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ABSTRACT  

 

The intra-oocyte signaling pathways that control oocyte growth and early follicular development 

are largely unknown. The aim of this thesis was to investigate the regulation and functions of 

phosphatidylinositol 3 kinase (PI3K) pathway in the oocyte, focusing in the roles of Foxo3a, p27, 

and Pten (phosphatase and tensin homolog deleted on chromosome ten). The physiological 

significance of Foxo3a in oocytes had been investigated by generating a transgenic mouse, 

whereby constitutively active Foxo3a is maintained in oocytes using the oocyte-specific ZP3 

(Zona pellucida) promoter. The expression of the constantly active “negative” molecule Foxo3a in 

mouse oocytes was found to cause retardation of oocyte growth, resulting in a significant reduction 

in oocyte volume in secondary follicles. The transgenic mice also showed arrested follicular 

development and were infertile. In addition, when Foxo3a was overexpressed in oocytes of 

primary follicles, oocyte growth and follicular development were retarded. One of the causes of 

this phenotype may be the retained expression of the cyclin-dependent kinase (Cdk) inhibitor 1B 

(Cdkn1b), commonly known as p27kip1 or p27, in the nuclei of oocytes. The role and related 

mechanisms of p27 in controlling early follicular development and oocyte growth were then 

investigated using wild-type and p27-deficient (p27-/-) mice, and we demonstrated that (i) p27 

suppresses follicle endowment/formation and activation, (ii) p27 induces follicle atresia that occurs 

prior to sexual maturity, and (iii) the overactivated follicles in p27-/- ovaries are depleted in early 

adulthood, causing premature ovarian failure (POF). In this thesis, we also provide genetic 

evidence that in mice with conditional deletion of Pten a major negative regulator of PI3K in 

oocytes, the entire pool of primordial follicles becomes activated, and subsequently all activated 

follicles are depleted in young adulthood, causing POF. Further mechanistic studies revealed that 

loss of Pten in oocytes resulted in elevated Akt signaling, which led to upregulation of both 

expression and activation of ribosomal protein S6 (rpS6) in oocytes. The results thus show that the 

mammalian oocyte serves as the headquarters of programming of the occurrence of follicle 

activation, and that the PI3K pathway of the oocyte governs follicle activation through control of 

initiation of oocyte growth. 
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INTRODUCTION 

 

The major function of the ovary is the differentiation and release of mature oocytes for fertilization 

and for successful propagation of the species. In addition, the ovary produces steroid hormones 

that allow the development of female secondary sexual characteristics and that also support 

pregnancy (Mcgee and Hsueh, 2000; Vanderhyden, 2002).  

 

In mammals, the ovary is a heterogeneous organ containing follicles and corpora lutea at various 

stages of development. Each follicle contains an oocyte that is surrounded by granulosa cells. In 

order to produce mature oocytes, follicles are activated from the pool of dormant primordial 

follicles and they develop through primary and secondary stages before acquiring an antral cavity 

(Mcgee and Hsueh, 2000). At the antral stage, most follicles undergo atretic degeneration, whereas 

a few of them grow further and reach the preovulatory stage under the cyclic stimulation by 

gonadotropin that occurs after puberty (Mcgee and Hsueh, 2000). In response to preovulatory 

surges of gonadotropin during each reproductive cycle, the dominant graafian follicle ovulates to 

release the mature oocyte for fertilization, whereas the remnant follicle undergoes luteinization to 

become the corpus luteum (Elvin and Matzuk, 1998; Matzuk and Lamb, 2002; Matzuk et al., 2002; 

Mcgee and Hsueh, 2000; Vanderhyden, 2002).  

 

The communication between oocytes and the surrounding granulosa cells is largely dependent on 

signaling between the receptor protein tyrosine kinase Kit and its only known ligand, Kit ligand 

(KL), which is also referred to as stem cell factor (SCF) or steel factor. Kit is expressed on the 

surface of mammalian oocytes at all stages of follicular development in postnatal ovaries of the 

mouse, the rat and humans (Driancourt et al., 2000; Horie et al., 1991; Manova et al., 1990). The 

growth of the ovarian follicle is dependent on KL-Kit signaling at a time when functional FSH 

receptors are not yet expressed in the mouse ovary (Albertini and Barrett, 2002; Vanderhyden, 

2002; Driancourt et al., 2000; Matzuk et al., 2002; Huang et al., 1993; Nilsson and Skinner, 2001; 

Parrott and Skinner, 1999). KL-Kit-mediated signaling cascades inside mammalian oocytes, 

however, are largely unknown. The rapid oocyte growth during follicle activation and early 
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development implies that this process may require certain common pathways that are involved in 

cell proliferation and survival—such as the PI3K pathway—which can be activated by Kit in 

somatic or cancer cells (Blume-Jensen and Hunter, 2001; Cantley, 2002; Stokoe, 2005).  

 

PI3Ks themselves are known to be lipid kinases that phosphorylate the 3′-OH group of the inositol 

ring of inositol phospholipids. The phosphatase Pten, which functions as a negative regulator of 

PI3K, reverses this process (Cantley, 2002; Stokoe, 2005). And, proteins containing lipid-binding 

domains, mainly, phosphatidylinositol-3,4,5-triphosphate (PIP3), recruit the serine/threonine 

kinases 3′-phosphoinositide-dependent kinase-1 (PDK-1) and Akt from the cytoplasm to the cell 

membrane (Blume-Jensen and Hunter, 2001; Cantley, 2002) 

 

Akt is a key molecule of the PI3K pathway. It controls many downstream molecules of the PI3K 

pathway after its activation. Upon activation, Akt regulates glycogen synthesis by phosphorylating 

and inactivating glycogen synthase kinase-3 (GSK-3) (Cross et al., 1995). Among various Akt 

substrates, the forkhead transcription factors of the Foxo family play a vital role in the PI3K 

pathway. The Foxo factors are evolutionarily conserved, and three of the four members of this 

family, Foxo1 (FKHR), Foxo3a (FKHRL1) and Foxo4 (AFX), are substrates of Akt (Accili and 

Arden, 2004). Several in vitro studies have shown that Foxo factors have important roles in 

mediating cell cycle arrest and apoptosis (Burgering and Medema, 2003; Accili and Arden, 2004).  

