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ABSTRACT: Growth factors play an important role during early ovarian development and folliculogenesis, since they regulate the
migration of germ cells to the gonadal ridge. They also act on follicle recruitment, proliferation/atresia of granulosa cells and theca,
steroidogenesis, oocyte maturation, ovulation and luteinization. Among the growth factors, the growth differentiation factor 9 (GDF9)
and the bone morphogenetic protein 15 (BMP15), belong to the transforming growth factor beta (TGF-β) superfamily, have been
implicated as essential for follicular development. The GDF9 and BMP15 participate in the evolution of the primordial follicle to
primary follicle and play an important role in the later stages of follicular development and maturation, increasing the steroidogenic
acute regulatory protein expression, plasminogen activator and luteinizing hormone receptor (LHR). These factors are also involved in
the interconnections between the oocyte and surrounding cumulus cells, where they regulate absorption of amino acids, glycolysis and
biosynthesis of cholesterol cumulus cells. Even though the mode of action has not been fully established, in vitro observations indicate
that the factors GDF9 and BMP15 stimulate the growth of ovarian follicles and proliferation of cumulus cells through the induction of
mitosis in cells and granulosa and theca expression of genes linked to follicular maturation. Thus, seeking greater understanding of the
action of these growth factors on the development of oocytes, the role of GDF9 and BMP15 in ovarian function is summarized in this
brief review. (Key Words: Cumulus Cells, Granulosa Cells, Oocyte Maturation, Follicular Development, Reproductive Efficiency,
TGF-β Superfamily)

INTRODUCTION
The ovarian follicle is the functional unit of the ovary,
in which the somatic components (thecal and granulosa
cells), and germ (oocyte) are closely related and
interdependent (Moenter et al., 1992; Aerts and Bols, 2010).
During oogenesis, the oocyte acquires cytoplasm and
the molecular machinery required to support embryonic
development in a process called oocyte training (Gilchrist et
al., 2008; Sánchez and Smitz, 2012). However, the
complete development of the oocyte within the follicular
structure requires continuous two-way communication
between the oocyte and cumulus cells that surround it
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(cumulus-oocyte complex), as well as other somatic cells
included in the follicle, such as theca and the granulosa
cells (Eppig et al., 2002; Gandolfi et al., 2005; Edson et al.,
2009; Wigglesworth et al., 2013).
The granulosa cells are one of the constituents of the
follicular environment of great importance for the
acquisition of oocyte competence, ovulation and
fertilization since they play roles in the production of
steroids (estradiol and progesterone), expression of
luteinizing hormone receptor (LHR), secretion of inhibin A
and B (INHA and INHB), synthesis of numerous transcripts
essential proteins, addition to the production and secretion
of chemical factors necessary to maintain the oocyte in
meiosis block (Richard and Sirard, 1996; Hatzirodos et al.,
2014; Ceko et al., 2015). However, the functionality and
action of these cells are dependent on some factors derived
Copyright © 2016 by Asian-Australasian Journal of Animal Sciences
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from the oocyte, capable of acting directly in the
coordinated processes of follicular maturation through a
paracrine signaling (Hutt and Albertini, 2007; Li et al.,
2008b).
Among the factors secreted by the oocyte, we highlight
members of the transforming growth factor beta (TGF-β)
superfamily and, among these, the growth and
differentiation factor 9 (GDF9) and bone morphogenetic
protein 15 (BMP15), which are expressed in all stages of
follicular development in the bovine species and are
involved in controlling the proliferation and steroidogenesis
of granulosa cells (Juengel and McNatty, 2005). These
factors are essential for the activation of primordial follicles
and subsequent follicular development and differentiation.
Moreover, they are involved in the final stages of
maturation and in the events prior to ovulation, for example,
the expansion of the cumulus cells (Dong et al., 1996;
Hanrahan et al., 2004; Yoshino et al., 2006; Su et al., 2008).
Growth factors GDF9 and BMP15 play a fundamental
role in ovarian functioning and are essential for oocyte
maturation processes, ovulation, fertilization and
luteinization in mammals. Therefore this brief review aimed
at grouping and summarizing the most relevant information
about the role of these factors in ovarian functioning,
seeking for a better understanding of their action in the
development and oocyte maturation.
