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Abstract

Insulin signaling regulates various aspects of physiology, such as glucose homeostasis and aging,
and is a key determinant of female reproduction in metazoans. That insulin signaling is crucial for
female reproductive health is clear from clinical data linking hyperinsulinemic and
hypoinsulinemic condition with certain types of ovarian dysfunction, such as altered
steroidogenesis, polycystic ovary syndrome, and infertility. Thus, understanding the signaling
mechanisms that underlie the control of insulin-mediated ovarian development is important for the
accurate diagnosis of and intervention for female infertility. Studies of invertebrate and vertebrate
model systems have revealed the molecular determinants that transduce insulin signaling as well
as which biological processes are regulated by the insulin-signaling pathway. The molecular
determinants of the insulin-signaling pathway, from the insulin receptor to its downstream
signaling components, are structurally and functionally conserved across evolution, from worms to
mammals — yet, physiological differences in signaling still exist. Insulin signaling acts
cooperatively with gonadotropins in mammals and lower vertebrates to mediate various aspects of
ovarian development, mainly owing to evolution of the endocrine system in vertebrates. In
contrast, insulin signaling in Drosophila and Caenorhabditis elegans directly regulates oocyte
growth and maturation. In this review, we compare and contrast insulin-mediated regulation of
ovarian functions in mammals, lower vertebrates, C. elegans, and Drosophila, and highlight
conserved signaling pathways and regulatory mechanisms in general while illustrating insulin’s
unique role in specific reproductive processes.
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INTRODUCTION

The successful propagation of a species requires proper oocyte development and ovarian
function. Throughout the animal kingdom, oogenesis is regulated by a large number of intra-
and extra-ovarian factors. In mammals as well as in other vertebrates, the follicle is the

"Corresponding author: Department of Genetics, Unit 1010, The University of Texas MD Anderson Cancer Center, 1515 Holcombe
Boulevard, Houston, TX 77030. Telephone: 713-745-8424; Fax: 713-834-6342; sarur@mdanderson.org.

Quote:

“[We] propose that insulin is a key, evolutionarily ancient regulator of female reproduction.”
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functional unit of the ovary, consisting of three cell types: an outer theca cell layer, an inner
granulosa cell mass, and oocytes. Follicular development, meiotic resumption, and ovulation
are orchestrated by the highly complex interplay of endocrine, paracrine, and autocrine
signals. Three different tiers of regulatory organs—the hypothalamus, anterior pituitary
gland, and gonads, the hypothalamic-pituitary-gonadal axis—regulate these events in the life
cycle of an oocyte (Nagahama and Yamashita, 2008; Edson et al., 2009).

Insulin, one of the most conserved molecules among animals, also regulates ovarian
development and oogenesis. Insulin was initially discovered for its roles in regulating
carbohydrate, fat, and protein metabolism in muscle, liver, and adipose tissues (Saltiel and
Kahn, 2001; Hua, 2010). Recent studies from the last two decades, however, have rapidly
expanded the activities that insulin participates in, including regulation of steroidogenesis in
ovarian cells in vitro and in the stromal and follicular compartments of human and murine
ovaries (Poretsky et al., 1999; Acevedo et al., 2007). Underscoring these observations and
the impact of insulin signaling on ovarian development is the observation that, in humans,
hypo- or hyper-insulinemia is associated with significant alterations to ovarian function
(Colton et al., 2002; Chang et al., 2005; Kandarakis and Dunaif, 2012). Insulin receptor
(IR)-dependent signaling also promotes oocyte maturation in lower vertebrates, such as
Xenopus and zebrafish, wherein IR is expressed both in the thecal-granulosa compartment
and the oocyte surface (Hainaut et al., 1991; Chuang et al., 1993, 1994; Das et al., 2016a),
and regulates oocyte development and maturation in flies and worms (Wu and Brown, 2006;
Brown et al., 2008; Lopez et al., 2013). Together, these reports suggest that the role of
insulin signaling during oogenesis and ovarian development is conserved from worms to
humans, even though physiological and molecular differences exist in their pathways. The
mechanisms regulating these diverse insulin-dependent functions are clearly of immense
importance, as are their modes of execution throughout phylogeny.

Potential interplay among these signaling events in oocytes undergoing meiotic progression
is an area of active research. Keeping these developments in mind, we focus primarily on the
recent advancements and the crucial role of insulin-induced signaling pathways in oocyte
growth, development, and maturation. Our comparison of worms, flies, teleosts, and
mammals highlights the evolutionary conservation of the insulin-signaling pathway in
general, while illustrating its unique role(s) in specific reproductive processes.

INSULIN: AN EVOLUTIONARILY CONSERVED MOLECULE

Insulin signaling regulates blood glucose levels and is essential for maintaining energy
storage, glucose metabolism, glycogenesis, lipogenesis, cellular growth, survival, and
reproduction — additionally it plays a role in aging (Poretsky et al., 1999; Tatar et al., 2001;
Taguchi and White, 2008; Hua, 2010; Kenyon, 2010). Physiologically, the cellular function
of insulin is primarily mediated via IR, a member of the receptor tyrosine kinase family that
is expressed on the cell surface as a heterodimer of two identical a,B, subunits (reviewed by
Lawrence et al., 2007). IR regulates two major cell signaling cascades that affect either
metabolic or mitogenic functions: (i) the Phosphatidylinositol-3-kinase (PI3K)/AKT and (ii)
RAS/ERK (Extracellular-signal Regulated Kinase) signaling pathways (Figure 1) (described

Mol Reprod Dev. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DAS and ARUR

Page 3

in detail by Cantley et al., 2002; Roux and Blenis, 2004; Taniguchi et al., 2006; Belfiore et
al., 2009; Liao and Hung, 2010).

The components of insulin signaling, including ligands and receptor proteins, are highly
conserved and active among metazoans (Figure 2). For example, Drosophila Insulin-like
peptides (ILPs) bind to and activate human IR, and can lower blood glucose levels in rats
(Sajid et al., 2011). Reciprocally, bovine and human insulin can bind to Drosophila IR with
moderate affinity (Petruzzelli et al., 1985; Sajid et al., 2011), underscoring the structural and
functional conservation of insulin signaling in these distant species. Additionally, insulin
receptor substrates — PI3K, AKT, and RAS-ERK - are all regulated downstream of insulin
signaling in mammals (White, 2003; Taniguchi et al., 2006; Taguchi and White, 2008;
Belfiore et al., 2009), Drosophila (Claeys et al., 2002; Badisco et al., 2013; Sim and
Denlinger, 2013), and Caenorhabditis elegans (Kenyon, 2010; Murphy and Hu, 2013).

Members of the human insulin peptide family include insulin, insulin-like growth factor
(IGF) 1 and 2, and seven relaxin-related peptides (reviewed by Fernandez and Torres-
Alemaén, 2012). Despite their similarities at the ligand and receptor levels, insulin regulates
only metabolic effects, whereas IGFs act as potent growth and differentiation factors
(Belfiore et al., 2009). Insulin is secreted from mammalian pancreatic B cells in response to
glucose, while other nutrients, such as free fatty acids and amino acids, can augment
glucose-induced insulin secretion (Fu et al., 2013); much less is known about regulation of
insulin gene expression or insulin secretion from pancreatic p-cells of lower vertebrates. The
transcription factors that regulate the expression of insulin in zebrafish, however, are
homologous with those in the mammalian system (Biemar et al., 2001; Kinkel and Prince,
2009), prompting us to hypothesize that the regulation of gene expression in teleosts is
similar among vertebrates, but only future research will clarify these mechanisms.

