
1G), indicating POF in the mutant mice. The loss of Pdk1 in the oocytes of primordial and later 
follicles did not show any immediate effect on early follicular survival and activation until PD23, 
as the numbers of follicles were similar to those in control ovaries (Figure 2H). However, by 
PD35 the numbers of primordial and activated follicles were reduced in ovaries that lacked PDK1 
in oocytes (Figure 2I), which resulted in ovaries of smaller size (Figure 2D). Thus, primordial 
follicles were more susceptible to the loss of Pdk1 in oocytes, and were the main population of 
follicles to disappear in ovaries of mice lacking PDK1 in oocytes. These results show that the 
accelerated depletion of primordial follicles is the direct cause of POF in mice that lack PDK1 in 
oocytes. 
 
In oocytes that lacked PDK1, the phosphorylation of Akt at threonine 308 was disabled (Figure 
4A). Further, the phosphorylation of Akt substrates Foxo3a and tuburin/TSC2 was not observed 
in oocytes that lacked PDK1 (Figure 4A). Moreover, S6K1 is phosphorylated by PDK1 at 
threonine 229 on T-loop and in the absence of PDK1 in oocytes S6K1 is not phosphorylated and 
activated (Figure 4B). In addition, the inactive S6K1 cannot further phosphorylate and activate 
rpS6 (Figure 4B). By using specific inhibitor for PI3K (i.e. LY294002), we found that in oocytes 
activation of S6K1–rpS6 is dependent on signaling through PI3K (Figure 4C). Thus, the loss of 
Pdk1 in oocytes results in suppressed PDK1–Akt–S6K1–rpS6 signaling, which might be reason 
for the accelerated clearance of non-growing follicles. Deletion of Rps6 gene in oocytes led to the 
depletion of follicles similar to that in Pdk1 deficient mice (Figure 5, E, G and J). 
 
In the absence of PTEN in oocytes, all the primordial follicles are activated by around puberty 
(PD23) due to elevated expression and phosphorylation of rpS6. In order to determine whether 
PDK1 signaling is required for the activation of primordial follicles in the absence of PTEN, 
double knockout mice that lack both Pten and Pdk1 in oocytes of primordial follicles were 
generated. At PD23, the double mutant mice had many clusters of primordial follicles (Figure 
3B), which were in similar numbers to those in control ovaries (Figure 3D). Furthermore, the 
elevated activation of Akt and S6K1 in the absence of PTEN in oocytes was not observed in 
double mutant mice (Figure 4E). Moreover, the hyperphosphorylation of rpS6 in oocytes that lack 
PTEN was prevented in double mutant mice (Figure 4E), which was most likely due to 
downregulation of S6K1 activation. Thus, inactivation of rpS6 in double mutant mice might be 
the reason for the prevention of excessive primordial follicular activation and survival.  
 
The premature activation of primordial follicles in the absence of PTEN in oocytes was found to 
be completely reversed by the simultaneous loss of Pdk1 and Pten, indicating that follicular 
activation is also dependent on PDK1 signaling in oocytes, with PTEN as a negative regulator. 
Thus, the death and activation of primordial follicles appear to be the results of suppressed and 
elevated PDK1 signaling in oocytes, respectively (Figure 6, C and B).  
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6. Conclusions 
In order to maintain the normal reproductive lifespan in females, the existence of primordial 
follicles in ovaries is crucial. The intra-oocyte PI3K pathway in primordial follicles was found to 
serve as the center, which governs follicle activation and survival, by controlling the initiation of 
oocyte growth and survival of oocytes. 
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Figure 4. Summary of results. 

 
Deletion of negative regulator of PI3K, PTEN from the oocytes of primordial follicles led to the 
complete activation of the primordial follicle pool in early adulthood (Figure 4B). The constant 
activation of Akt, together with elevated expression and activation of rpS6, caused overgrowth of 
oocytes in dormant primordial follicles, which led to their activation and reduced follicular death 
at the time of sexual maturity. The constant active PI3K signaling in oocytes of primordial 
follicles is deleterious; it causes premature activation of all dormant follicles and devoid of 
follicles in ovary. This leads to a pathological condition resembling POF in humans. PTEN in 
oocytes is indispensable for the maintenance of dormancy and for prevention of premature 
activation of primordial follicles. 
 
