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Oogenesis and folliculogenesis  
– molecular overview

Oogenesis is the process by which oocytes are formed.
The female germ cell (oocyte) develops in the ovarian 
follicle (17). Oogenesis is long-term process that starts 
during fetal life and ends to form the oocyte in postnatal 
life (35). Among most of mammalian species oogenesis 
process consists of several stages: (I) primordial germ 
cells, (II) formation of oogonia from primordial germ 
cells, (III) formation of stage I oocyte, (IV) stage II 
oocyte, and (V) formation of an adult follicle (Graafian 
follicle) with fully mature oocytes. However this clas-
sification is not applicable to all mammals, i.e.: oocytes 
in bitches mature after ovulation in the oviduct. The 
process parallel to oogenesis is folliculogenesis, which 
during postnatal life leads to maturation of fully grown 
follicles (Graafian follicles) and takes place following 

ovulation (31). Primordial follicles are formed by germ 
cell cysts. Primordial follicles contain a small oocyte 
surrounded by a population of granulosa cells. At this 
stage, granulosa cells are characterized by a flat shape. 
The next stage begins primordial follicle activation. 
During this process, oocytes grow and the shape of 
the granulosa cells changes from flat to cuboidal in 
structure (44).

Folliculogenesis and oogenesis are regulated mainly 
by gonadotropins. Gonadotropins, including follicular 
stimulating hormone (FSH) and luteinizing hormone 
(LH), play a crucial role in the growth and maturation 
of follicles as well as in development of the oocyte. 
The FSH receptors (FSHRs) are expressed in granulosa 
cells (GCs) during the early-antral stage. In this phase 
of folliculogenesis, FSH induces proliferation of GCs, 
prevents follicular atresia, and stimulates expression of 
LH receptors (LHR). Subsequently increase of estro-
gen production leads to an LH surge, which initiates 
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The ovary is a complex endocrine gland that is responsible for sex steroid production in mammals. The 
basic functional unit of the ovary is the follicle, which contains the oocyte (OC), and surrounding cells, 
including granulosa cells (GCs) and theca cells, which support OC development. The process of formation 
and development of a follicle is known as folliculogenesis, during which the proliferation and differentiation 
of the GCs are required for proper formation of the follicle. In this review article, we present an overview of 
the molecular aspects of oogenesis and folliculogenesis, with subsequent description of mammalian ovulation. 
Moreover, we describe how growth, proliferation, and differentiation of GCs is regulated on a molecular level 
across mammalian species. Based on recent scientific reports, we depict possible biomedical applications and 
propose directions for future research using mammalian GCs in primary culture.
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a series of events i.e.: resumption of meiosis, expansion 
of cumulus cells (CCs) and finally leads to ovulation.

During oogenesis the oocyte undergoes dynamic 
changes of genes expression, which is regulated by 
transcription factors active in the germ line and somatic 
cells that surround the oocyte. Transcriptional regula-
tors, such as Foxo3, Foxl2, Figla, Lhx8, Nobox, Sohlh1, 
and Sohlh2, play an important role in the formation of 
antral follicles during folliculogenesis. It was found 
that mutations in any of these genes may lead to ovar-
ian insufficiency and infertility in mammals. Studies 
of these transcriptional factors present opportunities 
to better understand the mechanisms of activation of 
ovarian follicle growth and its regulation (20).

Ren et al. (44) investigated the role of oocyte-specific 
pathways during primordial follicle activation. Their 
studies suggest that Lhx8 plays a crucial role in the 
differentiation of primary follicles and that a deficiency 
in LHX8 (–/–) causes infertility. LHX8 is expressed in 
oocyte and germ cells in mammals. The encoded protein 
belongs to the family of LIM-homeobox transcription 
factors. An earlier study by Choi et al. (8) showed that 
mice with LHX8 deficiency were characterized by a lack 
of transition of primordial follicles into the growing 
follicles.

Monti et al. (40) studied expression of oogenesis- 
-related specific genes, such as Nobox, Oct4, Bmp15, 
Gdf9, Oogenesis1, and oogenesis2, during natural 
development and under gonadotropin induction in mice. 
Oocytes were collected from five types of murine ovar-
ian follicles: primordial, primary, secondary, preantral, 
and antral follicles. Semi-quantitative, single-cell sen-
sitive RT-PCR techniques and immunocytochemical 
study were used as detection methods. Experimental 
results demonstrated that these genes are differentially 
expressed in natural and gonadotropin-induced mice. 
For example, Gdf9 and Bmp15 are expressed during all 
phases of oocyte maturation. In Gdf9 –/– mice, oocytes 
cannot mature beyond the primary follicle stage (40) 
because granulosa cells do not proliferate into cuboidal 
cells (11).