Interaction between the oocyte, cumulus cells and
granulosa cells
Communication between the cumulus cells, the oocyte
and granulosa occurs bi-directionally and is essential for the
nuclear and cytoplasmic maturation processes and,
consequently, for the acquisition of oocyte competence,
fertilization and generation of an embryo with high
development potential (Tanghe et al., 2002; Fair, 2003;
Gandolfi et al., 2005; Gilchrist et al., 2008; Dias et al.,
2014; Ceko et al., 2015). The cells of the granulosa and
cumulus communicate with the oocyte by means of transzonal cytoplasmic processes, consisting of extensions of
cumulus cells which penetrate through the zona pellucida
and reach the oocyte membrane where an extensive group
of transmembrane channels, known as gap junctions and
gap communicating junctions, allows bidirectional transport
of ions, metabolites, amino acids and small regulatory
molecules (Anderson and Albertini, 1976; Albertini et al.,
2001; Eppig et al., 2005; Hennet and Combelles, 2012).
While the gap junctions allow the transfer of small
molecular weight molecules between the cumulus cells and
oocyte, large molecules are carried by receptor-mediated
endocytosis. The interaction between the oocyte and the
surrounding somatic cells may even occur through
paracrine signaling (Sutton et al., 2003; Dias et al., 2014).

Methods of bidirectional communication between germ
and somatic cells are essential for the spread of endocrine
and paracrine signals that will act in the oocyte and cumulus
cells in order to provide adequate competence to the oocyte
(Orisaka et al., 2009). Communication between the
granulosa cells and the oocyte is also crucial for
folliculogenesis, oocyte maturation, and growth (Gilchrist
et al., 2004). The benefits provided by the presence of these
somatic cells during in vitro maturation can be attributed to
the
formation
of
a
complex
and
favorable
microenvironment (biochemical and metabolic) around the
oocyte (Sutton et al., 2003; Hussein et al., 2006; Campos et
al., 2011).
The oocytes, on the other hand, also have a crucial role
in the regulation of cumulus and granulosa cells. From the
production of paracrine factors, the oocyte is responsible for
the modulation and proliferation of the function of
granulosa cells, with a crucial role in the steroidogenesis
process thereof (Vanderhyden and Tonary, 1995;
Vanderhyden, 1996; Eppig et al., 1997, 1998; Gilchrist et al.,
2006; Su et al., 2009; Young and McNeilly, 2010). The
oocytes secrete substances that stimulate mitosis (oocytesecreted mitogens) of granulosa cells and cumulus and
prevents their luteinization via soluble factors action
(Gilchrist et al., 2008). Furthermore, the oocyte promotes
the expression of anti-apoptotic proteins Bcl-2 and
suppresses pro-apoptotic protein Bax in granulosa cells and
cumulus. Furthermore, the greater the distance of granulosa
cells in relation to the oocyte, the greater the index of
apoptosis of these cells, which proves the protective role of
the factors secreted by the oocyte (Hussein et al., 2005;
Campos et al., 2011).
The factors produced and secreted by the oocyte
regulate folliculogenesis through modulation of cell growth
and differentiation, besides having mitogenic action, and
interact with the somatic cells regulating hormones such as
follicle-stimulating hormone (FSH), growth factor similar
to insulin-I and androgens (Armstrong et al., 1996; Hickey
et al., 2004). Among the various growth factors produced
by the oocyte and propagated to granulosa cells, we
highlight the members of the superfamily of TGF-β (Webb
et al., 2003; Araújo et al., 2010; Fair, 2013). The TGF-β
superfamily is the largest family of protein secretors in
mammals (Peng et al., 2013). Among the members of this
superfamily, GDF9 and BMP15, secreted by the oocyte, are
important regulators of cellular functions such as
proliferation, differentiation, steroidogenesis, apoptosis and
expansion of cumulus in addition to significantly improving
oocyte developmental competence (Eppig, 2001; Matzuk et
al., 2002; Gilchrist et al., 2004; Hussein et al., 2005). Such
factors are capable of regulating female fertility in several
species of mammals (Otsuka et al., 2011; Matzuk and Burns,
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GDF9 and BMP15 factors and their importance on the
ovarian function
The major regulatory capacity of the oocyte on
follicular growth and differentiation is achieved through the
synthesis and secretion of specific factors in the oocyte, in
particular of GDF9 and BMP15 paracrine factors belonging
to the superfamily TGF-β, which act directly on the
granulosa cells to modify their multiplication, function and
differentiation, as well as through direct physical contact
occurring in the oocyte granulosa-cell interface (Hutt and
Albertini, 2007; Hennet and Combelles, 2012; Peng et al.,
2013; Dias et al., 2014) .