Mature insulin hormone is generated by cleavage of the preprohormone in vertebrates.
Conversely, invertebrates genomes encode for small ILPs — although these ILPs do carry the
dibasic cleavages sites, and also express several proconvertases, suggesting that the ILPs
maybe generated from longer peptides, much like cleavage of preprohormone in vertebrates.
The Drosophila genome contains eight ILP-encoding genes (di/p1-8) (Brogiolo et al., 2001;
Gronke et al., 2010; Colombani et al., 2012). These dilp-encoded peptides are structurally
similar to preproinsulin, of which DILP2 has the highest homology (35% identity) with
mammalian insulins (Brogiolo et al., 2001). The C. elegans genome similarly contains genes
for ~40 distinct ILPs (daf-28 and ins-1 through ins-39) (reviewed by Li and Kim, 2008).
Ninety percent of C. elegans ILPs emanate from neurons that integrate environmental cues
to signal to other cell and tissue types (Pierce et al., 2001; Li et al., 2003). In addition, /ns-1,
ins-7, ins-18, and daf-28 are expressed in non-neuronal tissues, such as the intestine (Pierce
etal., 2001; Li et al., 2003; Murphy et al., 2007). Systematic and genetic analysis of all 40
ILP genes in C. elegans as well as genetic analysis of the 8 diip genes in Drosophila
demonstrated that ILPs regulate crucial invertebrate physiology, either alone or in
combination, and may possess functional redundancy and/or mediate feedback regulation
(Gronke et al., 2010; Cornils et al., 2011; Fernandes de Abreu et al., 2014). Given the varied
biological responses generated during the development of worms and flies in response to the
different ILPs, important, unanswered questions include if and how environmental or
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nutritional input specifically regulates the expression of each of the insulin ligand genes to
generate the distinct biological responses. Work in Drosophila revealed that distinct ILPs are
secreted in distinct manners. For example, DILP2, 3, and 5 are secreted by neurosecretory
cells in the fly brain in response to distinct signals in larvae versus adults. Some of these
mechanisms include glucose sensing (reviewed in detail by Nassel & Vanden Broeck 2016).
However, while IGF-binding peptides been identified in Drosophila (Honegger et al., 2008),
whether or not their binding affinity varies with different ILPs in a tissue-specific manner
and how they modulate the function of ILPs requires further investigation.

INSULIN REGULATION OF OOGENESIS AND OVARIAN DEVELOPMENT

Oocytes are terminal gametes, so their quality is the principal determinant of early
embryonic survival, establishment and maintenance of pregnancy, fetal development, and the
acquisition of several birth defects (Gilbert et al., 2015; Zhang and Smith, 2015). The
process of oocyte formation, growth, and development establishes the foundation of proper
embryogenesis, and key events in oocyte development are shared among phylogenetically
distant animal groups. For instance, oocytes originate from primordial germ cells during
fetal development in almost all animals and actively migrate to the gonad during early
embryonic development from across the gut; an exception is C. elegans, whose primordial
germ cells do not need to migrate to the gonad, and instead are carried there during ventral
ingression (reviewed by Richardson and Lehmann, 2010). In early growth phases, oocytes
actively transcribe many genes whose mRNA are then held in a translationally silent form,
owing to shortened polyadenine tails (reviewed by Bachvarova, 1992; Mendez and Richter,
2001). These transcripts are stored for future oocyte development, such as during oocyte
maturation (e.g. c-mos, cyclinB), and for post-fertilization processes that are required prior
to the maternal-to-zygotic genome transition (reviewd by Langley et al., 2014). Growing
oocytes also take up amino acids and several macromolecules from the surrounding
follicular cells. De novo synthesis and uptake of macromolecules are both essential for the
growth, development, and maturation of the oocyte itself, as well as for the storage of
information and materials necessary to support early embryonic development (Picton et al.,
1998; Sanchez and Smitz, 2012; Langley et al., 2014). Finally, oocytes of almost all
metazoan species arrest at the diplotene (or diakinesis, in C. efegans) stage of prophase-I,
known as the primary arrest point (Figure 3); this milestone further aids in the
differentiation, growth, and development of oocytes (reviewed by Von Stetina and Orr-
Weaver, 2011).

Mammalian Oocyte Growth, Development, and Maturation

Gonadotropins (e.g. follicle-stimulating hormone [FSH] and luteinizing hormone [LH]) and
sex steroids (e.g. estrogens and progesterone) regulate mammalian folliculogenesis in a
stage-dependent manner. Early stages of follicle development — from primordial follicles
until the preantral follicle stage — are gonadotropin-independent (Figure 3A) (Edson et al.,
2009); instead, they are regulated by locally secreted ovarian factors, such as the KIT ligand
and its receptor (Nilsson and Skinner, 2004), nerve growth factor (Dissen et al., 2001), and
members of the transforming growth-factor  superfamily, such as anti-Mdllerian hormone
(Durlinger et al., 1999, 2002), growth differentiation factor 9 (GDF9) (Elvin et al., 1999),
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and bone morphogenetic protein 4 (BMP4) (Nilsson and Skinner, 2003), BMP7 (Lee et al.,
2001), and BMP15 (Yan et al., 2001). Ovarian follicles respond to gonadotropins via their
expression of functional FSH and LH receptors, which occurs from the preantral stages of
follicular development until formation of a pre-ovulatory, Graafian follicle (Edson et al.,
2009). Bidirectional signaling between oocytes and adjacent granulosa cells promote
granulosa cell proliferation and differentiation by coordinating with FSH, which in turn
drives granulosa cell survival, proliferation, and production of steroid hormones (Diaz et al.,
2007). IGF1 has synergistic and complementary functions in the development of the
granulosa cells (Edson et al., 2009).

Mammalian oocytes enter meiosis | during fetal development, and subsequently arrest at the
diplotene stage of prophase-1 until puberty (Sanchez and Smitz, 2012). High concentrations
of intra-oocyte cyclic adenosine 3,5 -monophosphate (¢CAMP) and activation of cAMP-
dependent protein kinase A (PKA) are essential for the maintenance of this prophase-I arrest
(Conti et al., 2002; Adhikari and Liu, 2014). Meiotic competence is acquired during later
stage of folliculogenesis, and coincides with antrum formation (Figure 3A).

Oocyte maturation induces the release of the oocyte from primary arrest, and enables
progression through meiotic metaphase. In mammals, meiotic maturation is triggered by the
preovulatory surge in LH via activation of cytosolic Maturation promoting factor (MPF), a
heterodimer of catalytic Cycline-dependent kinase 1 (CDK1) and its regulatory component
Cyclin B (Nurse, 1990; Solc et al., 2010; Adhikari and Liu, 2014). Active MPF promotes
progression from meiotic metaphase | (MI) to metaphase Il (M) through Histone H1 kinase
activation, chromosome condensation, spindle formation, dissolution of nuclear envelope
(germinal vesicle break down [GVBD]), and release of the first polar body.