 

Another important downstream molecule of the PI3K pathway is the Cdk inhibitor p27, which is a 

negative regulator of the mammalian cell cycle and cell growth (Fero et al., 1996). By shuttling 

between the cytoplasm and the nucleus of cells, the growth and cell cycle inhibitory function of 

p27 is prevented or initiated, respectively. It has been demonstrated that in several types of cells 

this process is under the control of Akt and Foxo3a. Akt can directly phosphorylate p27 at tyrosine 

187 and trigger the shuttling of p27 from the nucleus to the cytoplasm—whereby its inhibitory 

effect is abolished (Cunningham et al., 2004). Similarly, Foxo3a has also been shown to regulate 

p27 expression, a process that is controlled by the upstream PI3K/Akt signaling (Chandramohan et 

al., 2004).  
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1. THE MAMMALIAN OVARY  

 

An ovary is an egg-producing reproductive organ in the female. It is often found in pairs as part of 

the mammalian female reproductive system. The mammalian ovary consists of follicles at many 

stages of development. Most of these follicles are primordial follicles and consist of a small oocyte 

surrounded by single layer of granulosa cells, and exist in a quiescent state with the oocyte arrested 

in prophase I of meiosis (Skinner, 2004). Studies in humans have shown that an ovary contains 

around two million follicles at birth, but only a few hundred of these will reach ovulation whereas 

most of them will instead go into the degenerative process called atresia (Kaipia and Hsueh, 1997). 

 

In every estrus cycle, premature follicles are recruited into growth and development, mainly in 

response to follicle stimulating hormone (FSH) which is secreted by the pituitary gland. The 

developed follicles respond to the pituitary hormone luteinizing hormone (LH), which culminates 

in rupture of the follicular wall and release of the oocyte (Hsueh et al., 1984; Richards, 1980; 

Monniaux et al., 1997; Richards et al., 1987). The ovulated follicle will then develop into a corpus 

luteum (CL). The CL produces progesterone, and prepares the uterus for embryo implantation. If 

no successful implantation occurs, the CL stops producing progesterone (functional luteolysis) and 

goes into structural regression (Niswender et al., 1994). 

 

1.1. FOLLICLE FORMATION 

 

Folliculogenesis involves orchestration of developmental programs in germ and somatic cells and 

the interactions between them (Eppig, 1991). In prenatal mouse ovaries, female germ cells are 

found in the form of clusters (syncytia), which are connected by intercellular bridges as a result of 

incomplete cytokinesis (Pepling and Spradling, 1998). Further studies in mice and sheep have 

revealed that during ovarian follicle formation, somatic cells invade the clusters of germ cells and 

syncytial breakdown occurs just before primordial follicles are assembled (McNatty et al., 2000; 

Pepling and Spradling, 2001), signifying that pregranulosa cells have an active role in the 

formation of follicles (Epifano and Dean, 2002) 
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                                        Fig. 1 Structure of a mammalian ovary (Obtained from Google Images).  
 

By the time mice are a few day old, individual oocytes are enclosed in follicles with a few 

flattened or squamous somatic cells called pregranulosa cells, and become arrested at the diplotene 

stage of meiosis I. They are called primordial follicles (type 2 follicles in mice). Primordial 

follicles are multicompartmental units that house single germ cells and a varying number of 

somatic cells. These small follicles represent the fundamental developmental unit of the 

mammalian ovary and, as such, serve the needs of the entire reproductive life span. In humans, the 

ovarian endowment of primordial follicles is established during fetal life and folliculogenesis is a 

very long process. Primordial follicles are first observed in the human ovary at approximately 18 

weeks of gestation (Baker, 1963; Makabe et al., 2006). In the last few decades, there have been a 

number of studies on follicle formation; however, the molecular mechanisms that control 

primordial follicle assembly have not been thoroughly investigated.  

 

The mammalian oocyte and somatic cell compartment are highly coordinated for the development 

of ovarian follicles. There is a bidirectional communication between granulosa cells and oocytes 

that occurs throughout follicular development, which is essential for successful development of 

both follicular compartments (Eppig, 1991; Makabe et al., 2006). Communication between oocytes 
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and their associated somatic cells is established with primordial follicle formation. The oocyte 

depends on its association with companion somatic granulosa cells to support its growth and 

development; on the other hand, oocytes promote granulosa cell proliferation, differentiation, and 

function (Eppig et al., 2002).  This is a symbiotic process whereby the oocyte secretion factors 

help in the proliferation of somatic cells for the formation of different types of follicles. Similarly, 

factors produced by somatic cells aid the development and maturation of oocytes (Gilchrist et al., 

2004; Makabe et al., 2006). 
 

Gene products expressed in oocytes have important roles in folliculogenesis. For example,  FIGα, a 

germ cell-specific basic helix-loop-helix (bHLH) factor that has been implicated in the coordinated 

expression of the three zona genes (Zp1, Zp2, and Zp3) encoding the mouse egg coat (Liang et al., 

1997), is detected as early as embryonic day 13 (E13). Mouse lines lacking FIGα have been found 

to have normal embryonic gonadogenesis, but primordial follicles were not formed at birth; 

massive depletion of oocytes was observed, which resulted in shrunken ovaries and female sterility 

(Soyal et al., 2000).  

 

Nobox (newborn ovary homeobox gene), an oocyte-specific homeobox gene, is expressed in germ 

cell cysts and in primordial and growing oocytes. Lack of Nobox accelerates loss of postnatal 

oocytes and abolishes the transition from primordial to growing follicles (Rajkovic et al., 2004). In 

some respects, female mice lacking Nobox is similar to nonsyndromic ovarian failure in women. 

Thus, Nobox is critical for specifying an oocyte-restricted gene expression pattern that is essential 

for postnatal follicle formation and development (Rajkovic et al., 2004). Sohlh1 encodes a basic 

helix-loop-helix transcription factor with homologs in humans and other placental mammals 

(Rajkovic et al., 2001). Disruption of Sohlh1 disturbs follicle formation in part by causing 

downregulation of two genes that are known to disrupt folliculogenesis: Nobox and Figla (Pangas 

et al., 2006). In addition, it has been shown that the transcription factor gene Lhx8 (Zhao et al., 

1999; Mori et al., 2004) is situated downstream of Sohlh1, and is critical for fertility (Pangas et al., 

2006). Adult Lhx8-/- ovaries lack germ cells and appear histologically identical to adult Sohlh1-/- 

ovaries, thus demonstrating that Sohlh1 and Lhx8 are the two germ cell-specific genes that are 
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preferentially expressed during oogenesis in females and that are critical to early folliculogenesis 

(Pangas et al., 2006).   

 

1.2. CLASSIFICATION OF FOLLICLES 

 

Accurate estimation of the number of ovarian follicles at various stages of development has been 

an important indicator of the process of folliculogenesis, in relation to the endocrine signals and 

paracrine/autocrine mechanisms that control the growth and maturation of oocytes and their 

supporting follicular cells. Various classifications have been used to describe the different stages 

of oocyte and follicle development. Some workers have used the shape of the granulosa cells and 

the number of layers surrounding the oocyte as the main characteristic (Mandl and Zuckerman, 

1950; Hadek, 1965). At first glance, the stages of follicular maturation appear to be 

morphologically well-defined across species. In fact, a follicle from any mammalian model can 

generally be categorized as being primordial, primary, or secondary—based on the presence and 

number of cuboidal granulosa cell layers (Pedersen and Peters, 1968).  