The paracrine factors GDF9 and BMP15 have been the
aim of numerous studies, which showed them to be
essential to folliculogenesis and also for oocyte maturation
and ovulation (Ying et al., 2000; Moore et al., 2004; Pangas
and Matzuk, 2005; Su et al., 2008). The importance of
GDF9 and BMP15 factors in the above processes is
evidenced by reproductive defects in individuals that have
mutations or deletion of these genes, as described in rats,
mice, sheep, and humans (Galloway et al., 2000; Yan et al.,
2001; Hanrahan et al., 2004; McNatty et al., 2004; Su et al.,
2004; Peng et al., 2013) and by the ability of their
recombinant forms to mimic the oocyte paracrine actions on
granulosa cells and cumulus under in vitro conditions
(Gilchrist et al., 2004). In human beings, mutations in
GDF9 and BMP15 genes are associated with subfertility,
higher incidence of dizygotic twins, damage to ovulation
and even with ovarian failure in women (Dixit et al., 2006;
Laissue et al., 2006; Hoekstra et al., 2008; Inagaki and
Shimasaki, 2010). Therefore, altered or no expression of
these factors may cause severe damage on ovarian function
and fertility in several species of mammals (Juengel et al.,
2004b; Moore et al., 2004; McNatty et al., 2005a, c;
Gilchrist et al., 2008; Su et al., 2009; Otsuka et al., 2011).
The GDF9 and BMP15 factors, derived from the oocyte,
were chosen as potential ligands to promote oocyte
developmental competence during in vitro maturation, and
can provide new opportunities in treatment of infertility
(Peng et al., 2013).
Besides the folliculogenesis, oocyte capacitation and
ovulation, GDF9 and BMP15 are still involved in the
steroidogenesis,
inhibition
of
luteinization
and
differentiation of cumulus and granulosa cells (Gilchrist et
al., 2006; 2008; Su et al., 2008). Thus, folliculogenesis can
be unregulated when one of these growth factors is absent
or inactive (Dong et al., 1996; Carabatsos et al., 1998;
Eppig, 2001; Gittens et al., 2005).
In most species of ruminants, ovarian GDF9 and
BMP15 are exclusively expressed by the oocyte (Shimasaki
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et al., 2003; Juengel et al., 2004a; Araújo et al., 2010),
although both have been detected by polymerase chain
reaction in granulosa cells of antral follicles in goats (Silva
et al., 2005).
The greatest number of investigations into the GDF9
gene occurred after the discovery that its deletion causes a
blockage in the development of preantral follicles and
consequently leads to infertility in mice (Dong et al., 1996).
Mazerbourg and colleagues have found in 2004 that GDF9
is involved in the initial recruitment and in the progression
of primordial follicles to the pre-antral stage (Mazerbourg et
al., 2004). Thus, GDF9 is a cell growth and differentiation
factor that acts in the somatic cells included in the follicle in
a paracrine manner, where it stimulates changes in
morphology, gene expression and production of steroids
(Spicer et al., 2006; Paulini, 2010). The GDF9 still has an
essential role in the growth and follicular atresia, ovulation,
fertilization and reproduction in females (Elvin et al., 1999;
Hayashi et al., 1999; Hanrahan et al., 2004; Juengel et al.,
2004a; Orisaka et al., 2006; Palmer et al., 2006; Paulini,
2010).