Role of Insulin Signaling in Mammalian Oocyte Development—Insulin is
routinely used as a supplement for the in vitro culture of preantral follicles (Louhio et al.,
2000; Chaves et al., 2012); however, a role for insulin in regulating oocyte growth in vivo
has yet to be documented. In vitro studies of cultured mammalian cells showed that insulin
stimulation promotes oocyte growth by increasing either the number of gonadotropin
receptors or the sensitivity and binding capacity of LH to its cognate receptor (Poretsky and
Kalin, 1987). Insulin can also act synergistically with FSH to promote human ovarian thecal-
interstitial cell differentiation and proliferation (Duleba et al., 1997), as well as with LH/
human chorionic gonadotropin to regulate ovarian function, given that experimentally
induced hyperinsulinemia causes increased human chorionic gonadotropin-induced ovarian
growth (Poretsky et al., 1992). These data suggest that insulin indirectly regulates
folliculogenesis in later stages of oocyte development.

Insulin also regulates ovarian androgen production in humans, suggesting it has an indirect
role in early folliculogenesis since ovarian androgen is important for maintaining early
follicular development. Indeed, the absence of ovarian androgen receptors in mice causes
premature ovarian failure (Hu et al., 2004; Shiina et al., 2006; Gleicher et al., 2011). Thus,
the possibility of insulin regulation of early oocyte growth via androgen-androgen receptor
system cannot be ruled out.
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In vitro culture-based experiments with early stages of human and non-human primate
follicles suggest that insulin functions as a survival factor, as increased insulin levels reduce
the quantity of atretic follicles, causing an overall increase in the number of viable follicles
(Louhio et al., 2000; Xu et al., 2010). In goat preantral follicles, treatment with 10 ng/ml of
insulin is associated with FSH-stimulated follicular development and survival (Chaves et al.,
2012). Taken together, these data implicate insulin function in multiple aspects of
mammalian oocyte growth.

Role of PIBK/AKT and TOR Signaling in Mammalian Oocyte Growth and
Development—PI3K/AKT pathways play a major role in the initial recruitment of
primordial follicles into the growth phase, although the physiological regulators are not well
defined. For example, over-activation of PI3K signaling by oocyte-specific deletion of
murine Pten (Phosphatase and tensin homolog deleted on chromosome 10) causes premature
activation of primordial follicles, resulting in their rapid depletion in the adult and premature
ovarian failure (Reddy et al., 2008). Interestingly, loss of phosphoinositide-dependent
kinase-1, a kinase upstream of AKT, in murine oocytes also leads to premature ovarian
failure, but in a reciprocal manner (Reddy et al., 2009): Deletion of PdkZ causes premature
ovarian failure as a result of accelerated, direct clearance of primordial follicles from their
dormant state. These two types of premature ovarian failure, resulting from loss of Pfen or
Pdk1, represent distinct etiologies of the human counterpart.

One key downstream mediator of the PI3K/AKT pathway is the transcription factor
Forkhead box “Other” 3 (FOX03). FOXO3 is phosphorylated, and thus inhibited, by
activation of the PI3K pathway (Liao and Hung, 2010). Active FOXO3 blocks primordial
follicle activation, likely via inhibition of the expression of genes essential to oogenesis and
folliculogenesis (John et al., 2007). Mice lacking Foxo3undergo premature activation of
primordial follicles and further depletion of mature follicles (Castrillon et al., 2003). During
oocyte development, PI3K signaling seems to function in line with Foxo3since
simultaneous depletion of Pfernand Foxo3in oocytes does not have a synergistic effect on
follicle activation (Reddy et al., 2008). A constitutively active form of Foxo3in murine
oocytes, however, produces distinct phenotypes depending on the time and stage of the
oocyte. For example, Liu et al. found that active FOXO3, when expressed via Zp3.:Cre,
causes infertility by blocking oocyte growth, follicular development, and ovulation (Liu et
al. 2007). Pelosi et al., however, found that active FOXO3, when expressed via the Kit
promoter, maintained an ovarian reserve and increased reproductive capacity in mice (Pelosi
et al., 2013). Presumably these differences were due to the expression of FOXO3 at different
stages of oocyte development: the Zp3 promoter is active at the primary stage of
folliculogenesis and remains active in growing oocytes whereas the Kitpromoter is
expressed only in primordial and primary follicles (Pelosi et al., 2013). Thus, PI13K-
dependent FOXO3 activity has different context-dependent outcomes during oocyte growth
and development.

Tuberous sclerosis complex (TSC) and Mammalian target of rapamycin complex 1
(mTORCY1) also regulate oocyte growth (reviewed by Adhikari and Liu, 2010). In mice,
activation of mMTORCL1 by loss of either TSC1 or TSC2 activates dormant primordial
follicles (Adhikari and Liu, 2010), presumably through elevated activity of Ribosomal
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protein S6 (rpS6) Kinase 1/rpS6 signaling, which promotes protein translation and ribosomal
biogenesis in oocytes (Adhikari and Liu, 2010). These observations highlight the role of
TSC/mTORC1 signaling in the regulation of female reproduction, although a role for mTOR
signaling in mediating oocyte development adds layers of complexity. AKT, for example,
regulates TSC/mTORC1 (Huang and Manning, 2009), and AKT-mediated phosphorylation
of TSC2 disrupts the TSC1/TSC2 complex that, in turn, inhibits mTORC1, resulting in
inhibition of oocyte growth (Huang and Manning, 2009). Inhibition of mMTORCL1 via
deletion of Raptor, however, triggers compensatory activation of PI3BK/AKT signaling that
maintains normal ovarian follicular development and fertility (Gorre et al., 2014). Thus, the
context of mMTORCL inhibition seems to be essential for mediating all the possible outcomes
of oocyte growth. Interestingly, the network of AKT signaling gets more complex with the
recent observation that mMTORC?2 activates AKT, and loss of mMTORC?2 function, via oocyte-
specific ablation of Rictor (whose encoded protein activates mTORC?2), results in premature
ovarian failure, including massive follicular death, excessive loss of functional ovarian
follicles, and abnormal gonadal hormone secretion (Chen et al., 2015). These observations
suggest that insulin signaling intersects with target of rapamycin (TOR) and PI3K/AKT
signaling, and together these pathways play a crucial role in the regulation of oocyte
survival, growth, and timely follicular activation in reproductive females. Given the central
importance of insulin and TOR signaling to physiology and metabolism, future studies that
delineate the exact molecular mechanisms linking the upstream signals to oocyte and
ovarian developmental steps are needed.