 

In mice, for example, the meiotically arrested oocytes are surrounded by somatic cells by the 

second day after birth, forming primordial follicles that represent the first stage of folliculogenesis 

and make up the reserve pool. Morphologically, a quiescent primordial follicle (type 2 follicle in 

mice) in its largest cross section consists of a single small oocyte (< 20 µm in diameter) 

surrounded by two to four squamous somatic cells, called pregranulosa cells, and a basement 

membrane (Pedersen and Peters, 1968). Primary follicles have an oocyte surrounded by a single 

layer of cuboidal granulosa cells. Secondary follicles are surrounded by more than one layer of 

cuboidal granulosa cells, with no visible antrum (Myers et al., 2004). Also, early antral follicles 

have emerging antral spaces whilst antral follicles possess a clearly defined antral space (Pedersen 

and Peters, 1968; Knigge and Leathem, 1956). Preovulatory follicles are the largest of the different 

types of follicle and have a defined cumulus granulosa cell layer (Myers et al., 2004). 
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1.3. FOLLICULAR ACTIVATION AND EARLY DEVELOPMENT 

 

Initiation of follicle growth is defined as the transition of primordial follicles from the quiescent 

phase to the growth phase (Braw-Tal, 2002). Follicular activation is believed to be a continuous 

process that starts just after follicle formation, long before the onset of puberty (Mcgee and Hsueh, 

2000). The follicular activation is broadly defined by three landmark events: (1) transition of the 

granulosa cells surrounding the oocyte from a squamous to a cuboidal morphology, (2) slow 

proliferation of granulosa cells, and (3) oocyte growth followed by rapid granulosa cell mitosis 

(Braw-Tal, 2002).  

 

The resting primordial follicles are thought to be important as the source of developing follicles 

and oocytes (McGee and Hsueh, 2000; Liu et al., 2006). In women, folliculogenesis is a very long 

process, requiring almost one year for a primordial follicle to grow and develop to the ovulatory 

stage (Gougeon, 1996). In mice, on the other hand, an initial synchronous wave of follicular 

recruitment occurs within a few days of birth. By 10–12 days of postnatal life, a cohort of 

secondary-stage follicles develops, in which oocytes at midgrowth are surrounded by two or more 

layers of granulosa cells (Matzuk et al., 2002).  

 

One phenomenon during primordial follicle activation and early development that is worth noting 

is the extremely rapid growth of the oocytes. In mice, for example, the oocytes grow aggressively 

with an approximately 300-fold increase in volume during the 2- to 3-week growth phase (Liu et 

al., 2006), which is also accompanied by a 300-fold increase in RNA content (Sternlicht and 

Schultz, 1981; Liu et al., 2006). Oocytes complete most of their growth phase before the formation 

of a follicular antrum, and the increase in oocyte diameter and volume during antral follicular 

growth is relatively small (Liu et al., 2006). During the phase of oocyte growth, granulosa cells 

proliferate from one layer of a few flattened pre-granulosa cells to three layers of cuboidal 

granulosa cells by the time oocyte growth is almost complete (Liu et al., 2006).  
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The molecular mechanisms underlying follicular activation are not very well understood (Mcgee 

and Hsueh, 2000). It is believed that unknown intra-ovarian factors stimulate some primordial 

follicles to initiate growth while the rest of the follicles remain quiescent (Mcgee and Hsueh, 2000). 

It is also possible that follicular activation is caused by release of primordial follicles from 

inhibitory mechanisms that maintain them in a resting state (Mcgee and Hsueh, 2000). It is 

common knowledge nowadays that bi-directional communication between oocytes and somatic 

cells plays an important role in ovarian follicular development (Albertini et al., 2001; Elvin and 

Matzuk, 1998; Eppig et al., 2002).  

 

GDF9 and BMP15 

Two important oocyte-derived TGF-β (transforming growth factor – beta) superfamily members, 

namely GDF9 (growth differentiation factot 9) and BMP15 (bone morphogenetic protein 15), are 

synthesized and secreted by oocytes of murine follicles and have been shown to be essential for 

ovarian follicular growth (Juengel et al., 2004). Neither GDF9 nor BMP15 are thought to be 

involved in the formation of follicles, as no disturbance of the primordial follicle population has 

been found in GDF9 knockout mice and BMP15 knockout mice. Mice lacking a functional GDF9 

gene are infertile, due to a block in follicular development beyond the primary one-layer follicle 

stage (Dong et al., 1996). Oocyte growth and zona pellucida formation proceed normally, but 

aberrant expression of mRNA encoding several proteins such as aromatase, activin-βB, follistatin, 

and COX-2 has been observed; these were reduced compared to controls with an intact GDF9 gene 

(Dong et al., 1996). In addition, levels of FSH and LH were found to be elevated and ovarian cysts 

were often observed in GDF9 knockout mice (Dong et al., 1996). Female mice lacking a 

functional BMP15 gene are fertile and follicular growth appears to be normal, with ovarian 

morphology that is indistinguishable from that of wild-type littermates (Yan et al., 2001). However, 

BMP15-deficient mice have been found to produce fewer litters of smaller litter size than their 

heterozygous or wild-type counterparts, due to defects in ovulation (Yan et al., 2001; Galloway et 

al., 2002). No apparent effect on ovulation rate or litter size was observed in mice heterozygous for 

dormant copies of GDF9 or BMP15 alone (Juengel et al., 2004).  
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Mice heterozygous for inactive copies of both the BMP15 and GDF9 genes had smaller and less 

frequent litters than control mice (Juengel et al., 2004). Double-mutant mice deficient in both 

genes resemble GDF9-deficient mice and are infertile. On the other hand, BMP15-deficient mice 

with one copy of GDF9 are even less productive than BMP15-deficient mice that have wild-type 

levels of GDF9, a phenomenon that also implies a dose effect (Galloway et al., 2002; Yan et al., 

2001).  

 

Smads 

Smads have been shown to be indispensable for ovarian folliculogenesis (Pangas and Matzuk, 

2004; Yi et al., 2001; Ying et al., 2001). The Smad family proteins were first identified in the fruit 

fly Drosophila melanogaster in the mid-1990s by Sekelsky et al. (Sekelsky et al., 1995). Smads 

function as intracellular transcription factors that mediate the signaling of the TGF-β superfamily, 

which consists of more than 40 members including three isoforms of TGF-β, activins, inhibins, 

GDFs and BMPs (Kaivo-Oja et al., 2006). All ligands in this protein family share common 

sequence elements and structural motifs. They are multifunctional regulators of cell proliferation, 

differentiation, migration, and apoptosis—promoting extracellular matrix production, tissue 

homeostasis, and embryogenesis (Kaivo-Oja et al., 2006).  