The transcription factor Nobox plays an important 
role during oogenesis and formation of fully mature 
stage II oocytes. The absence of its protein product leads 
to a lack of transition from primordial into growing fol-
licles and results in down-regulation of the expression 
of a number of genes encoding proteins for transcription 
factors that regulate the ability of oocytes to reach full 
developmental capacity, such as H1oo, Gdf9, Bmp15, 
Dnmt1o, Zar1, FGF8, Rfp14, Mos, and Oct4 (41, 42). 
Belli et al. (3) studied the pattern of expression of the 
Nobox gene and its protein during folliculogenesis. They 
used oocytes classified on the basis of their size (10-30, 
31-40, 41-50, 51-60, 61-70, or 71-80 µm) and chro-
matin organization [non-surrounded nucleolus (NSN) 
or surrounded nucleolus (SN)]. Differences in Nobox 
gene expression were assessed in oocytes 41-50 µm 
(NSN > SN) and 71-80 µm (NSN > SN) as well as in 
developmentally incompetent metaphase II-derived 

NSN (MII(NSN)) or competent metaphase II-derived 
SN (MII(SN)) oocytes (MII(NSN) > MII(SN)). The 
Nobox protein was expressed throughout oocyte 
growth in the nucleus of ovarian NSN and in MII(NSN) 
oocytes, whereas the Nobox protein was not expressed 
in SN oocytes of 61-70 µm. These findings indicate that 
expression of Nobox gene is increasing during growth 
of oocytes and decreases while oocytes are full-grown. 
Moreover, differences in expression of Nobox indicate 
that it is a determinant of oocyte quality.

Zuccootti et al. (53) emphasize that the role of the 
Oct4 gene in folliculogenesis and oogenesis is as of yet 
unknown, but suggest that this gene may play a potential 
role in the acquisition of oocyte developmental com-
petence in the mouse. Their studies show the presence 
of an Oct4 transcriptional network in MII oocytes and 
2-cell embryos. The Oct4-gene regulatory network 
provides a connection between the oocyte, early 
preimplantation embryos, and embryonic stem cells. 
Zuccotti et al. suggested that future experiments should 
be performed to elucidate the regulation of transcription 
and translation of Oct4 and related genes during early 
oocyte growth and preimplantation development up to 
the point of blastocyst implanting.

Physiological and molecular aspects of ovulation  
– “in the shadow” of GC differentiation capacity
The antral follicle is composed of an oocyte, antrum 

and multilayer of granulosa cells (GCs) (10). It has been 
well described that proper zygote formation and devel-
opment of embryos require bidirectional communica-
tion between GCs and oocyte. This communication is 
allowed by connexins which form gap junction connec-
tions (GJCs), a kind of “corridor” between somatic and 
germ cell, which are used to transfer small substances 
and factors regulating folliculo- and oogenesis (18).

During folliculogenesis the GCs undergo substantial 
changes and modification of shape from flattened to 
cuboidal, which is accompanied by differential expres-
sion of FSHR. In a pre-ovulatory follicle, four layers 
of GCs are observed. The innermost layer of GCs 
surrounding an oocyte is the tightly attached corona 
radiata, followed by the cumulus oophorus on its 
periantral layer, and the membrana granulosa, which is 
the most externally distributed. These four layers have 
another function in the Graafian follicle; for example, 
cells in the central domain proliferate for a longer time 
than cells in the membrane domain. This phenomenon 
suggests that the GCs have the opportunity to special-
ize and can perform various functions. The process of 
oocyte maturation involves resumption of meiosis that 
have been arrested in prophase I; what is more, nuclear 
maturation is tightly connected with the disappearance 
of the nuclear membrane, haploidization of genetic 
material and with ejection of the first polar body. This 
cascade of events is caused by an LH surge that results 
in a reduced amount of cAMP level, which leads to 
decreased activity of cAMP-dependent kinases and 
maturation promoting factor (MPF).
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Ovulation is the process during which the oocyte is 
released. Ovulation is characterized by rupture of the 
ovarian surface epithelium and the release of an oocyte 
(18). Ovulation is subject to strict control of extracellu-
lar matrix modifications. In a large number of mammals, 
degradation of the perifollicular matrix before ovulation 
is supported by mural granulosa cells. The follicular 
apex forms a thinner layer while, at the same time, 
cumulus cells around the oocyte synthesize and deposit 
an additional extracellular matrix. This process is called 
cumulus expansion or mucification. During ovulation, 
the follicle apex breaks allowing passage of the cumulus 
cells through the opening followed by the passage of the 
oocyte. This transition is permitted by deformation of 
the cumulus matrix. The oocyte is very rapidly extruded 
from the mature follicle. During extrusion the oocyte 
and cumulus cells are very strongly associated within 
the matrix and they are not dispersed (15).