Insulin Functions as a Rheostat in Mammalian Oocyte to Regulate Oocyte
Maturation—Insulin signaling — in addition to contributions by LH, local paracrine factors,
IGF, and EGF - regulates meiotic competence and final oocyte maturation in mammals
(Eppig et al., 1998, 2000; Acevedo et al., 2007). Preovulatory follicles contain increased
insulin abundance compared to the subordinate follicles in vivo, suggesting that insulin
affects oocyte maturation (Landau et al., 2000). In vitro, however, insulin negatively impacts
embryo development following fertilization, despite morphologically normal MlI divisions
of the murine oocyte/granulosa cell complexes: Culturing mouse ovarian follicle with high
levels (5 pg/ml) of insulin compromises blastocyst development and, often, prevents
establishment of normal pregnancy (Eppig et al., 1998). Furthermore, exposure to high
levels of insulin during oocyte growth in vivo has detrimental effects on meiotic chromatin
remodeling and induces chromosome condensation errors in mice (Acevedo et al., 2007).
Thus, high concentrations of insulin clearly impair oocyte growth and induce cellular
toxicity. Accordingly, lower concentration of insulin of 10 ng/ml, together with FSH, can
initiate meiotic resumption, maintain survival, and stimulate follicular development in goat
preantral follicles (Chaves et al., 2012). Thus, while low amounts of insulin promote normal
oocyte growth and development, extremely high levels of insulin result in aberrant oocyte
development and thus birth defects.

Yet, very low levels of insulin are also harmful, based on fertility phenotypes associated with
diabetes. For example, women with insulin-dependent diabetes mellitus suffer from ovarian
hypofunction (Poretsky and Kalin, 1987) — a phenotype that is mirrored in mammalian
models. Experimentally induced diabetes (type 1) in mice is associated with either a
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reduction in ovulation rate (Powers et al., 1996) or cessation of ovulatory cycles, which is
restored upon insulin treatment (Rogers et al., 1990). Preovulatory oocytes in diabetic mice
are markedly smaller and exhibit lower rates of meiotic maturation (Chang et al., 2005).
Conversely, exposure of ovarian follicles from diabetic mice to insulin at supraphysiological
concentrations stimulates cleavage and maturation of oocytes in vitro (Gong, 2002).
Prolonged hyperinsulinemia, however, eventually negatively impacts the developmental
competence of oocytes in vivo (Dumesic et al., 2002). Insulin-resistant and hyperinsulinemic
mice, for example, display altered estrous cycling and duration independent of
hyperglycemia, hyperandrogenism, and increased adipose tissue mass (Nandi et al., 2010).
Taken together, these pathophysiological conditions suggest that insulin signaling functions
as a tightly controlled rheostat that regulates meiotic competence and oocyte maturation,
where too much or too little insulin is harmful to normal oocyte development.

Oocyte Growth, Development and Maturation in Lower Vertebrates

In all oviparous vertebrates, including Xenopus and zebrafish, oogonial proliferation and
oocyte recruitment occur throughout the reproductive cycle, and ovarian follicles undergo
the same basic pattern of growth followed by final oocyte maturation and ovulation
(Wallace, 1985; Tyler and Sumpter, 1996; Kagawa, 2013). Following the primary stage, the
secondary growth phase is characterized by oocyte growth due to the synthesis and
incorporation of yolk material into the growing oocyte (Figure 3b) (Wallace, 1985). The
major event responsible for this extensive growth is known as vitellogenesis, which is
characterized by hepatic production of the yolk precursor protein vitellogenin under the
direct regulation of 17p-estradiol. Newly synthesized vitellogenin is transported via the
blood to the ovary, where it undergoes receptor-mediated endocytosis, resulting in its uptake
by growing oocytes (Wallace, 1985; Tyler and Sumpter, 1996).

As in mammals, high cAMP/PKA levels maintain prophase-I arrest in lower vertebrates
(Das et al., 2017). In teleosts, prior to ovulation, a surge in pituitary LH triggers follicle cells
to synthesize and secrete maturation-inducing steroid — 17a.,20p3-dihdroxy-4-pregnen-3-one
in the majority of fishes, but 17a,20p,21-trihydroxy-4-pregnen-3-one in sciaenids and in
marine perciform species (Nagahama and Yamashita, 2008). Binding of maturation-inducing
steroid to its membrane progestin receptor a at the oocyte surface activates a pertussis toxin-
sensitive inhibitory G protein (Ga;) and subsequently down-regulates activity of adenylyl
cyclase, the enzyme responsible for production of cAMP from ATP (Zhu et al., 2003). In
addition, the maturation-inducing steroid triggers rapid changes to intracellular
phosphorylation—dephosphorylation signaling cascades that ultimately result in the
activation of MPF and final oocyte maturation (Nagahama and Yamashita, 2008; Das et al.,
2017).

Role of Insulin Signaling in Oocyte Maturation in Lower Vertebrates—The
meiotogenic potential of insulin on oocyte maturation was first described in Xengpus over
35 years ago (EI-Etr et al., 1979; Hirai et al., 1983). These studies demonstrated that insulin
acts directly on the oocyte surface to regulate final oocyte maturation, suggesting that insulin
function is independent of progesterone action on meiotic maturation. Xenopus oocytes
express both insulin receptor and IGF1 receptors (IGF1Rs), although IGF1Rs are ~15 times
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more abundant (Hainaut et al., 1991), suggesting the possibility that insulin-induced
Xenopus oocyte maturation is mediated, at least partially, by IGF1R (Zhu et al., 1998).

Insulin also induces GVBD in denuded (devoid of surrounding follicular cells) zebrafish
oocytes, suggesting that insulin can mediate oocyte maturation via a pathway independent of
steroids in teleosts as well (Das et al., 2013). Both /nsrand jgfirare also expressed by
zebrafish and carp oocytes, and expression of /nsris lower than that of /gfZr (reviewed by
Das et al., 2017). Zebrafish mid-vitellogenic follicle-enclosed oocytes (Figure 3b) respond to
insulin, but not human chorionic gonadotropin, suggesting that oocytes are only responsive
to insulin at an early stage of development (Das et al., 2016a). Insulin likely triggers meiotic
resumption by up-regulating membrane abundance of Progesterone receptor a and 20B-
hydroxy-steroid dehydrogenase, which is responsible for maturation-inducing steroid
synthesis (Das et al., 2016a). In vitro insulin stimulation can also trigger /g73 expression in
zebrafish follicle-enclosed oocytes (Das et al., 2016a), suggesting an important role for
insulin in modulating the activity of local paracrine factors involved in oocyte maturation
(Das et al., 2017).

Insulin-Induced PI3K/AKT in the Regulation of Oocyte Maturation in Lower
Vertebrates—The role of the insulin-induced PI3K/AKT signaling pathway in the
regulation of oocyte maturation is best characterized in lower vertebrates, owing to the ease
of in vitro culture systems, preparation of denuded oocytes divested of follicular cells, and
widespread use of cell-permeable pharmacological agents targeting selective intra-oocyte
kinases and phosphatases (Chuang et al., 1993; Andersen et al., 1998; Mood et al., 2004;
Das et al., 2016b). In Xenogpus, activation of PI3K signaling regulates insulin-dependent
oocyte maturation (Chuang et al., 1993). For example, constitutively active Akt induces
GVBD in Xenopus oocytes to the same extent as that resulting from insulin treatment
(Andersen et al., 1998), whereas a dominant-negative Akt mutant blocks insulin-stimulated
meiotic resumption (Andersen et al., 2003). While PI3K may regulate insulin-dependent
signaling, it does not influence progesterone-mediated meiotic resumption. Specifically,
PI3K inhibition either delays (Bagowski et al., 2001) or has no effect on progesterone-
stimulated meiotic maturation in Xenopus (Andersen et al., 2003; Mood et al., 2004),
suggesting that PI3K-mediated signaling is an auxiliary pathway for progesterone action in
this species (Andersen et al., 2003). Downstream of the PKB/AKT pathway, oocyte-specific
Phosphodiesterase 3 (Pde3), the enzyme that cleaves CAMP to AMP, mediates insulin/IGF1-
induced meiotic resumption (Andersen et al., 1998; Conti et al., 2002).