 

The role of the TGF-β superfamily has been studied extensively in ovarian organogenesis as well 

as in folliculogenesis in animals (Kaivo-Oja et al., 2006). The growth of the follicle to the small 

antral stage is considered gonadotropin-independent, and during these early phases folliculogenesis 

appears to be driven by local autocrine and paracrine signals from the oocyte and the surrounding 

somatic cells. A complex bidirectional communication between oocytes and granulosa cells, and 

also between granulosa and thecal cells, drives the progression of follicular development through 

its successive stages (Matzuk et al., 2002). Various TGF-β superfamily ligands expressed by the 

different ovarian cell types are important in this interaction, and their expression is regulated in a 

manner that is related to the stage of development (van den Hurk and Zhao, 2005). The developing 

oocyte has been shown to express GDF-9, BMP-15, BMP-6, and TGF-β2 (Dube et al., 1998; 

Laitinen et al., 1998; Schmid et al., 1994; Lyons et al., 1989; Gilchrist et al., 2003). Granulosa 
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cells produce activins, inhibins, TGF-βs, BMP-2, BMP-3, BMP-6, and also AMH at different 

stages of folliculogenesis, while thecal cells have been reported to produce all the isoforms of 

TGF-β, BMP-3b, BMP-4, and BMP-7 (Liao et al., 2004; Knight and Glister, 2003). TGF-βs, 

activins and GDF9 signal through the Smad2/3 pathway whereas BMP-15, BMP-2, - 4, -6, and -7 

utilize the Smad1/5/8 pathway (Kaivo-Oja et al., 2006).  

 

1.4. REGULATION OF FOLLICULAR DEVELOPMENT BY FOLLICLE 

STIMULATING HORMONE (FSH) 

 

FSH is a glycoprotein, synthesized and secreted by gonadotropes in the anterior pituitary gland 

(Burns and Matzuk, 2002). In the ovary, FSH stimulates the growth of immature follicles to 

maturation and as the follicle grows it releases inhibin, which shuts off the production of FSH 

(Burns and Matzuk, 2002). Inhibins (α:βA and α:βB heterodimers) and activins (βA:βA and βB:βB 

homodimers, and βA:βB heterodimers) are members of the TGF-β superfamily, and are so-called 

because of their respective abilities to suppress and enhance FSH production (Burns and Matzuk, 

2002). These peptides are synthesized in granulosa cells of the ovary and sertoli cells of the testis, 

and they are also found in other tissues where they have been implicated in diverse biological 

processes (Burns and Matzuk, 2002). FSH acts by binding to its receptor, which is expressed on 

granulosa cells (Ulloaaguirre et al., 1995; OShaughnessy et al., 1996). The FSH receptor plays an 

essential role during follicular development; however, it becomes unnecessary once follicular cells 

differentiate, and its expression subsequently declines after the LH surge during the process of 

luteinization (Camp et al., 1991).  

 

Studies on FSH knockout mice have revealed that loss of FSH signaling in male mice results in 

smaller testis size, reduced spermatogenesis, impaired sperm motility, but the males are still fertile 

(Dierich et al., 1998). In contrast, females without a functional FSH signaling pathway were 

sterile, with thin uteri and hypoplastic ovaries due to a block in folliculogenesis prior to antrum 

formation (Kumar et al., 1997). Similar results were obtained in studies of FSHRKO (follicle 

stimulating receptor knockout mice). Follicles at all stages up to the preantral stage were observed 
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in the ovaries of these knockout mice, and there was no evidence of antral follicles or corpora lutea 

(Abel et al., 2000). Moreover, it has been reported that loss of FSH signaling causes infertility in 

women (Layman and McDonough, 2000).   

 

1.5. OVULATION AND LUTEINIZING HORMONE (LH) 

 

LH is a member of the glycoprotein hormone family that includes FSH and thyroid-stimulating 

hormone (Pierce and Parsons, 1981; Bousfield and Ward, 1994). These hormones are heterodimers 

consisting of a common α-subunit noncovalently linked to a hormone-specific β-subunit. 

Ovulation is critically dependent on the stimulation of LH (Richards, 2001). In addition, in both 

sexes LH stimulates secretion of sex steroids from the gonads. In the testis, LH binds to receptors 

on Leydig cells and stimulates synthesis and secretion of testosterone. In the ovary, the theca cells 

respond to LH stimulation by secretion of testosterone, which is converted to estrogen by adjacent 

granulosa cells  (Pierce and Parsons, 1981; Bousfield and Ward, 1994). 

 

At the time of ovulation, the wall of the preovulatory follicle ruptures and the mature oocyte is 

released into the oviduct. The process of ovulation is controlled by LH and FSH, which are 

secreted in the anterior lobe of the pituitary gland (Chabbert et al., 1998). Once follicular selection 

occurs, the follicle(s) destined for ovulation become(s) selectively vascularized, responding 

preferentially to the release of LH and FSH (Espey and Lipner, 1965; Gougeon, 1996). However, 

there is a significant mechanical hindrance that must be overcome in order for a successful 

ovulation to occur. 

 

The possibility that increased follicular pressure facilitates ovulation has been recognized for 

centuries (Edwards, 1974). Although several studies have addressed this possibility, the issue has 

still not been fully resolved. In early studies, no increased follicular pressure during ovulation 

could be detected (Espey and Lipner, 1965). Two proteolytic systems that have been suggested to 

play key roles in matrix remodeling are the plasminogen activator (PA) system and the matrix 

metalloproteinase (MMP) system (Ny et al., 2002). These systems are comprised of both proteases 



 18

and associated inhibitors that tightly control the proteolytic activity in the extracellular space, and 

thereby the site and extent of extracellular matrix (ECM) remodeling (Ny et al., 2002). During the 

process of ovulation, extensive tissue remodeling takes place; matrix remodeling proteases 

belonging to the PA and MMP systems are thought to have important roles in this process (Ny et 

al., 2002; Curry, Jr. and Osteen, 2003). 

 

In addition, the progesterone receptor (PR)—a nuclear receptor transcription factor—is induced in 

granulosa cells of preovulatory follicles in response to the LH surge, and has been shown to be 

essential for ovulation because mice lacking PR fail to ovulate and are infertile (Park and Mayo, 

1991). LH-induced PR is required for the production of two regulated proteases called ADAMTS-

1 (a disintegrin and metalloproteinase with thrombospondin-like motifs) and cathepsin L (a 

lysosomal cysteine protease) (Espey et al., 2000). ADAMTS-1 is induced after LH stimulation in 

the granulosa cells of preovulatory follicles, and the induction is dependent on PR (Espey et al., 

2000). Cathepsin L is induced in the granulosa cells of growing follicles by follicle-stimulating 

hormone, but the highest levels of cathepsin L mRNA occur in preovulatory follicles in response 

to LH, in a PR-dependent manner (Espey et al., 2000). In normal mice, these proteases are 

dramatically upregulated in the granulosa cells of LH-stimulated ovulatory follicles, but in 

anovulatory PRKO (progesterone receptor knockout) mice, these proteases remain at preovulatory 

levels (Robker et al., 2000). 