Chen et al. (7) inhibited synthesis of the mucoid and 
elastic matrix by cumulus cells in mice. They observed 
that the rupture of the follicle leads to a small number 
of oocytes that were released from the follicle. It was 
also found that cumulus cells stayed in the ovarian bursa 
and were not transferred into the oviduct. These cases 
support findings that expanded cumulus cells may play 
a crucial role in the transfer of oocytes from the ovary 
by the ciliated epithelium of the fimbria (36). Rankin 
et al. and Liu et al. investigated ZP3 null (–/–) mutant 
mice and observed that this mutation caused lack of 
zona pellucida, which was separated from the expand-
ing cumuli in the Graafian follicle. In knock-out mice 
cumulus cells were successfully recovered from the 
oviduct soon after ovulation, whereas oocytes were not 
observed in the oviduct. They suggested that the oocytes 
may be trapped in ruptured follicles. Moreover, other 
zona-free oocytes may dissociate from the cumulus 
during ovulation and might undergo degeneration after 
contact with the female reproductive tract epithelium 
(33, 43).

Regulation of growth, proliferation, and 
differentiation of follicular granulosa cells

Growth, proliferation, and differentiation of cells are 
key biological processes, which are usually regulated by 
extracellular factors that interfere with regulation of the 
cell cycle and change gene expression. This mechanism 
also occurs in the mammalian ovary during folliculo-
genesis. The follicle is the basic functional unit of the 
mammalian ovary. Each follicle is composed of a single 
oocyte encircled by inner layers of granulosa cells 
(GCs) and outer layers containing theca cells (TCs). 
In the mammalian ovary, development of individual 
follicles is controlled by different hormones resulting 
in continuous, dynamic changes in proliferation and 
gene expression in granulosa cells. During folliculo-
genesis, GCs start to form gap junctions (GJs) between 
themselves and the oocyte resulting in bidirectional 
stimulation and communication (24, 41). As an effect 
of this relationship, GCs stimulate OC maturation while 

the OC increases GC proliferation rate and induces GC 
differentiation (5). Intensive proliferation and complete 
differentiation of GCs is required for proper follicular 
growth.

Mammalian ovaries and testes develop from genital 
ridges that are composed of precursors of the main 
types of cells located in completely developed ova-
ries and testes, i.e. germ cells, supporting cells, and 
steroidogenic cells. Supporting cell precursors (SCP) 
differentiate first (34) and without the influence of the 
SRY gene from pregranulosa cells (pGC). It has been 
reported in sheep that pGCs and oocytes create cell 
complexes, which form ovigerous cords that finally 
develop into primordial follicles (46). The primordial 
follicle contains an undifferentiated OC that is sur-
rounded by a single layer of squamous GCs arrested 
in G0. Primordial follicles enter into the slow-growth 
phase in which GCs start cycling, but the proliferation 
rate is low. Over time GCs change their morphology 
from squamous to cuboidal. After this change, GCs form 
the primary follicle and express follistatin. Throughout 
this stage, GCs develop gap junctions between them-
selves and the OC and also between adjacent GCs. Gap 
junctions between GCs and the OC are built mainly of 
Connexin 37 (Cx37) and gap junctions between GCs 
are formed mainly from Connexin 43 (Cx43) (25, 26). 
Connections between GCs and the OC allow for direct 
transfer of ions, metabolites, amino acids, and other 
interceullular signaling molecules (5). During the pri-
mary follicle stage, the OC secretes growth/differentia-
tion factor-9 (GDF-9) and bone morphogenic protein-15 
(BMP-15), which are crucial for GC proliferation and 
development (51). GDF-9 expression is necessary for 
GCs to secrete KIT ligand (KITL) at a normal level, 
which is necessary for normal oocyte development. If 
there is no expression of GDF-9, KITL expression is 
elevated and ultimately leads to oocyte death (12). The 
majority of estradiol in follicles is secreted by GCs, 
while GCs also serve as an estradiol target and have 
been shown to express estrogen receptors (ERα and 
ERβ) in various mammalian species, including cow, 
sheep, and pig (4, 16, 21). Autocrine estradiol signaling 
increases expression of gonadotropins receptors as well 
as inhibition of GC apoptosis (45). Apoptosis repression 
is based on the ability of estradiol to inhibit the tran-
scription of proapoptotic genes (i.e. p53 and Bax) (48). 
During the primary follicle stage, GCs express both 
insulin growth factor-I (IGF-I) and its receptor (IGF-IR) 
across mammalian species (2, 50, 52) and expression of 
IGF-I reaches its maximum level in the late preantral 
and early antral stages. IGF-I also increases expression 
of LH receptors and responsiveness to FSH, which is 
reported to enhance aromatase production in the in vitro 
culture of mouse, sheep, and pig GCs (1, 37, 39). IGF-I 
has also been reported to increase the expression of 
estradiol in GCs (14). Conversely, in 2000 Khalid et al. 
discovered that estradiol or FSH stimulate synthesis of 
IGF-I (27). These three molecules are crucial for proper 
GC and follicular growth, proliferation and develop-
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ment, and any anomalies in their expression could be 
lethal for the follicle and its residual cells, including 
GCs and the OC. It has recently been reported that 
nerve growth factor (NGF) can also induce expression 
of FSH and LH receptors, as well as influence secre-
tion of progesterone and estrogen in GCs (6, 22, 23). 
Throughout the stage of forming the secondary follicle 
(antral follicle), GCs increase their proliferation rate 
and finally form a two to three layer thick surrounding 
for an OC. Transition between the preantral and antral 
follicle stage is an important step in GC differentiation. 
Formation of a fluid-filled antrum and FSH secretion 
from the pituitary gland induces differentiation of GCs 
into two populations: mural GCs adjacent to the fol-
licle wall and cumulus GCs that tightly surround the 
OC (32). These two populations of GCs have different 
functions. Mural GCs are responsible for endocrine 
functions, including steroidogenesis, while cumulus 
GCs, through bidirectional communication with the 
OC, induce growth and developmental competence of 
the OC. Together, coordination between the OC and 
mural and cumulus GCs and their secreted molecules 
promote correct follicle growth, development, and 
endocrine functioning. Mural GCs express increasing 
amounts of estrogen over time that finally lead to initia-
tion of the LH surge from the pituitary, maturation of 
oocyte, cumulus oophorus expansion, and ultimately 
ovulation (13, 19). A characteristic function of cumulus 
GCs is their ability to expand inside the follicle after 
the LH surge. Cumulus expansion is tightly connected 
with production of a mucified matrix that is crucial for 
ovulation (7). The OC is responsible for induction of 
cumulus expansion after the LH surge by secretion of 
cumulus expansion enabling factors (CEEFs), which 
likely include GDF-9 and/or BMP-15 (47). Expansion 
of cumulus GCs is tightly connected with formation 
of the cumulus-oocyte complex (COC). It has been 
reported that the OC is a main regulator of cumulus 
GC functions through the SMAD2/3 signaling pathway 
(9), while mural GCs are under the influence of FSH. 
These two signaling pathways specify properties and 
functions of cumulus and mural GCs inside the follicle 
to ensure optimal conditions for proper developmental 
and endocrine functions.