Insulin also promotes PI3K/AKT signaling pathway in zebrafish oocytes (Das et al., 2013).
PI13K is activated within 30 to 60 minutes after insulin stimulation, followed by Akt
activation (phosphorylation) within 60 and up to 120 minutes after initial stimulation; oocyte
maturation occurs at ~6 to 10 hours. The length of time between insulin stimulation and
oocyte maturation emphasizes the possible involvement of intracellular factors downstream
of Akt (Das et al., 2013). Inhibition of Pde3 blocks insulin-induced Cdc2 activation and
GVBD, but not PI3K/AKT activation, suggesting that Pde3 is a key downstream target of the
PI3K/AKT signaling pathway that regulates insulin-dependent meiotic maturation in
zebrafish oocytes (Das et al., 2013). Although involvement of PI3K in fish oocyte
maturation was documented earlier (Weber and Sullivan, 2001), these results were the first
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to define the downstream pathways that are modulated by insulin and how they fit the
paradigm compared to amphibian and mammalian systems (Das et al., 2013).

Insulin-Induced ERK1/2 in the Regulation of Oocyte Maturation in Lower
Vertebrates—In contrast to PI3K/AKT signaling, the kinetics of intra-oocyte ERK
activation and their role in oocyte maturation are highly species-specific in lower vertebrates
(Kajiura-Kobayashi et al., 2000; Liang et al., 2007; Maitra et al., 2014). In Xenopus, Mos, as
well as its downstream targets (Mek, Erk2, and rpS6 kinase), induce meiotic maturation,
even in the absence of progesterone, when microinjected into prophase-arrested oocytes
(Dupré et al., 2010). While inhibition of Mek activity blocks Mos-mediated meiotic
maturation, it fails to block progesterone-induced oocyte maturation in amphibians (Gross et
al., 2000). These observations suggest that (i) Mos functions through Erk in oocytes and (ii)
apart from Mos/Mek/Erk, an alternative and redundant pathway remains active to resume
meiosis. Interestingly, progesterone-induced MPF activation is completely abolished when
synthesis of Cyclin B, the regulatory subunit of MPF, and the Mos/Erk pathways are
simultaneously impaired (Haccard and Jessus, 2006). And activation of either pathway
restores MPF activation, so the two pathways function redundantly during Xenopus oocyte
maturation (Haccard and Jessus, 2006).

The Erk pathway also plays an important role in the establishment and maintenance of the
spindle assembly checkpoint after microtubule depolymerization to release the cytostatic
arrest of Ml oocytes in Xenopus (Takenaka et al., 1997; Dupré et al., 2010). Cytostatic
factor activity is mediated via the Mos/Mek/Erk2/rpS6 kinase pathway. The Mos/Mek/Erk
pathway members are each synthesized and/or activated upon oocyte maturation, and each
kinase in the pathway depends only on downstream molecules in the pathway for cytostatic
factor-mediated establishment of cell-cycle arrest at M1l (Tunquist and Maller, 2003; Dupré
etal., 2010).

In Xenopus oocytes, insulin regulates /mos mRNA translation via PI3K/AKT-mediated
inhibition of glycogen synthase kinase 3@, which facilitates Aurora A-catalyzed
Cytoplasmic polyadenylation element binding protein (Cpeb) phosphorylation, cytoplasmic
polyadenylation, translation, and oocyte maturation (Sarkissian et al., 2004). Insulin-
stimulated Xenopus stage-1V vitellogenic oocytes fail to stimulate Mos synthesis and are
unable to activate MPF to undergo maturation (Chesnel et al., 1997). Inhibition of Mos-
induced Erk activation in insulin-treated oocytes delays meiotic resumption (Baert et al.,
2003), further underscoring the importance of Mos synthesis and the Mos/Erk pathway
during insulin-induced oocyte maturation in Xenopus.

A role for the Xenopus GTP-binding protein p21 Ras and serine/threonine kinase Raf-1 has
also been demonstrated downstream to insulin signaling and in Erk activation and oocyte
maturation (Deshpande and Kung, 1987; Korn et al., 1987; Fabian et al., 1993). Expression
of a kinase-defective human RAF-1 protein (KD-RAF) inhibited receptor tyrosine kinase
pathway-induced GVBD, suggesting that Xerngpus oocyte maturation induced by the
receptor tyrosine kinase pathway requires RAF-1 activation (Fabian et al., 1993); similarly,
endogenous Mek inhibition significantly delayed insulin-induced oocyte maturation (Baert
etal., 2003).
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Unlike Xenopus, activation of the Mos/Erk pathway is neither required for steroid—induced
oocyte maturation nor sufficient to trigger meiotic resumption in goldfish oocytes (Kajiura-
Kobayashi et al., 2000) while pharmacological inhibition of Mek fails to block steroid-
induced oocyte maturation in the Atlantic croaker (Pace and Thomas, 2005). Yet, as in
mammals and Xengpus, the role of the Mos/Erk pathway as a cytostatic factor that
suppresses DNA replication between MI and MII is well-documented in teleosts (Kajiura-
Kobayashi et al., 2000; Pace and Thomas, 2005; Liang et al., 2007). In this context, current
studies on the role of ERK signaling in insulin-induced oocyte maturation are limited to
fishes. Erk1/2 is activated within 30 to 90 minutes of insulin/IGF1 stimulation in the
zebrafish and common carp. This time scale is rapid, and precedes MPF activation and
GVBD (Paul et al., 2009; Maitra et al., 2014). Interestingly, while Mek inhibition
completely blocks insulin/Igf1-induced oocyte maturation in carp (Paul et al., 2009), it only
delays insulin-stimulated GVBD in zebrafish (Maitra et al., 2014), suggesting that species-
specific differences exist for Erk activation during teleost oocyte maturation. Inhibition of
Raf-1 or Mek activity, but not protein synthesis, blocks insulin-induced Erk activation in
zebrafish oocytes, suggesting that the membrane-initiated Ras/Raf/Mek pathway, rather than
Mos synthesis, regulates Erk1/2 activation in this species (Maitra et al., 2014). Thus, Erk
activation is an important component of the insulin-induced signal transduction cascade,
leading to activation of MPF and induction of GVBD.