 

1.6. THE CORPUS LUTEUM (CL) 

 

The CL is a transient endocrine organ. It is formed from the remnants of an ovulated follicle, and 

plays a central role in the maintenance of pregnancy (Stocco et al., 2007). This function is carried 

out largely by progesterone, which is the main steroid synthesized by the transient endocrine gland 

(Stocco et al., 2007). The main function of the CL is to secrete progesterone, which acts on the 

uterus to prepare it for embryo implantation. In primates, the CL also secretes estradiol, which has 

a negative feedback effect on the pituitary gland to inhibit FSH release (Knobil, 1980). This 

prevents new ovulations during pregnancy. If fertilization or embryo implantation is unsuccessful, 
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the CL will lose its ability to produce progesterone (functional luteolysis) and will go into 

structural regression, during which the luteal tissue is degraded (Niswender et al., 1994) and the 

ovary enters a new estrus cycle (Michael et al., 1994).  

 

There are several morphological features associated with luteolysis. The luteal cells accumulate 

lipid droplets and become reduced in size. At a later stage, these cells undergo apoptosis and the 

vascular network degenerates; an influx of macrophages into the regressing CL has been observed 

(Gaytan et al., 1997; Paavola, 1979). These macrophages may participate in the destruction of 

luteal tissue and phagocytosis of dead luteal cells (Gaytan et al., 1997; Paavola, 1979).  

 

1.7. FOLLICULAR ATRESIA 

 

In ovarian physiology, follicular atresia is a key phenomenon by which the ovary eliminates those 

follicles that will not ovulate. The process of follicular selection results in the formation of one or 

more dominant follicles that will ovulate, and in the concomitant atresia of multiple follicles that 

will eventually die. Despite the widespread occurrence and fundamental importance of atresia, its 

molecular mechanisms are still largely unknown. In humans, the ovarian endowment of primordial 

follicles is established during fetal life (Hussein, 2005; Hsueh et al., 1994). Apoptotic cell death 

depletes this endowment by at least two-thirds before birth (Hussein, 2005), executed with the help 

of several players and pathways (Hussein, 2005). Several pro-survival and pro-apoptotic molecules 

are involved in ovarian apoptosis, with a delicate balance existing between them and determining 

the destiny of the follicular cells (Hussein, 2005). 

 

The duration of fertility in a female is determined by the size of the primordial follicle pool formed 

during fetal life, and by the rate of depletion of the follicle pool after birth (Erickson and 

Shimasaki, 2001; Rodgers et al., 1995). In mice, a large proportion of follicles disappear from the 

non-growing follicle pool during the first wave of follicle development (Bristol-Gould et al., 2006). 

In the human ovary, follicles begin to form during the fourth month of fetal life (Baker, 1963). 

Primordial follicles are first observed in human ovaries from approximately 18 weeks of gestation. 
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At the time of the first menstrual period, the ovaries of a woman contain some 250,000 follicles, 

each of which has the potential to release an egg (Hussein, 2005; Hsueh et al., 1994). Over her 

reproductive life, however, a woman will ovulate no more than 500 times, because her supply of 

eggs is progressively eliminated through follicular atresia (Powell, 2004; Hsueh et al., 1994).  

 

Apoptosis has a fundamental role in follicular atresia, and experimental studies have revealed that 

Bax, which is expressed in both granulosa cells and oocytes, may be a molecule that is central to 

ovarian cell death. It has been shown that young adult female Bax-/- mice possess three times more 

primordial follicles in their ovarian reserve than their wild-type sisters, and this surfeit of follicles 

is maintained in advanced chronological age, such that 20–22-month-old female Bax-/- mice 

possess hundreds of follicles at all developmental stages and exhibit ovarian steroid-driven uterine 

hypertrophy (Perez et al., 1999).  

 

Caspases are known to be involved in mediating follicle atresia. For example, granulosa cells from 

healthy follicles possess almost exclusively the inactive (unprocessed) form of caspase-3, whereas 

granulosa cells from atretic follicles have increased concentrations of activated caspase-3. The 

active processing of caspase-3 is associated with the cleavage of poly-(ADP-ribose)-polymerase 

(PARP) and actin, and the formation of oligonucleosomes (Boone and Tsang, 1998). Loss of 

caspase-3 function leads to defective atresia of maturing follicles in vivo. Furthermore, caspase-3 

mutant female mice have been found to possess aberrant atretic follicles containing granulosa cells 

that fail to be eliminated by apoptosis (Matikainen et al., 2001).  
 

2. THE PHOSPHOTIDYLINOSITOL 3 KINASE (PI3K) PATHWAY 
 
2.1. INTRODUCTION 

 

The PI3K pathway is a “classic” signaling pathway consisting of various signaling molecules 

including kinases, phosphatases, and transcription factors that establish cascades of intracellular 

signaling to facilitate the fundamental regulation of cell proliferation, survival, migration, and 
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metabolism (Blume-Jensen and Hunter, 2001; Cantley, 2002; Stokoe, 2005). PI3Ks themselves are 

lipid kinases that phosphorylate the 3'-OH group of the inositol ring of inositol phospholipids, and 

a phosphatase—Pten—reverses this process and functions as a negative regulator of PI3K (Cantley, 

2002; Simpson and Parsons, 2001; Stokoe, 2005). The PIP3 can then recruit proteins containing 

lipid-binding domains (i.e. the FYVE and the pleckstrin-homology (PH) domains) from the 

cytoplasm (Pawson and Nash, 2000), such as the serine/threonine kinases PDK-1 and Akt (also 

known as protein kinase B, PKB) (Blume-Jensen and Hunter, 2001; Cantley, 2002).  

 

2.2. Akt 

 

The serine/threonine protein kinase Akt/PKB is the cellular homolog of the viral oncogene v-Akt 

and is activated by various growth and survival factors (Song et al., 2005) . Many cell-surface 

receptors induce the production of second messengers that activate PI3K (Song et al., 2005). There 

are three closely related enzymatic isoforms, Akt1 (PKBα), Akt2 (PKBβ), and Akt3 (PKBγ)—

encoded by three different genes located on chromosomes 14q32, 19q13, and 1q43, respectively. 

They are similar both in structure and size, and are thought to be activated by a common 

mechanism (Okano et al., 2000). 

 

The serine-threonine protein kinase Akt mediates many of the downstream effects of PI3K and 

consequently plays a central role in both normal and pathological signaling by the PI3K pathway. 

Activation of Akt is a multi-step process involving both membrane binding and phosphorylation. 

Upon activation of PI3K and production of PIP3 and PIP2, Akt is recruited to the plasma 

membrane where it binds to these phosphoinositides through its PH domain (Dudek et al., 1999). 