Most of the signaling mediated by PI3K converges at PDK1. The loss of Pdk1 in oocytes of 
primordial follicles resulted in accelerated clearance of primordial follicles directly from their 
dormant state (Figure 4C), thus causing POF. The molecular mechanism for the loss of 
primordial follicles is believed to be due to downregulation of PDK1–Akt–S6K1–rpS6 signaling 
in the absence of PDK1. Furthermore, the overactivation of primordial follicles in the absence of 
PTEN was reversed by deletion of PDK1, due to suppressed activation of rpS6. PDK1 signaling 
in oocytes is essential for the preservation of normal reproductive life, by maintaining the 
survival of primordial follicles. 
 
The presence of both “suppressors” and “maintainers” is essential for primordial follicles to be 
maintained in a dormant and surviving state in the ovary (Figure 4). Under normal physiological 
conditions, the decrease in inhibitory factors or increase in growth factors leads to the activation 
of few primordial follicles (Figure 4A). Underactivation or overactivation of PI3K/PTEN–PDK1 
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signaling leads to pathological conditions; for example, loss of PTEN causes activation of all 
primordial follicles (Figure 4B) and loss of PDK1 or rpS6 causes death of primordial follicles 
from their dormant state (Figure 4C). PTEN and PDK1 in oocytes of primordial follicle are 
essential for maintenance of the primordial follicles in a dormant and surviving state. Together, 
they preserve the reproductive lifespan and ovarian age. 
 

7. Clinical perspectives 
Our growing knowledge of the molecular mechanisms that maintain the primordial follicles in 
dormancy is crucial for practical clinical application. Currently, to treat infertility the emerging 
technique is to develop mature oocytes from ovarian cortical tissues with dormant primordial 
follicles. Cancer patients or prepubertal cancer patients who cannot undergo a full course of 
hormonal treatment for collection and preservation of mature oocytes, can have their ovarian 
cortical tissues cryopreserved before undergoing for chemo- or radiotherapy (Jeruss and 
Woodruff, 2009). The cryopreserved ovarian cortical tissues with primordial follicles can be used 
later for in vitro growth (IVG), followed by in vitro maturation (IVM) of oocytes and in vitro 
fertilization (IVF) (Jeruss and Woodruff, 2009).  
 
Several encouraging attempts have been made to culture human primordial follicles in vitro in 
order to obtain mature and fertilizable oocytes (Hovatta, 2004; Telfer et al., 2008). The major 
challenge with IVG is to activate the dormant primordial follicles and to obtain sufficient 
numbers of oocytes for maturation and fertilization. Moreover, during the culture period a large 
proportion of primordial follicles die, which further reduces the number of competent oocytes for 
later steps.  
 
With the latest knowledge of molecular mechanisms, it might be possible to inhibit the 
“suppressor” molecules and trigger the activation of the primordial follicles. For example, PTEN 
is a phosphatase, and development of small molecule inhibitors for PTEN may be possible. A 
recent study has showed that deletion of Pten in granulosa cells leads to reduced apoptosis and 
increased proliferation of granulose cells, but tumors are not formed (Fan et al., 2008), indicating 
that PTEN inhibitors could possibly be used as drugs to trigger the activation of primordial 
follicles and enhance their survival during in vitro culture. Such efforts may help in obtaining 
more fertilizable oocytes in humans as well as in animals.  
  
Our growing knowledge of the molecules that maintain the dormancy, the survival and the 
activation of primordial follicles will help us to better understand the physiology and 
pathophysiology of the mammalian ovary, and in development of more promising methods to 
obtain mature fertilizable oocytes from primordial follicles. 
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