The GDF9 was the first oocyte-specific factor that was
shown to cause cumulus expansion, working as a oocyte
paracrine action factor that regulates several key enzymes
of granulosa cells important to the expansion of cumulus
cells, proving the importance of this factor in creating an
optimal microenvironment for the acquisition of oocyte
developmental competence (Pangas and Matzuk, 2005;
Gottardi and Mingoti, 2010). The inactivation of GDF9
gene in mouse oocytes culminated with the deficiency in
the expansion of the cumulus-oocyte complex
(Vanderhyden et al., 2003). Gui and Joyce (2005)
completely eliminated the expansion of the cumulus cells,
by inactivation of gene expression of GDF9 by RNA
interference technique, leading to the conclusion that GDF9
in mice is the only permissive factor for the expansion of
these cells (Gui and Joyce, 2005).
Expression of GDF9 is detectable from follicular
development, primordial stage (in ruminants, [Bodensteiner
et al., 1999]) or primary (in mice, [McGrath et al., 1995])
and is essential for the development of secondary follicles,
since mice with deletion of this gene showed to be infertile
and with follicular development interrupted at the primary
stage (Dong et al., 1996; Silva et al., 2002; Buratini Jr,
2007; Mello et al., 2013). Furthermore, GDF9 stimulated
preantral follicular growth in in vivo rats, probably by
potentializing the proliferation of the granulosa cells (Vitt et
al., 2000a, b).
In studies involving the shutdown of GDF9 expression,
oocytes showed abnormal development and provision of
cytoplasmic organelles and absence of apoptosis in
granulosa cells (Shimasaki et al., 2004). In other studies
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about the inactivation GDF9, folliculogenesis was
interrupted in the primary stage of development, resulting in
the absence of formation of mature follicles, ovulations and,
consequently, pregnancies (Dong et al., 1996; Elvin et al.,
1999).
The GDF9, mostly expressed and secreted by the oocyte
(Chang et al., 2002; Silva et al., 2009), has had its mRNA
located in bovine, ovine (Bodensteiner et al., 1999) and
caprine oocytes (Silva et al., 2004). The oocyte GDF9
besides regulating the growth and development of the
follicle in all stages of folliculogenesis, also stimulates the
expression of the FSH receptor (FSHR), protects cells
against atresia, promotes cell proliferation, reduces LHR
expression and affects the steroidogenesis of granulosa cells
(Otsuka et al., 2011). The biological effect of GDF9 only
occurs after its link to its specific receptor (Vitt et al., 2002;
Mazerbourg et al., 2004).
The GDF9 also controls the expression of some genes in
granulosa cells. The Gremlin protein had its expression
increased by GDF9 in murine granulosa cells (Pangas et al.,
2004) as well as INHB and steroidogenesis acute regulatory
protein, which also had increased expression; while INHA
had its expression decreased by GDF9 (Mazerbourg and
Hsueh, 2006). Studies demonstrate that GDF9 also
stimulates the basal secretion of progesterone and estradiol
by the granulosa cells of small antral follicles of female rats
(Vitt et al., 2000b).
Homologous to GDF9, the BMP15 has been found in
oocytes of primordial and primary follicles of several
species. As the GDF9, mRNA and proteins of the BMP15
gene are found in all oocytes during folliculogenesis, with
increased expression levels in primary follicles to mature
follicles of mice and rats (Paulini, 2010). The BMP15
protein was first observed in oocytes of primary follicles
from sheep (Galloway et al., 2000), human (Aaltonen et al.,
1999), rats (Jaatinen et al., 1999) and mice (Laitinen et al.,
1998), and subsequently in primordial follicles of small
marsupials (Eckery et al., 2002). In goats, the presence of
BMP15 was shown in oocytes of all follicular categories as
well as in granulosa cells from primary, secondary and
antral follicles (Silva et al., 2005).
The BMP15 protein is produced and secreted by the
oocyte, also known as GDF9B, and besides showing a
significant mitogenic role over the granulosa cells, also
contributes positively to follicular development during the
initial and final stages of folliculogenesis (Otsuka et al.,
2000; Juengel et al., 2004b; Lima et al., 2010). Papers using
BMP15 have also checked their important role in the
prevention of follicular atresia in somatic cells (Hussein et
al., 2005; Yoshino et al., 2006).