In this way, Akt phosphorylates a variety of substrates involved in the regulation of key cellular 

functions including cell growth and survival, glucose metabolism, and protein translation. These 

targets include GSK3, IRS-1 (insulin receptor susbtrate-1) PDE-3B (phosphodiesterase-3B), BAD, 

human caspase 9, Foxo and NF-kB transcription factors, mTOR, eNOS, Raf protein kinase, 

BRCA1, and p21Cip1/WAF1 (Altiok et al., 1999; Datta et al., 1999; Galetic et al., 1999).  
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It has been demonstrated, however, that upon activation, Akt not only regulates glycogen synthesis 

through phosphorylation and inactivation of GSK-3, but also regulates the cell cycle by preventing 

GSK-3β-mediated phosphorylation and degradation of cyclin D1 (Diehl et al., 1998) and by 

negatively regulating the Cdk inhibitor p27kip1 (Shin et al., 2005; Viglietto et al., 2002; Blume-

Jensen and Hunter, 2001). 

 

For complete activation, Akt must be translocated to the plasma membrane where it is 

phosphorylated at Thr308 and Ser473 (Bayascas and Alessi, 2005; Song et al., 2005). Akt activity 

is negatively regulated by molecules that antagonize PI3K, such as the dual lipid and protein 

phosphatase Pten (Cantley and Neel, 1999; Simpson and Parsons, 2001). 

 

2.3. Pten (phosphatase and tensin homolog deleted on chromosome ten) 

Pten negatively regulates the PI3K signaling pathway by dephosphorylating PIP3, the product of 

PI3K (Cantley and Neel, 1999). The Pten gene also acts as a tumor suppressor gene. It is 

frequently deleted or mutated not only in human glioblastoma and prostatic cancer, but also in a 

wide range of advanced human malignancies such as endometrial, breast, lung, kidney, bladder, 

testicular, and head and neck cancers, malignant melanoma, and lymphoma (Li et al., 1997; Steck 

et al., 1997; Gronbaek et al., 1998; Teng et al., 1997; Tashiro et al., 1997; Okami et al., 1998). 

Loss of Pten function—either in embryonic stem cells (ES cells) or in human cancer cell lines—

has been found to result in accumulation of PIP3 and activation of its downstream signaling 

molecule, Akt/PKB. The activated PI3K/Akt pathway in turn stimulates progression of the cell 

cycle, cell survival, and cell migration (Liliental et al., 2000; Stambolic et al., 1998).  

Inactivation of Pten (on chromosome 19) in mouse models confirmed Pten to be a tumor 

suppressor (Di Cristofano et al., 1998; Podsypanina et al., 1999; Lesche et al., 2002; Suzuki et al., 

1998). Pten+/- mice have been found to develop tumors in multiple organs including breast cancer, 

partially resembling the spectrum of neoplasia observed in Cowden syndrome (CS) patients; Pten-/- 

mice die during embryogenesis, before midgestation at E6.5–9.5 (Di Cristofano et al., 1998; 

Podsypanina et al., 1999; Stambolic et al., 2000; Suzuki et al., 1998). Owing to the information 
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that the homozygous deletion of Pten in mice is an embryonic lethal trait, the Cre-loxP technology 

has been introduced to study the function of the Pten gene in specific cells or organs. Pten is a 

crucial negative regulator of breast tumorigenesis, and loss of Pten is associated with a poor 

outcome in breast cancer (Depowski et al., 2001). Mammary-specific deletion of the Pten gene by 

MMTV-Cre transgenic mice (Wagner et al., 2001) has been found to give precocious lobulo-

alveolar development, excessive ductal branching, delayed involution, and severely reduced 

apoptosis in mammary tissue. Pten null mammary epithelial cells have been found to be 

disregulated and hyperproliferative. In addition, mutant females developed mammary tumors early 

in life (Li et al., 2002).  

 
Targeted deletion of Pten in neural tissues by a nestin promoter-driven Cre transgene (Cre+/–) that 

is activated in central nervous system (CNS) stem/progenitor cells at embry E9 or E10, resulted in 

almost complete gene deletion in the CNS by midgestation (Bates et al., 1999; Fan et al., 2001). 

Mice lacking Pten in the CNS had enlarged, histoarchitecturally abnormal brains that resulted from 

increased cell proliferation, reduced cell death, and enlarged cell size (Groszer et al., 2001). 

Continuous increase in brain weight was observed in Pten null mice from E14 to PD0, and the cell 

numbers were double those of wild-type controls. The mutants died immediately after birth 

(Groszer et al., 2001). Specific deletion of Pten in mouse brain by using Cre-mediated GFAP-Cre  

transgenic mice (Zhuo et al., 2001) resulted in hyperphosphorylation of Akt, which is a signaling 

molecule downstream of the Pten gene (Lesche et al., 2002). Inactivation of Pten in embryonic 

fibroblasts has been found to result in elevated levels of PIP3. Consequently, Pten deficiency leads 

to dosage-dependent increases in phosphorylation and activation of Akt. Activation of Akt 

increases phosphorylation of BAD and promotes survival of  Pten-/- cells (Sun et al., 1999). 

 

Alteration of Pten has been strongly implicated in the development of prostate cancer. Pten 

deletions and/or mutations have been found in 30% of primary prostate cancers (Dahia, 2000; Latil 

and Lidereau, 1998) and in 63% of metastatic prostate tissue samples (Suzuki et al., 1998), making 

mutations in the Pten gene among the most common genetic alterations reported in human prostate 

cancers. Prostate-specific deletion of Pten in the ARR2Probasin-Cre transgenic line PB-Cre4, in 
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which the Cre recombinase is under the control of a modified rat prostate-specific probasin (PB) 

promoter (Wu et al., 2001), resulted in elevated phosphorylation of Akt in Pten null prostate cells 

compared to wild-type cells. Pten null, Akt-activated cells were also larger than their wild-type or 

heterozygous controls (Wang et al., 2003), which is consistent with the role of Pten in controlling 

cell size. Targeted deletion of Pten in murine liver resulted in increased fatty acid synthesis, 

accompanied by hepatomegaly, fatty liver, and increased glycogen synthesis (Stiles et al., 2004). 

 

2.4. Foxo3a 

 

In mammals, Akt can phosphorylate three conserved residues of serine or threonine in Foxo1, 

Foxo3a, and Foxo4, which then leads to their nuclear export and results in inhibition of their 

apoptotic transcriptional activities (Accili and Arden, 2004; Arden and Biggs, III, 2002; Nakae et 

al., 1999; Brunet et al., 1999). In the other words, after PI3K-induced activation of the 

serine/threonine kinase Akt, Foxos are rapidly phosphorylated. Phosphorylated Foxos bind to 14-

3-3 chaperones, which sequester Foxo within the cytosol and prevent re-entry into the nucleus, 

leading to functional inactivation. In the absence of environmental signals or growth factors, Foxo 

members localize to the nucleus (Arden and Biggs, III, 2002).  