Oocyte Growth, Development, and Maturation in Invertebrates

Drosophila oogenesis (Figure 3c) starts at the anterior end of the ovariole in a
microenvironment, the germarium, where both germ line and somatic cells reside and the
egg chamber is assembled (Spradling, 1993). Germ-line stem cells self-renew via
asymmetric divisions, and give rise to cystoblasts (Shim et al., 2013; Xie, 2013; Ables,
2015). Following four incomplete mitotic divisions, a single germ-line stem cell gives rise to
cystoblasts containing 16 individual cells connected by cytoplasmic bridges; one of these
cells becomes the egg cell, whereas the others become nurse cells (Spradling, 1993). As the
follicle pinches off from the germarium following the formation of the epithelial follicular
monolayer, oocytes progress through 14 distinct stages of maturation that are
morphologically arranged in a linear fashion according to developmental maturity
(Spradling, 1993). Although meiosis begins in region 2A in the germarium, oocytes remain
in prophase-1 until undergoing meiotic maturation at stage 13 of oogenesis (Spradling, 1993;
Xiang et al., 2007; Von Stetina et al., 2008). Two lipophilic hormones — ecdysteroids, which
are principally synthesized by the ovary, and juvenile hormone from the corpora allata —
stimulate vitellogenin production by the fat body (Brown et al., 2009; Badisco et al., 2013).
Unlike in vertebrates, where LH and/or maturation-inducing steroid initiate meiotic
resumption, an initiation signal for maturation has yet to be identified in Drosophila,
nevertheless, active MPF (Cdk1-cyclin B complex) functions during oocyte maturation (Mon
Stetina et al., 2008). Additionally, an a-endosulfine homolog, endos, encoding a conserved
phosphoprotein, regulates all aspects of Drosophila meiotic maturation, including the timing
of GVBD (Von Stetina et al., 2008).

C. elegans exists as either a self-fertilizing XX hermaphrodite, that produces both sperm and
oocytes, or a cross-fertilizing XO male. Germ cells, in an adult hermaphroditic animal, at the
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distal end of the gonad tube, are proliferative, whereas germ cells located more proximally
(Figure 3D), near the uterus in the hermaphrodite, are meiotic, first producing sperm at the
late L4 stage and then exclusively oocytes in adulthood (reviewed by Hubbard and
Greenstein, 2000; Hubbard, 2007; Kimble and Seidel, 2013). Unlike vertebrates and
Drosophila, oocyte maturation in C. elegans is controlled by the major sperm protein (MSP),
which is secreted by the spermatheca via a vesicle-budding process (Miller et al., 2001;
Kosinski et al., 2005). Hermaphrodite adult worms produce a limited number of sperm that
secrete MSP, a cytoskeletal actin-like protein that facilitates the amoeboid movement of
sperm (Miller et al., 2001). MSP binds to the ephrin receptor protein-tyrosine kinase VAB-1
on oocytes (Miller et al., 2003) and unidentified receptors on the sheath cells (Govindan et
al., 2009) to stimulate oocyte meiotic maturation (Kim et al., 2013).

Insulin Regulation of Oocyte Growth in Invertebrates—In Drosophila, insulin
signaling regulates germ-line stem cell proliferation (Drummond-Barbosa and Spradling,
2001; Shim et al., 2013) and triggers vitellogenesis from the fat body in response to positive
nutritional status (feeding) (Richards et al., 2005; Badisco et al., 2013). Genetic ablation of
DILP-expressing neuroendocrine cells in female Drosophilaresults in reduced fecundity,
suggesting that insulin signaling regulates Drosophila reproductive physiology (LaFever and
Drummond-Barbosa, 2005; Wu and Brown, 2006).

Nutrient-sensitive TOR and ILP signaling pathways regulate vitellogenesis in flies (reviewed
by Hansen et al., 2014). While the functions of TOR seem specific to germ-line stem cells,
independent of insulin-like signaling (La Fever et al., 2010), insulin-mediated signaling
largely regulates vitellogenesis and oocyte development. In vitro fat body culture
experiments using female mosquitoes demonstrated that expression of the vitellogenin gene
is induced by a combination of an ecdysteroid and the ILP signaling pathway (Roy et al.,
2007). Moreover, ovarian growth is arrested at the previtellogenic stage in flies with mutant
Drosophila IR expression (Tatar et al., 2001). Also, flies with mutant Chico expression
display reduced proliferation of follicular stem cells, and their egg chambers fail to progress
to the vitellogenic stage, even in the presence of abundant nutrients (Bohni et al., 1999;
Drummond-Barbosa and Spradling, 2001), suggesting a direct role for insulin in Drosophila
vitellogenesis. Interestingly, female sterility due to Chico mutations appears autonomous to
the ovary, as transplantation of wild-type, previtellogenic ovaries into Chico-homozygous
female flies results in the production of vitellogenic oocytes whereas transplantation of
ovaries from Chico- homozygous mutant flies into Chico- homozygous female flies does not
restore vitellogenin production (Richard et al., 2005). Thus, disturbed insulin signaling in
the ovaries causes a failure of yolk protein uptake.

Reproductive development in C. elegans is also critically regulated by nutrition, and the
insulin signaling pathway is highly important to oocyte development (reviewed by Hubbard,
2011). Oocyte growth in C. elegans is directly regulated by vitellogenesis; unlike in
Drosophila or zebrafish, where expression of vitellogenin occurs in the fat body and liver,
respectively, the yolk proteins are synthesized in the intestine of C. elegansin a
hermaphrodite-specific manner (Kimble and Sharrok, 1983; Sharrok, 1983). Indeed,
mutations in the insulin-signaling pathway affect vitellogenesis: Reduction of DAF-2/IR
signaling results in lower levels of vit-2and vit-5 gene transcripts as well as yolk proteins
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(Murphy et al., 2003; DePina et al., 2011), suggesting a direct role for insulin signaling in
promoting vitellogenin synthesis and oocyte growth in C. elegans.

Insulin Regulation of Oocyte Maturation in Drosophila—Drosophila germ-line
stem cell proliferation, oocyte growth, and development (vitellogenesis) are directly
regulated by insulin (described above). Yet, follicles of insulin-signaling-pathway mutants
do not reach the oocyte maturation stage (Stage 13) (Drummond-Barbosa and Spradling,
2001; Tatar et al., 2001; LaFever and Drummond-Barbosa, 2005), so determining a role for
insulin in meiotic maturation in flies cannot be easily achieved. Despite this conundrum,
Seiber and colleagues identified a key role for insulin signaling in the regulation of
mitochondrial activity and oocyte maturation (Sieber et al., 2016). They found that reduced
insulin signaling lead to premature glycogen accumulation in arrested follicles at Stages 6
and 7, and complete inactivation of insulin signaling triggered mitochondrial respiratory
quiescence in late-stage follicles. Quiescence of mitochondrial activity is required for oocyte
maturation (Sieber et al., 2016), and inactivation of insulin signaling resulted in premature
oocyte maturation. Interestingly, electron transport chain remodeling and glycogen uptake
occur in maturing Xenopus oocytes, suggesting that these processes are evolutionarily
conserved aspects of oocyte development (Sieber et al., 2016).