The BMP15 mRNA expression, as well as GDF9, was
not observed in oocytes prior to the formation of follicles
being detected only in growing follicles, which indicated

the function of these factors in the regulation of follicle
development in mammals (Dube et al., 1998; Laitinen et al.,
1998; Juengel and McNatty, 2005). Additional evidence of
the participation of BMP15 in folliculogenesis, is that the
proteins translated from this gene are released from the
oocyte to the extracellular matrix oocyte-cumulus (Guéripel
et al., 2006).
The BMP15 has been considered an important regulator
of follicular development and ovulation in mammals
(Galloway et al., 2000; Gilchrist et al., 2004; Juengel et al.,
2004b; Shimasaki et al., 2004; McNatty et al., 2005b; Yeo
et al., 2008; Hussein et al., 2011; Caixeta, 2012). Indeed,
studies of passive immunization BMP15 revealed that
immunized sheep showed reduced amount of follicles at
stages superior to the primary stage and lower antrum
formation and ovulation rate (Juengel et al., 2002). The
BMP15 protein was still capable of stimulating the
expression of epidermal growth factor in cumulus cells in
mice (Yoshino et al., 2006).
The BMP15 has as its main target the granulosa cells
and the stimulus of the proliferation of these cells and
differential regulation of steroid hormones (Paulini, 2010).
Thus, BMP15 is considered to be the main growth factor
responsible for coordinating the proliferation of the
granulosa cells and differentiation of normal reproductive
physiology (Otsuka et al., 2011). GDF9 and BMP15 mRNA
and their proteins may also be related to the expansion of
cumulus cells, since they have increased their expressions at
the time of this expansion (Li et al., 2008a, b).
Since BMP15 and GDF9 are secreted by the oocyte
throughout the follicular growth, as evidenced in humans
and sheep, it suggests that these two growth factors interact
with each other, synergistically acting on target cells as a
single functional complex (Juengel and McNatty, 2005;
McNatty et al., 2005b; Otsuka et al., 2011; Juengel et al.,
2013; Peng et al., 2013). One evidence of this interaction is
that GDF9 inhibits the expression of ligand kit by granulosa
cells, whereas BMP15 stimulates the expression (Gilchrist
et al., 2008).
The member factors of the TGF-β superfamily are
synthesized within the endoplasmic reticulum as prepeptide precursors formed by the pro-region and the mature
bioactive domain (Chang et al., 2002). The sequence of the
constituent amino acids of the GDF9 factor contains four
sites linked to glycosylation, one located in the mature
region, while the BMP15 factor is provided with five
glycosylation sites, two of these are located in the mature
region (McGrath et al., 1995; Dube et al., 1998). In vitro
studies performed with GDF9 and BMP15 factors
demonstrate that glycosylation sites are critical for these
factors recognition by their specific receptors, and therefore,
for its bioactivity (Shimasaki et al., 2004).
In vitro experiments show that the physiological effect
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of GDF9 and BMP15 depends on the species in question,
since the physiology and reproductive morphology between
different species is very variable (McNatty et al., 2005b, c).
However, many studies indicate that GDF9 and BMP15
have critical roles in ovarian architecture of most species
and are essential factors for adequate follicular development,
interfering considerably in the function, growth and
formation of granulosa and theca cells during the growth of
the follicle (Vitt and Hsueh, 2001; Otsuka et al., 2011).
Therefore, mutations, inactivation or deletions in these
genes are directly related with infertility, a fact that has
received wide attention about these factors and their
receptors in the scientific community (Elvin et al., 2000;
McNatty et al., 2003; Di Pasquale et al., 2004; Shimasaki et
al., 2004).
Overexpression of GDF9 and BMP15 factors in mouse
oocytes can also lead to hipofertility in females with
reduced offspring and long estrous cycles (Lan et al., 2003).
Thus, maintaining precise levels of expression of GDF9 and
BMP15 in oocytes, as well as their receptors in granulosa
cells, is essential for adequate follicular development,
increase fertility and improve reproductive efficiency in
mammalian females (Peng et al., 2013).
Specific receptors and signaling pathways of GDF9 and
BMP15 factors
The Smad proteins are part of a family of transcription
factors found in vertebrates, insects and nematodes (Heldin
et al., 1997; Huang et al., 2009), which are the only
intracellular substrates of TGF-β superfamily receptors.