 

Several in vitro studies have shown that Foxo factors have important roles in mediating cell cycle 

arrest and apoptosis (Accili and Arden, 2004; Burgering and Medema, 2003; Tran et al., 2003). In 

recent studies, it has been reported that Foxo proteins have essential roles in response to 

physiological oxidative stress and thereby mediate quiescence and enhanced survival in the 

hematopoietic stem cell compartment, a function that is required for the long-term regenerative 

potential of the latter (Tothova et al., 2007). Although the three Foxos serve some discrete 

functions, they most likely have significant redundancies, as they are broadly expressed during 

embryonic development and in adult tissues (Furuyama et al., 2000). Among the Foxo family 

members, Foxo3a is a transcription factor that mediates apoptosis and cell cycle arrest, and its 

activity is manipulated by PI3K-Akt (Accili and Arden, 2004; Nakae et al., 1999; Arden and Biggs, 

III, 2002; Brunet et al., 1999). 
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2.5. GSK-3 

 

Two forms of GSK-3, designated GSK-3α and GSK-3β, have been identified, which are encoded 

by two distinct genes (Welsh et al., 1996). GSK-3 was initially identified as a kinase that 

phosphorylates and inactivates glycogen synthase (GS) and regulates glycogen synthesis in 

response to insulin (Welsh et al., 1996). Later on, GSK-3 also became recognized as a critical 

downstream element of the PI3K and the Wnt signaling pathways (Cross et al., 1995; Srivastava 

and Pandey, 1998).  

 

It has been reported that in GSK-3α and GSK-3β knock-in mice, the Akt phosphorylation sites—

serine 21 of GSK-3α and serine 9 of GSK-3β—were mutated to alanine, which led to resistance to 

Akt inactivation in both molecules (McManus et al., 2005). The Knock-in mice were viable and 

were not diabetic (McManus et al., 2005). And also, there was no defect in female reproduction 

and follicular development, suggesting that mutations in the Akt phosphorylation sites of GSK-3α 

and GSK-3β may not play an indispensable part in oocyte growth and follicular development in 

mice. 

 

2.6. Cyclin-dependent kinases (Cdks), cyclins and p27kip1 

 

The Cdks are a family of serine/threonine protein kinases and are activated at specific points of the 

cell cycle (Vermeulen et al., 2003). The progression of the cell cycle is catalyzed by Cdks  which, 

as the name suggests, are activated by a special class of proteins called cyclins (Gartel and 

Radhakrishnan, 2005). Cdk protein levels remain stable during the cell cycle, in contrast to those 

of their activating proteins, the cyclins. In mammals, the different cyclins are designated A, B, C, 

and D, and so on. Cyclin protein levels rise and fall during the cell cycle, and in this way they 

periodically activate Cdks (Evans et al., 1983).  

 
p27, a member of the Cip/Kip family of Cdk inhibitors, is a negative regulator of cell-cycle 

progression and is a tumor suppressor (Kaldis, 2007). p27 inhibits certain cyclin-Cdk complexes in 

the cell nucleus and prevents proliferation of cells. It is a short-lived protein, and its degradation is 
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controlled by the ubiquitin-proteasome system (Pagano et al., 1995). From in vitro studies, it has 

been shown that p27 is localized not only in the nucleus but also in the cytoplasm (Rodier et al., 

2001; Boehm et al., 2002). It is highly expressed in quiescent cells (at G0), where it binds and 

inhibits cyclinE-Cdk2 activity (Hengst et al., 1994; Slingerland et al., 1994). p27 is located in the 

nucleus in G0 and early in G1, and appears transiently in the cytoplasm at the G1/S transition. p27 

also plays a role in mid-G1, in the assembly and nuclear import of D-type cyclin-Cdk complexes 

(LaBaer et al., 1997). As cells enter the cell cycle and S phase, p27 levels decrease and the kinase 

activity of Cdks increases. For example, p27 binds to Cdk2 (or to Cdk1, and to other Cdks) and 

potently inhibits Cdk2 kinase activity.  

 

The activities of Cdk complexes are thought to promote the transitions between the different 

phases of the cell cycle by phosphorylating a plethora of substrates. Cdk activity is controlled by 

several mechanisms, including cyclin binding, phosphorylation, dephosphorylation, localization, 

transcriptional regulation, protein degradation, and binding to inhibitors (Sherr and Roberts, 1999). 

Cdk2 (or Cdk1) phosphorylates p27 at threonine 187, which is then recognized by the SCFSkp2 

ubiquitin ligase and degraded by the proteasome (Kaldis, 2007). Mice lacking p27 are viable but 

are bigger than wild-type littermates, and develop pituitary tumors and in some instances retinal 

dysplasia, thymic hyperplasia, female sterility, and hyperplasia of the adrenal gland (Fero et al., 

1996).  

 

2.7. The role of p27 in the PI3K pathway  

 

It is known that p27 is an negative regulator of the mammalian cell cycle and cell growth, and is 

one of the important downstream molecules of the PI3K pathway (Fero et al., 1996). By shuttling 

between the cytoplasm and the nucleus, the growth/cell cycle inhibitory function of p27 is 

prevented or initiated in cells, respectively. It has been demonstrated that this process is under the 

control of Akt and Foxo3a in several different types of cells. Akt can directly phosphorylate p27 at 

tyrosine 187 and trigger the shuttling of p27 from the nucleus to the cytoplasm—whereby its 

inhibitory effect is abolished (Cunningham et al., 2004; Shin et al., 2005; Viglietto et al., 2002). 
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However, some studies have revealed that Foxo3a regulates p27 expression, a process that is 

controlled by the upstream PI3K/Akt signaling (Chandramohan et al., 2004; Dijkers et al., 2000). 
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3. SUMMARY OF THE PRESENT STUDY  
 

PAPER-1 

Phosphorylation and inactivation of glycogen synthase kinase-3 (GSK-3) by soluble kit 

ligand (KL) in mouse oocytes during early follicular development  

 

The KL-Kit downstream signaling pathways in mammalian oocytes are largely unknown. In this 

study, the question of how GSK-3α and GSK-3β are regulated by soluble KL in cultured growing 

mouse oocytes was investigated. Cultured oocytes were stimulated for various lengths of time 

ranging from 2–30 min with recombinant soluble mouse KL. At 2 min, there were significantly 

elevated levels of phosphorylated GSK-3α and GSK-3β (Fig. 3A (‘a’ and ‘b’, lane 2 vs. lane 1))—

indicating that GSK-3 is immediately regulated by KL—and the induced phosphorylation was 

maintained until 30 min (Fig. 3A, lanes 2–5). To study the possible role of PI3K in the regulation 

of GSK-3 by KL, the starved oocytes were pretreated with the PI3K-specific inhibitor LY294002 

for 1 h before the KL stimulation, which resulted in complete abolishment of phosphorylation of 

both GSK-3α and GSK-3β (Fig. 3A (‘a’ and ‘b’, lane 6)), indicating that both GSK-3α and GSK-

3β are phosphorylated through PI3K. The oocytes were also treated for longer times. As shown in 

Fig. 4A (‘a’ and ‘b’, lanes 2–5 vs. lane 1), treatment of cultured 8-day-old oocytes with KL for 4–

16 h led to significantly elevated and sustained phosphorylation levels of both GSK-3α and GSK-

3β in the oocytes, indicating that both GSK-3α and GSK-3β were inactivated by longer-term KL 

treatment. These results indicate that the KL-Kit signaling pathway is necessary to maintain GSK-

3 in an inactivated form in mouse oocytes. 