Insulin Regulation of Meiotic Progression in C. elegans—Insulin signaling
regulates meiotic | progression (pachytene to diplotene) in C. elegans worms (Lopez et al.,
2013). DAF-2/insulin-like receptor couples external nutritional conditions with oocyte
maturation by activating MPK-1/ERK in pachytene-stage oocytes (Lopez et al., 2013). In
presence of food, DAF-2 promotes meiotic progression and produces fertilizable oocytes; in
the absence of food, however, DAF-2 remains inactivated and meiotic progression is stalled,
halting oocyte production (Lopez et al., 2013). This study by Lopez and colleagues was the
first to provide evidence that insulin signaling directly regulates meiotic progression in
worms, and suggests the evolutionary conservation of nutritional sensing via the insulin
signaling pathway during meiotic progression.

The MPK-1/ERK pathway functions in multiple processes in the C. elegans germ line.
Specifically, MPK-1 regulates progression through pachytene, negative regulation of
physiological apoptosis in the germ line, control of oocyte growth, and meiotic maturation
(Lee et al. 2007; Arur et al. 2009). Of note, MPK-1 is activated in a tight spatial and
temporal manner by two distinct receptor-mediated pathways in Ml oocytes during C.
elegans oogenesis. Proximal oocytes exhibit MPK-1 activation in the presence of sperm
(Miller et al. 2001; Lee et al. 2007), and this activation results in the successful transition of
diplotene-arrested oocytes to Ml, which are fertilized and complete MII. For oocytes in the
pachytene phase of MI, however, active MPK-1 is necessary and sufficient for progression
of pachytene to diplotene (Lopez et al., 2013). Thus, events of early meiotic progression are
regulated by the DAF-2/insulin-like receptor, followed by linear activation of RAS/
MEK-2/ERK (Lopez et al., 2013). Further, DAF-18/PTEN attenuates DAF-2—mediated
activation of the RAS/MPK-1 pathway (Lopez et al., 2013), indicating the possible interplay
between DAF-18 and RAS/ERK signaling in an AGE-1 (AKT-1 homolog)-independent
manner. Taken together, these results demonstrate that activation of the RAS/MEK-2/ERK

Mol Reprod Dev. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DAS and ARUR

Page 14

signaling pathway, via the DAF-2 insulin-like receptor, regulates meiotic progression of C.
elegans oocytes. Whether DAF-2 signaling is necessary and/or remains active during MSP-
induced oocyte maturation must be determined.

POLYCYSTIC OVARY SYNDROME: INSULIN SIGNALING IN A
PATHOPHYSIOLOGICAL CONTEXT

Polycystic ovary syndrome (PCOS) is characterized by hyperandrogenism, ovulatory
dysfunction, and polycystic ovarian morphology, and affects 5-20% of women of
reproductive age worldwide (reviewed by Azziz et al., 2016). Although the etiologies of
PCOS vary and different factors are considerably intertwined, correlation of a high insulin
level with excess androgen production is a key feature of PCOS (Azziz et al., 2016). This
association led to the hypothesis that excess circulatory insulin can stimulate ovarian
steroidogenesis in vivo (reviewed by Diamanti-Kandarakis et al., 2008; Diamanti-
Kandarakis and Dunaif, 2012). Interestingly, acute insulin infusion (for a few hours) does
not result in an increase in ovarian androgen production, suggesting the absence of a direct
stimulatory effect of insulin on ovarian androgen production (Stuart et al., 1987; Stuart and
Nagamani, 1990). Continuous stimulation of the ovary by insulin over a prolonged period,
however, produced changes in ovarian morphology, including hyperthecosis and cyst
formation — changes that are commonly observed in women with insulin resistance
(Poretsky et al., 1992). Furthermore, exogenous androgens induce cyst formation in the
ovary and negatively affect oocyte quality (Manneras et al., 2007; Jimenez et al., 2013).
Although the exact mechanisms by which maternal dehydroepiandrosterone exposure alters
oocyte competence are not completely understood, abnormal lipid metabolism appears to
play an important role (Jimenez et al., 2013). Thus, excess ovarian androgen production by
thecal cells and intrinsic insulin resistance, with associated hyperinsulinemia, remain central
to PCOS pathophysiology in both lean and obese women (Nestler, 1997; Diamanti-
Kandarakis and Dunaif, 2012; Azziz et al., 2016).

Whether insulin or androgen actions are the primary causes of ovarian abnormalities is a
subject of major debate — despite increases in gonadotropin-releasing hormone frequency;
alterations in the LH-to-FSH ratio; disturbances in coordination and interaction of LH, FSH,
IGF1, and anti-Mullerian hormone; and adipose tissue dysfunction (Azziz et al., 2016).
Normal insulin levels, in concert with gonadotropin(s), likely stimulate baseline ovarian
androgen production, which in turn participates in the regulation of follicle development
(Jamnongjit and Hammes, 2006). In contrast, excess insulin promotes increased ovarian
androgen production while enhanced LH receptor expression in mural granulosa cells, along
with ovarian LH-binding capacity, further increases the abundance of androgen; eventually,
this overproduction of androgens could trigger their increased bioavailability by down-
regulating hepatic production of steroid hormone-binding globulin (Poretsky and Kalin,
1987; Poretsky et al., 1999; Jamnongjit and Hammes, 2006). A high circulating androgen
level may ultimately lead to unregulated follicle growth, with an absence of dominant
follicle formation and subsequent ovulation (Jamnongjit and Hammes, 2006).
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High-fat-diet-induced infertility and hyperandrogenism was recently corrected by deletion of
the IR in ovarian thecal interstitial cells (Wu et al., 2014). Thecal cell-specific /~knockout in
mice with diet-induced obesity exhibited improved fertility and testosterone levels
comparable with those in lean mice (Wu et al., 2014), revealing one causal pathway linking
hyperinsulinism with ovarian hyperandrogenism and infertility associated with obesity (Wu
et al., 2014). Interestingly, although the molecular mechanisms that drive insulin resistance
in patients with PCOS differ from those in other common insulin-resistant states, such as
obesity and type 2 diabetes mellitus (Azziz et al., 2016), why the metabolic activity of
insulin is lost whereas steroidogenic potential remains at its peak in those with PCOS
remains to be determined (Diamanti-Kandarakis and Dunaif, 2012). Might an alternative
signaling pathway exist that mediates insulin activity during steroidogenesis in the ovary, but
is not involved in metabolic activity (Diamanti-Kandarakis and Dunaif, 2012)?

CONCLUSION

Reproduction changed many times over the course of evolution in response to the needs of
species, so species-specific variation to the manner in which reproduction is regulated by
extrinsic and intrinsic factors should be expected. Interestingly, the pervasive influence of
insulin signaling highlights a connection between nutrition and reproduction in all metazoan
species. We describe herein the links between the insulin signaling system and regulation of
female gametogenesis.

A commonality of species across the animal kingdom is the presence of the IR on the ovary
cell surface and critical signaling nodes (e.g., PI3K, AKT, FOXO, ERK) that regulate several
aspects of oogenesis, including germ cell proliferation and maintenance, primordial follicle
formation, steroidogenesis, and oocyte maturation. In worms and flies, direct regulatory
action of insulin signaling is well evident, whereas in mammals, many of the signaling
molecules that are common to the insulin system may be influenced by insulin or other
stimulants, so direct action by insulin is not required physiologically. Hence, under the
central contribution of insulin signaling under pathophysiological conditions, like PCOS, is
not surprising.