These proteins have the ability to propagate signals and are
considered essential for the factors signaling members of
the TGF-β superfamily, including paracrine factors GDF9
and BMP15, derived from the oocyte (Heldin et al., 1997;
Derynck, 1998; Peng et al., 2013).
The interaction that occurs between paracrine factors
GDF9 and BMP15 and target cells, or somatic cells
(granulosa and cumulus cells) that surrounds the oocyte, is
performed via specific membrane receptors of the TGF-β
superfamily. These receptors are subdivided into two
subclasses: type I receptors, includes seven receptors (ALK
1 to 7); and type II receptors, which comprise five receptors
(Act RII, Act RIIB, AMHRII, TGF-βRII, and BMPRII)
(Miyazawa et al., 2002; Zhao et al., 2007; Paulini, 2010).
To act in adjacent cells to the oocyte, the GDF9 binds to
the TGF-β receptor type I (ALK5) (Moore et al., 2003;
Mazerbourg et al., 2004; Huang et al., 2009) and BMPRII
(Vitt et al., 2002), while the BMP15 binds to BMP receptor
type IB (ALK6) and to the BMPRII (Peng et al., 2013).
When attached to their specific ligands, they act as growth
factors sets, bringing up two type I receptors and two type
II receptors in a heteromeric complex (Franzén et al., 1993).
In this complex, the type II receptors (BMPRII) perform the
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function of activating the type I receptors (ALK5 and
ALK6) by phosphorylation of an intercellular regulatory
region. The type I receptor, once activated, phosphorylates
specific Smad proteins that, in turn, propagate the signal to
the cell nucleus (Paulini, 2010; Peng et al., 2013). The
specific Smad proteins (R-Smad), activated by the
phosphorylation of two receptors type I, include Smads 1, 2,
3, 5, and 8. Once activated, Smad R-Smad molecules
interact with another Smad molecule, called Smad 4, which
consists of a common partner for all of the R-Smad, known
as a common Smad (Smad-Co). This complex Smad/CoSmad (Smad4) is, finally, translocated to the cell nucleus to
interact with specific transcription factors that regulate the
expression of target genes (Nishimura et al., 1998; Gilchrist
et al., 2008) (Figure 1).
The BMP15 paracrine factor uses a more classic way of
signal transduction, joining to its BMPRII and ALK6
receptors and subsequently activating the Smads 1, 5, and 8
(Moore et al., 2003; Shimasaki et al., 2004; Li et al., 2009;
Reader et al., 2011); while the GDF9 uses a signaling
pathway via activin-TGF-β, binding to its BMPRII and
ALK5 receptors and subsequently activating the Smads 2
and 3 (Vitt et al., 2002; Mazerbourg et al., 2004; Huang et
al., 2009; Reader et al., 2011) (Figure 1).
Given the above, we can see that the type II receptor
(BMPRII) has great importance for the adequate follicular
development and acquisition of oocyte competence, besides
being a common receptor for GDF9 and BMP15, it is still
responsible for initiating a signaling cascade that comprises
several events, starting from the phosphorylation and
activation of the type I receptors. BMPRII, or receptor of
bone morphogenetic protein type II, is expressed in the
granulosa cells in the early stages of folliculogenesis in both
ruminant primordial follicles as in preantral follicles in
rodents, and continues to be expressed in all subsequent
stages of follicular development (Juengel and McNatty,
2005; Lima, 2012).
FINAL CONSIDERATIONS
Within the follicular environment, there is a critical
interaction between the oocyte and somatic cells
surrounding it through continuous production and secretion
of paracrine factors by the oocyte. The TGF-β superfamily
factors, in particular GDF9 and BMP15, play a critical role
in ovarian architecture and fertility, being essential for the
proper follicular growth and development, as well as for the
formation, growth and function of granulosa and thecal
cells. Such factors have as their main target the granulosa
cells, and from their ability of functional modulation of
these somatic cells, play a critical role in oocyte maturation
and training process.
In this scenario, the GDF9 and BMP15 growth factors
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Figure 1. Schematic representation of paracrine signaling between the oocyte and the surrounding granulosa cells. The signaling
pathways of growth differentiation factor-9 (GDF9) and bone morphogenetic protein 15 (BMP15) factors derived from the oocyte are
depicted (adapted Gilchrist et al., 2008).
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