Possible applications of mammalian granulosa cells 
in primary culture

Over the years, scientists have established reliable 
and effective methods for isolating and culturing GCs 
for research applications. Based on study of GCs in 
primary culture, scientists have described not only the 
ultrastructure of GCs, but also many signaling pathways 
that regulate GC development, growth, and differentia-
tion. As far as we know, GCs play a very important role 
in folliculogenesis and thus in ovulation. Interaction 
between GCs and other cells in developing mammalian 
follicles has been well-described in the literature (6), 
but recent discoveries allow us to expand our knowl-
edge about GCs and can lead to new applications of 

GCs in primary culture. It has been shown in several 
publications that some GCs in the growing follicle are 
not fully differentiated and exhibit stem cell properties 
across mammals, i.e.: ovine, porcine and human GCs 
(28, 29, 38, 49). Besides stem cell properties, GCs also 
present high telomerase activity and are capable of dif-
ferentiation into cell types that are not present within 
ovaries. GCs can be easily obtained from follicular 
fluid discarded during in vitro fertilization procedures, 
which may serve as a great source of cells for further 
use in regenerative medicine. Premature ovarian failure 
or chemotherapy could terminate the production of sex 
hormones and cause loss of ovarian functions. GCs with 
stem-cell like abilities may be particularly helpful in 
the regeneration of ovarian functions. As GCs are also 
responsible for secretion of sex hormones, they may 
also be useful in the regeneration of ovarian endocrine 
functions. The most promising findings from human 
GC culture in support of their use in regeneration of 
endocrine functions were obtained in 2010. The three 
dimensional (3D) culture of GCs, which ensured long-
term maintenance, growth, and also allowed enrichment 
with luteinizing GCs, was established by Kossowska 
et al. (30). Moreover, this 3D culture system allowed 
GCs to grow into spherical structures that exhibit ste-
roidogenic capability.

Further research on GCs on the molecular, cel-
lular, and tissue level will help scientists to under-
stand, describe, and perhaps design new therapies for 
granulosa cell tumors and their recurrence. Profound 
knowledge about GCs could also be helpful in better 
understanding some aspects of infertility. More detailed 
information about proliferation and long-term culture 
of GCs could provide an opportunity to develop new 
cellular therapies and to create artificial tissue, which 
may be able to produce sex steroids and could be used 
to re-establish lost ovarian endocrine functions.
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