Taking into account all of the data presented in this review, we propose that insulin is a key,
evolutionarily ancient regulator of female reproduction. As the tight regulatory system
(hypothalamic-pituitary-gonadal axis) for reproduction evolved in mammals, the pleiotropic
actions of insulin became restricted to metabolism — although the rudimentary segment of
the insulin system can still be activated when a metabolic imbalance is present within the
reproductive system, which can change blood insulin levels and/or its signaling pathways.
Exercise and insulin-sensitizing drugs are presently the only options to reverse reproductive
dysfunctions associated with metabolic disorders, such as insulin resistance, diabetes, and
obesity. More detailed understanding of insulin’s action in regulating oogenesis from several
metazoan species could be instrumental in not only understanding the pathophysiology of
these disease states, but in opening the door to important medical applications.
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Abbreviations

CAMP cyclic adenosine 3,5"-monophosphate

CDK1 Cyclin-dependent kinase 1 (also known as CDC2)
ERK Extracellular signal-regulated kinase

FOXO Forkhead box “other”

FSH follicle-stimulating hormone

GvVBD germinal vesicle breakdown

IGF[1R] Insulin-like growth factor [1 receptor]

ILP Insulin-like peptide

LH Luteinizing hormone

IR Insulin receptor

MI/II meiotic division I/11

MSP Major sperm protein

MPF maturation-promoting factor

PCOS polycystic ovary syndrome

PI3K Phosphatidylinositol-3-kinase

PKA Protein kinase A

PTEN Phosphatase and tensin homolog deleted on chromosome 10
rps6 Ribosomal protein S6

[mM]ITOR  [mammalian] Target of rapamycin
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Figurel.
Insulin-dependent signal transduction pathways. IR undergoes autophosphorylation and

activation at the C-terminal domains upon ligand binding. Tyrosine-phosphorylated adaptor
proteins recruit signaling proteins via specific protein domains. Active PI3K phosphorylates
the membrane phospholipid phosphatidylinositol 4,5-bisphosphate to produce the second
messenger PIP3. Phospholipid phosphatases (e.g., phosphatase and tensin homolog deleted
on chromosome 10 [PTEN] and SH2 domain-containing inositolphosphatase-2)
dephosphorylate and convert PIP3 to phosphatidylinositol 4,5-bisphosphate, and negatively
regulate the PI3K pathway. PIP3 recruits phosphoinositide-dependent kinase-1 (PDK1) and
AKT to the plasma membrane, where PIP3-bound AKT is phosphorylated at Thr308 by
PDK1 and Ser473 by Rictor-mTORC2. Activated AKT phosphorylates and regulates many
target proteins (yellow and orange box(es)) either positively (—) or negatively () to
mediate distinct biological events, including (i) maintenance of glucose homeostasis; (ii)
cellular survival and growth; (iii) inhibition of apoptosis; (iv) angiogenesis; and (v)
regulation of gene transcription and protein synthesis. AKT provides a direct link between
insulin signaling and nutrient sensing. The ERK signaling pathway is triggered by activation
of the small GTPase protein p21 RAS. Active diphosphorylated ERK shuttles between the
cytoplasm and nucleus, and regulates substrate proteins in both compartments (green and
orange boxes), to mediate cell growth, survival, and differentiation. 4EBP1, eukaryotic
translation initiation factor 4E-binding protein 1; Casp9, Caspase9; DAPK, death-associated
protein kinase; elFAE, eukaryatic translation initiation factor 4E; eNOS, endothelial nitric
oxide synthase; GSK3, glycogen synthase kinase 3; MDM2, mouse double minute 2
homolog; p90RSK, ribosomal protein S6 kinase; RHEB, RAS homolog enriched in brain;
SHC, SH2 domain-containing; SHIP2, SH2 domain-containing inositolphosphatase-2; SOS,
son of sevenless.
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Figure2.
A conserved insulin-signaling pathway in the ovary. Activation of the IR leads to activation

of cellular signaling pathways, whose members have orthologs among all metazoans. The
most conserved is the PIBK/AKT/FOXO pathway. The RAS/ERK signaling cascade
downstream of insulin signaling is not yet documented in flies (blue box). Included with the
well-characterized and conserved function of the insulin signaling pathway in mediating
glucose homeostasis, metabolism, growth, is its regulation of reproduction, specifically
oogenesis (see text for details).
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Figure 3.
Stages of oocyte development and meiotic resumption. (a) Formation of primordial follicles

varies by species. Primordial follicles develop /n utero in humans, versus 1-2 days after birth
in mice. A primary follicle, developed from the primordial follicle, consists of a prophase-I-
arrested primary oocyte surrounded by somatic granulosa cells (GC). By the secondary
stage, the primary oocytes grow, granulosa cells proliferate, and an additional layer of
somatic thecal cells (TC) forms outside the basement membrane of the follicle. In both mice
and humans, preantral follicle development does not require pituitary gonadotropins. At
puberty, FSH secreted by the anterior pituitary promotes further granulosa cell proliferation
and survival. As a fluid-filled antrum cavity (AC) begins to form, secondary follicles
become early antral follicles. The full-grown primary oocyte is surrounded by proximal
cumulus cells (CC) and distal mural granulosa cells in preovulatory follicles. After an LH
surge, oocytes undergo meiotic maturation. (b) In fish, the oogonium proliferates and
generates primary follicles, at which point the oocytes enter meiosis and arrest at diplotene.
The oocytes then begin to enlarge, and form follicles. Next cortical alveoli accumulate
within the oocytes, followed by vitellogenesis, which results in increase in the size of the
oocyte. Full-grown (FG) follicles initiate oocyte maturation. The germinal vesicle migrates
from the center of the oocyte to the periphery, and breaks down in response to maturation-
inducing steroid (MIS). (c) In Drosophila, the ovariole is composed of the germarium in the
anterior-most part followed by a row of progressively older egg chambers. Within region 1
of the germarium, a cystoblast (CB), derived from a germ-line stem cell, divides four times
via mitosis to form a 16-cell germ-line cyst (GCC). Meiosis begins at stage 2A of the
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germarium, and the oocyte (Oo) arrests at diplotene of prophase-1. The posterior-most germ
line cell becomes the oocyte, whereas the remaining 15 cells become nurse cells (NC). The
egg chamber is surrounded by a single layer of follicular cells (FC). At stage 13, after an
unknown developmental or hormonal signal, the oocyte resumes meiosis and progresses to
MI. (d) In C. elegans, adult hermaphrodites have two U-shaped gonads containing germ
cells arranged in a distal-to-proximal polarity with respect to the somatic distal tip cell
(DTC) at the distal end and the proximal spermatheca/uterus. Germ cells proliferate
mitotically at the distal end, known as the “mitotic zone”. At the proximal end of the mitotic
region, germ cells switch to meiotic prophase, where they are first in leptotene/zygotene
(transition zone [TZ]) and then progress through an extended pachytene followed by
diplotene and diakinesis around the loop region. Primary arrest of C. efegans oocytes occurs
at diakinesis. In response to sperm and its secreted factor, MSP, the most proximal oocyte
(-1) is induced to undergo meiotic maturation. The red and green triangles indicate
prophase-I arrest and meiotic resumption, respectively.
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