 

PAPER II 

Infertility caused by retardation of follicular development in mice with oocyte-specific 

expression of Foxo3a   

 

To determine whether intra-oocyte Foxo3a—another component of the PI3K-Akt signaling 

pathway—influences follicular development and female fertility, a transgenic mouse model was 
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generated with constitutively active Foxo3a expressed in oocytes (Fig. 2). We found that the 

fertility of Zp3-Foxo3a transgenic (Tg) mice was severely reduced—and our morphological 

studies and follicle counting revealed that there was retarded follicular development in the Tg mice 

(Fig. 3A –K). To determine the molecules downstream of Foxo3a in oocytes that control oocyte 

growth and granulosa cell proliferation, we first measured mRNA levels of the oocyte secretion 

factors GDF9 and BMP15 by quantitative real-time PCR at different developmental stages of the 

ovary. In  Tg ovaries at day 6, day 8, and days 15–17 we found that  mRNA levels of Bmp15 were 

dramatically reduced (Fig. 6A–C), whereas Gdf9 mRNA levels were normal at day 6 and day 8 in 

Tg ovaries, but dramatically reduced in day 15 ovaries (Fig. 6D). Furthermore, we also found that 

activation of the Smad pathway is suppressed in Tg ovaries (Fig. 6E, F, and H). These data 

indicate that the downregulation of BMP15 in Zp3-Foxo3a Tg mice may result in suppressed 

activation of the Smad pathway, leading to retardation of granulosa cell proliferation that is 

responsible for the retarded follicle development in the transgenic mice. 

 
PAPER III 

p27kip1 (Cdkn1b) controls ovarian development by suppressing follicle endowment and 

activation, and by promoting follicle atresia in mice 

 

In this study, by using p27-deficient (p27-/-) mice we demonstrated that p27 suppresses follicle 

endowment/formation and activation and induces the follicle atresia that occurs prior to sexual 

maturity (Figs. 1-4). The overactivated follicles in p27-/- ovaries are depleted in early adulthood, 

causing premature ovarian failure (POF). To determine the major cause of the accelerated rate of 

follicular endowment in p27-/- mice, we measured the kinase activities associated with Cdks and 

cyclins in newborn (PD0) p27+/+ and p27-/- ovaries—which is a developmental stage that precedes 

follicle formation—and found that Cdk2 and cyclin A activities were elevated in newborn p27-/- 

ovaries relative to those in PD0 p27+/+ ovaries (Fig. 5). These results suggest that the increased 

kinase activity of the Cdk2-cyclin A complex may be one of the forces that drive the accelerated 

follicle formation and endowment. Furthermore, in PD18 ovaries there was an overall increase in 

kinase activities associated with Cdk2, Cdc2, cyclin A, and cyclin B1, but not with cyclin E1 (Fig. 

7B), implying that the kinase activities of Cdk2/Cdc2-cyclin A/B1 complexes may be involved in 
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preventing the death of ovarian follicles in p27-/- ovaries prior to sexual maturity. Also, we found 

that the caspase- dependent apoptotic pathway was dramatically downregulated in p27-/- ovaries 

relative to that in p27+/+ ovaries (Fig. 7C). Our data therefore imply that the caspase-dependent 

apoptosis pathway is suppressed in p27-/- ovaries, which leads to an elevated follicle survival rate. 

Thus, p27 may induce follicle atresia prior to sexual maturity through activation of the caspase-

dependent apoptotic pathways.  

 

PAPER IV 

Oocyte-specific deletion of Pten causes activation of the entire primordial follicle pool  

 

In this study, we investigated the role of Pten in mouse oocytes by conditionally deleting the Pten 

gene with transgenic mice expressing GDF9 promoter-mediated improved Cre recombinase, which 

is specifically expressed in oocytes of primordial and further developed follicles (Fig. 1A). We 

found that the PtenloxP/loxP; GCre+ females become infertile in young adulthood (12–13 weeks) 

(Fig. 2A). To investigate the follicular development in PtenloxP/loxP; GCre+ mice, we looked into 

the morphology and follicular counts at different stages of development of the ovary, and found 

that the entire pool of primordial follicles are activated, which leads to POF at young adulthood 

(Figs. 2-3). In PtenloxP/loxP; GCre+ ovaries at PD23, no primordial follicles were observed (Fig. 

2G). There were significantly higher levels of FSH, LH, and testosterone in the sera of PtenloxP/loxP; 

GCre+ mice (Fig. 3J–L) than in the sera of control PtenloxP/loxP mice. 

 

Further mechanistic studies revealed that loss of Pten in oocytes resulted in elevated Akt signaling, 

which led to upregulation of both expression and activation of ribosomal protein S6 (rpS6) in 

oocytes. The results thus show that the mammalian oocyte serves as the headquarters of 

programming of the occurrence of follicle activation, and that the PI3K pathway of the oocyte 

governs follicle activation through control of initiation of oocyte growth. 
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CONCLUSIONS 

 

PAPER I 

Recombinant soluble KL can lead to phosphorylation/inactivation of GSK-3α and GSK-3β in 

cultured growing mouse oocytes, indicating that GSK-3 may participate in the regulation of 

mammalian oocyte growth and early follicular development. 

 

PAPER II 

Intra-oocyte Foxo3a negatively controls oocyte growth, suppresses follicular development by 

blocking paracrine and gap junctional communication between oocytes and somatic cells. 

 

PAPER III 

p27 is a suppressor of ovarian follicle endowment/formation and activation, and an enhancer of 

ovarian follicle atresia. The deregulation—or malfunctioning—of the ovarian p27-mediated 

cascade may lead to defects in follicular development, which may cause disturbed ovarian function 

and pathological changes in the ovary. 

 

PAPER IV 

The mammalian oocyte serves as the headquarters for programming of the occurrence of follicle 

activation, where the PI3K pathway governs follicle activation through control of initiation of 

oocyte growth. 
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